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CHAPTER 1

Introduction

Semileptonic decays of B mesons provide a crucial testing ground for the interplay between weak and
strong interactions, offering valuable input for determining fundamental parameters such as CKM matrix
elements. In particular, decays of the type B — D™*{v, where D" denotes an orbitally excited charm
meson, are essential for understanding the dynamics of heavy-quark transitions and the structure of the
hadronic final state.

A key challenge in studying these transitions is modelling the hadronic matrix elements that govern
the decay amplitudes. The BLR (Bernlochner, Ligeti and Robinson) model [2] has been developed
to describe the form factors associated with semileptonic B — D**{v decays. These form factors are
usually based on the assumption of narrow-width D™ states, which simplifies the theoretical treatment
but does not reflect the complex nature of the broad excited states.

In simulation tools such as EvrGen [3], the D™ states are commonly treated as Breit-Wigner
resonances, with their nominal masses and widths taken from the Particle Data Group (PDG) [4].
While this approach is relatively robust for narrow states, it becomes increasingly problematic for broad
resonances such as the D(;(2300) and D] (2430). Using a Breit-Wigner form to describe these broad
states can lead to biased signal yields when fitting invariant mass distributions, potentially misidentifying
or misquantifying the contributions from individual resonances.

Recent theoretical efforts have highlighted the limitations of the narrow-width approximations and
Breit-Wigner parameterisation. For example, extensions of Heavy Quark Effective Theory (HQET) aim
to generalize the form factor description beyond the narrow-width limit [5], and alternative approaches
such as the extended Boyd-Grinstein-Lebed (BGL) parameterisation offer more flexibility in modeling
the dynamics of broad states [1]. Moreover, studies of the D phase motion suggest that the broad D™
states are not well modeled by simple resonances. The structure identified as the D,(2300), for example,
appears to be dynamically generated by two poles far from the real axis, as shown in unitarized chiral
perturbation theory (UChPT) [6, 7]. These findings challenge the conventional picture of such states as
pure gg mesons.

In light of these challenges, a more model-independent strategy is desirable from the experimental
perspective. The most robust approach involves extracting background-subtracted invariant mass spectra
of the D™ r system without imposing strong assumptions about the signal composition. This allows for
flexible post-hoc modeling of the underlying amplitudes, enabling fits to the M (D (*)n) distributions using
arbitrary models. From such fits, it is then possible to derive event by event weights and systematically
disentangle the individual contributions from different D™ states. This data-driven strategy provides a
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path to more accurate determinations of signal yields, branching fractions, and a deeper understanding
of the nature of excited charm mesons.

This thesis presents a first feasibility study of the semileptonic decays B — D™*¢v at Belle II using
two different reconstruction strategies: an untagged approach and a semileptonic (SL) tagged approach.
The goal is to evaluate the sensitivity and practical challenges associated with these methods, as well
as to establish whether a full measurement effort based on these channels is promising. This study is
performed using Monte Carlo (MC) simulations only.

After a theoretical overview of semileptonic B decays and the relevant form factor parameterizations, we
describe the Belle II detector setup and the MC samples used in this study.

The core analysis begins with the untagged reconstruction approach, where only the signal side decay is
reconstructed. This method is technically simple and has high statistics, but suffers from significant
background contamination and tag-side cross-feed effects. A dedicated boosted decision tree (BDT)
was trained for background suppression, though the separation power between signal and background
remained limited.

Subsequently, we focus on the SL tagged approach, where the signal-side B decay is reconstructed in
conjunction with a semi-leptonic tag-side B candidate. This method benefits from better kinematic
constraints and background suppression. Following the event selection, the signal extraction is performed
using the sPlot technique. Since this method requires a discriminating variable that is statistically
independent of the observables of interest, we train a second BDT with variables uncorrelated to
M (D(*)n), qz, and cos 6y,. The output BDT score is then used as the discriminating variable in the fit.
As a final step, we explore corrections for detector and reconstruction effects. Migration matrices are
constructed to unfold detector smearing effects, including inter-mode migrations between D and D" n
final states. This study, demonstrates the potential of SL tagged analyses at Belle II and identifies the
main areas where further work is needed. The results provide a foundation for continued development of
a full measurement strategy for B — D™ ¢y decays.



CHAPTER 2

Theoretical overview

2.1 Orbitally Excited D Mesons

Heavy quark symmetry [8]-[9], introduced in the early 1990s, led to a substantial leap forward in our
understanding of the spectroscopy and semileptonic decays of mesons containing a single heavy quark.
In the infinite heavy quark mass limit (mg — co), the spin and flavor of the heavy quark decouple from
the dynamics of the light degrees of freedom, which consist of light quarks and gluons. As a result,
these light degrees of freedom, characterized by quantum numbers sZ”, determine the structure of the
meson, forming spin doublets with total angular momentum

J=S[i1/2

and parity P = m,.

This leads to the emergence of heavy quark spin and flavor symmetry, simplifying the treatment of
heavy-light systems. This behavior can be understood from the fact that in a meson with a heavy quark,
the spin interactions between the heavy quark and the light degrees of freedom are suppressed by powers
of the heavy quark mass. Consequently, the heavy quark effectively appears to the light quark as a static
color source. In this limit, the dynamics of the light quark field depend only on the velocity of the heavy
quark and not on its spin or mass (or flavour), giving rise to heavy quark symmetry.

A meson is considered a heavy meson if the mass of the heavy quark satisfies M, > Agcp, where
Aqcep 1s the QCD scale parameter. Corrections to this idealized scenario arise at subleading order in
Aqcp/m g, where the finite mass of the heavy quark breaks these symmetries. These corrections are
proportional to inverse mass differences, such as 1/m 0~ 1/m, , and can be systematically incorporated
within the framework of Heavy Quark Effective Theory (HQE’i‘) [10].

For charmed mesons, the lowest-lying states are characterized by a light degrees-of-freedom spin-parity
of sz,r" = %_, corresponding to an orbital angular momentum L = 0. These form a doublet with total
spin-parity J P =07 and J* = 17, which are identified with the pseudoscalar D and vector D* mesons,
respectively [9]. For L = 1, the orbitally excited states, collectively denoted as D™, include the mesons
Dy, D1, Dy, and D5. These group into two doublets: the sgf = %Jr doublet, consisting of D, and D7,
and the sz,rf = %+ doublet, consisting of D, and D [11]. The mass spectrum of the charmed mesons is
illustrated in Fig. 2.1 and again quantitative summarized with its quantum numbers in Table 2.1. HQET
not only classifies the D** states by their light-quark angular momentum, but also constrains their decay
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modes, as conservation of quantum numbers determines whether a given state decays to Dz or D*r.

Table 2.1: Masses and widths of D meson states [11].

~

Notation s J* m(GeV) T (GeV)
D I o0 187

D" ;17 201

D ot 240 0.28
D, ot 244 0.38
D, 1 242 0.03
D; T2t 246 0.04
D’ 5 00 254 0.13
D" ;17 26l 0.09

Figure 2.1: Masses of D™ (or 1P states) with the corresponding widths, shown with grey bands [11]. Note that D}
is described with D7 in the text.

2.2 Two-pole structure of D;(2300)

Resonances play a central role in the study of hadronic interactions and spectroscopy. They correspond
to poles of the scattering amplitude on unphysical Riemann sheets of the complex energy plane. For
two-body scattering, a resonance is typically identified with a pole on the second Riemann sheet,

= Mg — =T, @.1)

E
2

pole
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where M and I' denote the mass and width of the resonance, respectively. In terms of the center-of-mass
momentum k, the position of the pole is often expressed as

k = Epole - Ethreshold’ (22)

A true resonance manifests as a rapid phase motion of the scattering amplitude and appears as a pole
close to the real axis. The extraction of such poles requires an analytic continuation into the complex
plane, which in turn demands a theoretical framework consistent with unitarity and analyticity [12, 13].

Traditionally, resonances such as the D(2300) have been modeled using the BW parametrization [14],
which has the (non-relativistic) form

1
(E - Mg)*+T%/4

BW(E) o« 2.3)

While effective for narrow, isolated resonances, this approach breaks down in several critical ways in the
case of the broad D(2300):

* Narrow width assumption: The BW form assumes I << M, which is violated by the broad width
of the D(;(2300), with I" ~ 200-300 MeV.

* Single isolated resonance: The BW model neglects interference with other resonant and
non-resonant contributions.

* No nearby thresholds: Coupled-channel effects from Dn, D (K are ignored in the BW description.
* Pole near the real axis: The BW assumes a pole close to the real axis.

* Negligible background coupling: BW assumes only weak coupling (or no strong coupling) to
continuum states or background amplitudes.

This highlights the need to go beyond traditional parametrizations in order to achieve a more accurate
understanding of scalar charm mesons and broad states.

The scalar charmed meson D8(2300), listed in the Review of Particle Physics (RPP) [4] as the
lightest charm-non-strange scalar state, has long served as the starting point for many theoretical
analyses. However, recent high-precision data from the LHCb experiment, specifically for the decay
B~ — D n, reveal serious inconsistencies between this state and experimental observations. A
detailed reanalysis using unitarized chiral perturbation theory (UChPT) [15, 16] suggests the presence
of a lower-mass scalar resonance. The UChPT approach incorporates chiral symmetry, unitarity, and
coupled-channel dynamics. It predicts a scalar resonance around 2.1 GeV that emerges dynamically
from the Dmr S-wave interaction and aligns with LHCb data [17].

Figure 2.2 shows the Dxr S-wave amplitude extracted from LHCDb data, along with the corresponding fit
from UChPT.

UChPT further predicts a second pole in the complex energy plane at (245132 -1 1341) MeV [15],
which is located deeper on the unphysical Riemann sheet. This second pole is located close to the D K
threshold and enhances the cusp-structure in the S-wave amplitude. The interference between the shallow
pole near 2.1 GeV and the deeper pole near the D (K threshold leads to the distorted line shape seen in
experiment, which cannot be reproduced by a single Breit-Wigner (BW) resonance.
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Figure 2.2: Comparison of the S-wave amplitude based on UChPT to the S-wave anchor points of the B — Dnr
decay with LHCb [17]. Figure taken from [15].

Figure 2.3: (Left) Phase motion of the D** — D transition. The red points represent LHCb data, while the black
points are extracted via an angular-moment fit under the assumption of negligible D-wave contributions. The
green curve corresponds to a Breit—Wigner parametrization, and the blue curve shows the UChPT prediction
compared to the data. (Right) Triangle diagram dominating the decay B~ — D'z n~ via intermediate pD states.
Figures taken from [16].

What makes the agreement between UChPT and data even more apparent is the phase motion shown
in Fig. 2.3, where the UChPT prediction aligns significantly better with the data than a conventional
BW parametrizationl. This is quantitatively supported by the fit quality, where the UChPT fit yields
a p-value of 0.1, compared to 3 X 107> for the BW description [16]. It is important to note, however,

! Note that the upper and lower bounds of these curves in the plot are not independent but correlated, forming a theoretical
envelope (shaded region) that captures the range of possible phase motions. The short-dashed green curve defines the
lower edge of this envelope and best describes the low-energy region, whereas the long-dashed green curve describes the
high-energy regime more accurately. All other curves interpolate between these two extremes.
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that the extracted phase ¢, does not directly correspond to the Dr scattering phase shift. Rather, it
represents the phase of the amplitude relative to the D system in this particular decay process. The
observed amplitude is dominated by the triangle diagram shown in Fig. 2.3, which introduces its own
phase motion. As such, this implies theoretical uncertainties in the extraction of the Dx phase from such
hadronic decays.

Moreover this underlines the advantage of studying the semi-leptonic B — D™*¢v decays, which provides
more direct and model-independent access to the D phase through Watson’s theorem [18].

2.3 Semi-leptonic B —» D**fv, decays

Figure 2.4: Feynman diagram of the B - D" ", decay.

The effective Lagrangian of b — c{v transitions is given in the standard model of particle physics

(SM) by [19, 20]
4G _ _—
Leg=——Vep(&y,PLD) (¥ y"PL) +hec. (2.4)
V2

. . -1 _ g, 2 2y _ 2 .
with Fermis constant G = 8my;, / (\/Egz) = V2v*, where v ~ 246.22 Gev [4] denotes the Higgs field
vacuum expectation value, g, the SU(2) weak coupling constant and my;, the mass of the W boson.
Prr=00% yS) are the projection operators and and ¢(= cTyO), b,Cand v, (= v;yO) the corresponding
quark and lepton fields. V., stands for the quark-mixing Cabibbo-Kobayashi-Masakawa (CKM) matrix
element. i
The matrix element for the B — D**"¢v, decay can be written as

_ . G
M@B - D™ 7,) = —iT’;vch‘Hﬂ 2.5)

where higher-order electro-weak corrections are neglected. Therefore the matrix element can be
factorised in leptonic L, and hadronic current H #, describing the hadronic and leptonic part of the decay.
While the leptonic part of this decay is fully understood and takes the form

Lll = E’y'u(l - ')/S)V[, (26)

the hadronic matrix element is less well understood and the predominant theory uncertainty arises from
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its description [20]. The hadronic current is given by

H, = (D™ (p")|éy,(1-y5)bB (p)). @.7)

This current can be interpreted as a combination of a vector and an axial-vector current, often referred
to as a V — A structure, reflecting the chiral nature of the weak interaction (with V¥ = ¢y*b and
A" =Tyt ysh).

The hadronic matrix element involves non-perturbative quantum chromodynamics (QCD) effects and,
therefore, cannot generally be computed using perturbation theory. In other words, it is not possible to
start from the quark-level diagram and systematically include higher-order corrections in powers of the
strong coupling constant, «,, since ag > 1 in our regime [20].

The non-perturbative nature of the hadronic matrix element implies that it must be parameterised in
terms of a finite set of scalar functions known as form factors. These form factors encapsulate the QCD
dynamics and depend only on kinematic invariants such as q2, the squared momentum transfer between
the initial and final hadronic states. While the Lorentz structure of the matrix element is determined by
the symmetry, the form factors themselves must be determined either from theory or from experiment.
There are different theoretical frameworks to do so [20]:

* Heavy Quark Effective Theory (HQET) utilises the heavy-quark symmetry arising in the
limit m,;, . — oo and provides systematic expansions in 1/mg and a;. The most widely used
description of B — D**{v decays within HQET is the Leibovich-Ligeti—Stewart—Wise (LLSW)
parameterization [10]. In the heavy-quark limit, certain form factors vanish at zero recoil
(w = 1), where the final-state meson is at rest in the B frame. As the allowed kinematic range is
narrow (1 <w < 1.32), O(Agep/my, ) corrections become particularly important. The LLSW
framework expands the decay amplitudes around w = 1, expressing the Isgur—Wise function 7(w)
as

tw)=7() [1+7'(w=1)+0((w -1,

with 7(1) and its slope 7 as free parameters to be determined from experiment. Additionally,
subleading HQET corrections introduce symmetry-breaking contributions through new form
factors such as 1, , and 7, , 5. The original LLSW study provides differential decay rates as
functions of w and the angular variables. The Bernlochner, Ligeti, Robinson (BLR) approach [2]
builds upon this framework by including higher-order QCD corrections (such as a, terms) and
extending the formalism to accommodate potential non-SM contributions. In both the LLSW and
BLR approaches, one can analytically integrate over the angular variables to obtain the single
differential decay rate dI"/dw.

* Lattice QCD (LQCD) enables non-perturbative first-principles calculations, which are particularly
reliable at high qz, although the coverage and accessible decay channels are limited.

* QCD summation rules and Light Cone Summation Rules (LCSR) provide semi-analytical
estimates at low to medium q2 based on operator-product expansion and dispersion relations.

* Dispersive methods use analyticity and unitarity to constrain form factors in a model-independent
way, leading to convergent series expansions such as the Boyd, Grinstein and Lebed (BGL) [21]
parameterisation.
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While these approaches are well established for exclusive decays with single-hadron final states such
as B — D™ ¢y, more recent developments have extended these techniques to multi-hadron final states.
In particular, a model-independent description of B — Dn{v decays has been proposed that generalises
the BGL formalism to semileptonic decays with broad hadronic resonances and coupled channels.
This framework enables data-driven form factor extractions with robust, systematically improvable
uncertainties and marks a major step forward in the precision study of semi-leptonic transitions involving
states such as the D™,

2.3.1 A model-independent description of B — Dnlv, decays

The description of the model-independent formalism of B — Dn{v, decays is taken from Reference [1].
Motivated by B — nnfv decays [22, 23] one involves a partial-wave decomposition in the hadronic
helicity angle cos 6y, and finds for the hadronic matrix elements

(D(pp)n(p)IVFB(pp)) =i phy p§ > L g/(q*, Mp), 2.8)
>0
u 1 W, 4 u uy ),y 2 4,2
Dpp)n(p)|AB(pp) =5 ) \L"" + = [(ps Ppa)d" = (Ppr- P L4, | fila® M)
>0 B
MDn(MIZB - Mén) )i Mé B Mén )i 1),v 2 2
+ 1 (pB+pD7r) - —Zq ZL QVﬁ,l(q ’MDR)
B q 1>0
C]“ ) 2 a2
+ MDR'? Z L QVTZ,I((’I s MDn’)
>0
M2 — M>
+|(pe+pPp)t - Mq#] f@* Mp )
q
M2 — M?
—L PR (g7 M ). 2.9)
q

where the groups {g;, fy. %2> f+» f1» F1,,} denotes the form factors and A the threshold factor which
can be calculated by

4 4 4 2 242 2 2 2302

The vector L' is associated with the angular momentum of the hadron system in its final state in the
B-meson rest frame and is given by

LY g* = MgW'P,(cos 6y) (2.10)
0 o _
Lll Ppr= 0

with W = |G||pp/(MgMp, )| and the Legendre polynomials P;.
After angular integration and omitting helicity-suppressed terms one finds for the double differential
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decay rate for massless leptons

T GilVal g 41 aw | Tl ) o AP
o a @ e\ D”Z3(21 (M = Mp)™= =+ =4 | lel +T)l)
2.11)
The fivefold differential decay rate for B — Dnr{v, including (next to q2 and M, ) the helicity angle of
the charged lepton cos 8;, the hadronic helicity angle cos 8y, and the azimuthal angle between the {v and
D planes y, can be found in the supplemental material of Reference [1].
To constrain the shape of the form factors in a model-independent way, one uses analyticity and
unitarity. These allow a rigorous application of dispersion relations, leading to bounds on the form factor
coefficients in their z-expansion, with

2 2
do — 4

(\/qi P+ - qé)

2
z2(q°, qp) = 5

where qi =(Mg+Mp+ m,r)z.
The expansion ensures convergence in the physical region of q2 and is structured such that only a few
coeflicients need to be fitted. The form factors are factorized into a leptonic and hadronic part,

@ My ) = f(6P) - (M} ),

where f,(qz) encodes the leptonic dependence and is approximately independent of M, .. One then
finds

~ 1
M My ) = ———— > aPz(gDk,
R (DB D 4 2

where B, and ¢; are known Blaschke and outer functions, and the unitarity constraint takes the form
Z la? < 1.
k

Importantly, the unitarity bounds are diagonal and apply separately to three form factor groups: { fy, %5 ;}.
{fe» f1- %14}, and {g;}. They cannot be mixed arbitrarily in the bound, which simplifies the fitting
procedure while maintaining theoretical control.

For narrow resonances such as the D™ and D3, a relativistic Breit-Wigner lineshape with Blatt-Weisskopf
damping factors is used to describe the contribution of the corresponding partial waves. These resonances
dominate the vector and tensor components of the decay and are well separated from the broad nonresonant
background.

In contrast, the S-wave (I = 0) is significantly affected by nonperturbative strong interactions and
receives contributions from multiple coupled hadronic channels. This is handled using a coupled-channel
treatment of Dx, Dn, and D K scattering, encoded in the 7-matrix. The scattering amplitudes are
modeled with the previous discussed unitarized chiral perturbation theory (UChPT).

The form factor for the S-wave is then expressed via a Muskhelishvili-Omneés solution involving the
T-matrix, which resums final-state interactions in a model-independent way and ensures correct analytic

10
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Bt ->D~ntl*v le—16 B - Dnlv
100 3.5
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Figure 2.5: (Left) Fit of measured M, ,-spectrum with hadronic tagged Belle data from [24]. (Right) Predicted
partial-wave decomposition of the B — Dnr{v qz-spectrum from the M, . fit. Figures taken from [1]

behavior:
f(S) (q27 Mén) = Q(Méﬂ') : P(q2> Mézr)v

where € is the Omnes matrix determined from the 7-matrix and P is a polynomial in q2 and Mlz),r with
coeflicients constrained by unitarity.

This model was fitted to hadronic tagged Belle data [24] for the M, invariant mass spectrum, as
shown in Fig. 2.5. The fitted form factors were then used to compute the partial-wave decomposition of
the B — Dn{v differential decay rate in qz.

The extracted branching fractions are

Br(B — Di(— Dn*)tv) =(1.90+0.11) x 107, (2.12)
Br(B — (Dr)glv) = (1.03 £0.27) x 107°. (2.13)

for the D- and S-wave channel correspondingly.

The D-wave branching fraction exceeds Belle’s result in Reference [24], as their smooth nonresonant
background model overlaps with the D peak. In the present approach, the S-wave and D* components
are negligible near the resonance. The S-wave result is consistent with Ref. [25] but smaller than values
typically assumed in experimental analyses.

With this analysis, we aim to contribute to and improve the statistics of the invariant D mass spectrum,
and, potentially with a measurement of q2 and the helicity angles, provide additional experimental
constraints on the fit, thereby reducing the theoretical uncertainties.

2.4 Overview of Kinematic Variables
As mentioned above the dynamics of semi-leptonic B decays are fully described by a set of Lorentz-

invariant kinematic variables qz, w, cos @y, cos 8, and y, which encode both the momentum transfer
and the angular distributions of the decay products and serve as inputs for form factor extractions and
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Chapter 2 Theoretical overview

partial wave analyses. In this section, we quantify these kinematic variables.

The squared momentum transfer to the lepton-neutrino system is given by

4 = (pg - pD»«m)z = (p+p,)" (2.14)

where pg, p D) P> and p,, are the four-momenta of the B meson, the charmed meson system (either
D", or an excited D*), the charged lepton, and the neutrino, respectively. This variable determines the
momentum exchanged by the virtual W* boson.

The recoil parameter w corresponds to the product of the four-velocities of the initial and final hadrons.
The recoil parameter w is given by

ma +m> -
B p — 4

) (2.15)

w=v -V w(x) =

The value w = 1 corresponds to zero recoil of the final-state hadron, and larger values correspond to
higher momentum transfer. Depending on the theoretical framework, form factor parameterizations are
typically expressed either as functions of q2 or w, with w being particularly convenient in HQET-based
approaches.

In addition to q2 and w, a complete description of the decay also requires three angular variables. These
are defined as illustrated in Figure 2.6 and are particularly relevant for angular analyses and partial-wave
decompositions. They are defined as follows [26]:

* 6,: The angle between the flight direction of the lepton in the virtual W* rest frame and the
direction of the virtual W* in the B rest frame.

* 0y The angle between the flight direction of the D meson in the D" rest frame and the direction
of the D” in the B rest frame.

e x: The tilting or dihedral angle between the decay plane defined by the D* — D decay and the
plane defined by the W* — {v decay.

Figure 2.6: Illustration of the three kinematic angles 6y,, 6,, and y, exemplarily shown for a B — D*{v decay.
Figure adapted from [26].
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CHAPTER 3

Experimental Setup

This chapter provides a general summary of the experimental setup that was used to perform the analysis.
It begins with a description of the SuperKEKB accelerator, the high-luminosity electron-positron
accelerator that serves as the basis for data collection at Belle II. It then describes the main features of the
Belle II detector, which is designed to take precise measurements of B meson and other flavour sector
decays, for example D meson and 7 lepton decays.
The use of Monte Carlo (MC) simulations plays a crucial role in the analysis, both for the estimation of
efficiencies and for the modelling of signal and background processes. At this stage, the analysis is only
performed on the centrally produced MC samples. In this chapter, we thus describe the MC samples
used for our study. Furthermore, the chapter outlines the experimental data set and presents the tagging
techniques employed at Belle II.

Both, experimental and simulated data are reconstructed and analyzed using the Belle II analysis
software framework (basf2) [27], primarily written in C++ and Python.
A more detailed summary of the experimental setup can be found in references [28], [29], and [30]. This
thesis only discusses the basic foundations out of it.

3.1 SuperKEKB accelerator

The SuperKEKB accelerator, located in Tsukuba, Japan, is an asymmetric electron-positron collider and
the successor to the KEKB accelerator. A schematic view of SuperKEKB is provided in Fig. 3.1. It
operates at a center-of-mass energy of v/s = 10.58 GeV, corresponding to the mass of the Y (4S) resonance,
which decays almost exclusively into pairs of B*B~ and B°B° mesons. This makes SuperKEKB a B
factory, enabling high-precision studies of B-meson decays and CP violation. The collider operates with
asymmetric beam energies of 7 GeV for electrons and 4 GeV for positrons, resulting in a Lorentz boost of
By = 0.28 of the center-of-mass frame in respect to the laboratory frame. Since the mass of the Y (4S) is
close to twice the B meson mass, the BB pair is produced nearly at rest in the center-of-mass frame,
but appears boosted in the lab frame. This boost extends the average B-meson flight length to around
130 um, allowing spatial separation between the production and decay vertices of the two B mesons,
crucial for time-dependent CP studies. Electrons are generated using a photo-cathode RF gun, while
positrons are produced by striking a tungsten target. Both beams are accelerated in a linear accelerator
before injection into separate storage rings and are then collided at the interaction point, surrounded by

13



Chapter 3 Experimental Setup

Figure 3.1: Schematic view of the SuperKEKB accelerator complex. Figure from Reference [31]

the Belle II detector. Operating at an e~ collider offers advantages such as low background, absence of
pile-up, and a well-defined initial state. These features facilitate analyses involving missing energy and
full-event reconstruction. In addition to running at the Y (4S), SuperKEKB also collects off-resonance
data to study backgrounds from light and charm quark production. The luminosity, £, quantifies the
rate at which beam particles interact per unit of time and area. It depends on the number of particles
per bunch, the number of bunches, and their collision frequency. SuperKEKB aims for a luminosity of
6 x 10** cm™2s™", which is 30 times higher than that of KEKB. The last published luminosity record at
SuperKEKB, 4.71 x 10% cm_zs_l, was reached on 22 June 2022 [32].

3.2 Belle Il detector

The Belle II detector, located at the interaction point (IP) of SuperKEKB, is a cylindrical, general-purpose
detector designed to study the physics of B mesons. It covers almost the entire solid angle, comprising
several nested sub-detectors arranged in a barrel structure and sealed by front and rear end caps. As an
upgraded version of its predecessor, Belle [33], Belle II was built to operate at up to 40 times higher
luminosity, with a background level increased by a factor of 10-20 [30].

Most of its subsystems are embedded in a uniform 1.5 T magnetic field, which is generated by a
superconducting solenoid. These subsystems are optimised to identify particles produced in positron-
electron collisions, and to measure their energies and momenta across a range from tens of MeV to
several GeV.

The detector’s right-handed coordinate system has its origin at the IP. The z-axis aligns with the direction
of the electron beam (forward), the y-axis points vertically upwards and the x-axis extends radially
outwards. Due to the asymmetric beam energies at SuperKEKB, Belle II exhibits a forward—backward
asymmetry. Cylindrical coordinates (r, @, z) are typically used, where the polar angle 6 is measured
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from the z-axis and defines detector acceptance. The subdetectors are described in the following section
and are illustrated in Fig. 3.2.

Figure 3.2: Schematic overview of the Belle II detector with a closeup indicating all the different sub detectors on
the right. Figures from Reference [34].

Subdetectors of Belle Il

All quantified values in the following section were explicitly taken from [28].

Vertex Detector (VXD) The innermost subsystem is the Vertex Detector (VXD), which provides precise
measurements of particle trajectories near the IP and is important for tracking low-momentum particles.
This is a crucial feature for soft pion reconstruction. It consists of two components: the PiXel Detector
(PXD) and the Silicon Vertex Detector (SVD).

The PXD, constructed from DEPFET silicon sensors with pixel sizes as small as 50 X 55 ,um2, forms the
inner part of the VXD. It consists of two layers located at radii of 14 mm and 22 mm from the IP and
provides extremely high spatial resolution, essential for reconstructing decay vertices.

Surrounding the PXD is the SVD, made of four layers of double-sided silicon microstrip sensors,
extending the vertex detector radius up to 140 mm.

Central Drift Chamber (CDC) Externally to the VXD lies the Central Drift Chamber (CDC), a He-C,Hy
gas-filled detector also used for tracking charged particles and measuring their momenta. Charged
particles ionize the gas as they pass through. The free electrons drift to sense wires, producing signals.
The curvature of these tracks in the magnetic field provides information about the momentum and charge
of the particles. Together with the VXD, the CDC forms the tracking system of the Belle II detector.
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Particle Identification: TOP and ARICH Particle identification in Belle Il is handled by two Cherenkov-
based detectors: the Time-of-Propagation (TOP) counter in the barrel region and the Aerogel Ring-
Imaging Cherenkov (ARICH) detector in the forward region.

The TOP detector consists of quartz bars that detect Cherenkov photons produced by charged particles.
The high refractive index of quartz causes Cherenkov light to undergo total internal reflection, allowing
the Cherenkov angle, which depends on the particle velocity, to be determined from the photon’s travel
time between its emission point and the photodetectors.

The ARICH uses aerogel as the radiator medium and images Cherenkov rings directly. Charged particles
passing through the aerogel emit Cherenkov light forming a ring, whose radius depends on the Cherenkov
angle and thus also the particle’s velocity. The TOP and ARICH information combined with momentum
measurements from tracking allows the determination of the particle mass and thus species the particle
(identification). Together, these detectors provides efficient separation of pions, kaons, protons, electron
and muons.

Electromagnetic Calorimeter (ECL) The electromagnetic calorimeter (ECL) is designed to measure
the energy of electrons and photons in electromagnetic showers. Consisting of over 8,000 thallium-doped
caesium iodide (CsI(T1)) scintillation crystals, it is arranged in the barrel and endcap regions. When
particles interact with the crystals, scintillation light is emitted whose intensity is proportional to the
deposited energy. The ECL complements the tracking detectors in particle identification; for instance, it
can distinguish electrons showering in the calorimeter from muons, which typically pass through with
minimal energy loss.

KLong and Muon Detector (KLM) The outermost subsystem is the KLong and Muon (KLM) detector.
It consists of alternating layers of iron and active detector elements, resistive plate chambers and
scintillators. surrounding the ECL. The KLLM identifies muons based on their penetration depth and
reconstructs neutral long-lived kaons (Kg) through hadronic interactions in the iron. Muons, being
minimally ionizing, typically traverse all inner subdetectors and are distinguished from hadrons and
electrons by their unique signatures in the KLM.

More details about the detector and its single components can be found in the Technical Design
Report (TDR) [29].

3.3 Monte Carlo simulation

Monte Carlo simulations are essential for the interpretation of data from high-energy physics experiments
such as Belle II. They reproduce both the underlying physical processes and the detector response,
allowing comparisons with real data and guiding signal extraction strategies.

Simulation begins with event generation, where particle interactions are modeled based on theoretical
inputs. At Belle II, EvtGen [3] is primarily used to simulate physics processes, including B and D decays.
The event generator operates based on input information about the produced particles, including their
masses, spins, decay widths, lifetimes, and decay channels, the corresponding branching fractions and
theoretical decay models [30]. Decays which are not included in EvtGen are handled by PYTHIA [35],
which also simulates quark hadronization and continuum e*e” — ¢ processes, in conjunction with
KKMC [36]. PHOTOS [37] adds final-state photon radiation.
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Untagged
MC kind | luminosity
MCrd 14.96 b~

SL tagged
MC kind | luminosity
MCrd 1.443ab™!
MCri 2.8ab~!

Table 3.1: Summary of the used MC samples and their corresponding luminosity’s provided by the Belle II
collaboration. Values are taken from [40] and [43].

The second stage, detector simulation, uses Geant4 [38], which models the interactions of generated
particles with the detector material, including effects like ionization, Bremsstrahlung, and Cherenkov
radiation. These interactions are converted into corresponding signals in each subdetector.

MC simulations provide access to both generator-level truth and reconstructed-level observables, enabling
efficiency calculations, background estimation, and validation of selection strategies for instance in the
signal extraction.

Belle II provides two types of MC simulation samples: run-independent (ri) and run-dependent

(rd) [39]. Run-independent MC is generated using averaged detector conditions and generic beam-
background overlays, independent of specific data-taking runs. These samples are primarily used for fast
validation and systematic studies, as they are less resource-intensive to produce.
In contrast, run-dependent MC samples are generated with run-by-run accuracy. They incorporate
realistic beam backgrounds, trigger configurations, and detector conditions that match each specific
data-taking period. This leads to a significantly improved agreement between data and simulation,
making run-dependent MC the preferred choice for precision measurements. However, this accuracy
comes at the cost of increased computational complexity and resource usage during production.

For the untagged analysis we use MC run-dependent samples with an integrated luminosity of
£ =1496fb"" [40].

In the SL tagged analysis, we use the SL FEI Skim MC run-dependent and run-independent samples with
an integrated luminosity of approximately 1.443 ab™' and 2.8ab™"! respectively [41]. Skims are reduced
versions of data and MC samples that are created by applying analysis specific selection criteria. In
our case, the selection criteria associated with the SL FEI, i.e. selections for the tagged B, are applied.
More details about the selection criteria and the FEI algorithm will be explained later in Section 5.2
and Section 3.5 respectively. The advantage of skimmed samples are that they only contain analysis
relevant events and are therefore about 90 % [42] smaller than the original datasets. For Belle II, where
an integrated luminosity up 50 ab™! of data is expected [42], skimming is essential for practical data
processing. Both samples were scaled to the integrated luminosity available during the Long Shutdown
1 (LS1), so that the expected number of events matches the yield anticipated from experimental data.
All samples (including the skimmed samples) are provided by the collaboration.

A summary of the used MC samples and corresponding luminosity’s can be found in Table 3.1.

Furthermore, dedicated run-independent signal MC samples were generated for the specific purpose
of this analysis. These samples are fully integrated into the basf2 framework and were produced using
the EvtGen event generator. For the untagged analysis, we generated one million events for each B decay
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mode, evenly split between the electron and muon channels, as well as among the relevant resonant and
non-resonant contributions. The D* and D modes were generated exclusively, including only the specific
signal p® decay modes discussed in Section 5.3. For visualisation purposes, the branching fraction
ratios between the resonances were manually adjusted to reflect the expected physical proportions in the
corresponding distributions.

In the SL tagged analysis, one million events were generated per resonance in the signal B decay modes,
500 000 for electron and 500 000 for muon channels. As before, the relative weights of the resonances
were manually adjusted in the plots to match the expected branching fraction ratios.

3.3.1 Modelling of semileptonic B meson decays

Semileptonic B — X{v decays are described using form factor parameterisations that model their kine-
matic distributions. In particular, B — DWey decays are modeled using the BGL parameterisation [21],
with parameters fitted to experimental data (in Reference [44] and [45]).

Decays involving orbitally excited charmed mesons (D**) are modeled using the BLR form factor
model [2], already roughly discussed in Section 2.3. The BLR parameterisation relies on the narrow-width
approximation, as any other form factor model for semi-leptonic B decays so far. Altough it does not
apply to broad resonances such as the D, and D], the BLR model is the most accurate model available.
This analysis is anticipated to contribute to a more accurate and robust parameterisation for the broad
D™ states.

3.3.2 Topological Analysis with TopoAna

TopoAna [46] is a tool for analysing physical processes that can be used to extract and classify generator-
level information from MC samples of high-energy physics experiments. The software was developed in
C++ with ROOT and I&TgXsupport and offers customised algorithms for component analysis and signal
identification. It accurately characterises all the single decay modes in individual events based on
generator information and outputs the results in ROOT files, plain text, I&IgXor PDF format. TopoAna is
frame-independent and has already been adopted by experiments such as BESIII, Belle and Belle II.
TopoAna was used in our analysis to better understand and analyse the source of the peaking background,
as well as to classify self cross feed events and tag cross feeed events. An explanation of what we refer
as self- or tag cross feed events will be provided subsequently in the description of the single event
categories in Section 4.3.

3.4 Experimental data sample

Between 2019 and 2022, prior to the LS1, the Belle II detector collected a total integrated luminosity of
427.87 fb™" [43]. This period marked the first phase of data collection at Belle II before the experiment
paused in summer 2022 for major upgrades to both the detector and the SuperKEKB accelerator.

Out of the total recorded luminosity, 365.37 fb~! were collected at the Y (4S) resonance, which is of
primary interest for B physics. An additional 42.74 fb~! were recorded at about 60 MeV below the
resonance energy, forming the so-called off-resonance sample. These off-resonance data are crucial for
studying non-resonant backgrounds such as e*e™ — ¢g (with ¢ = u, d, s, ¢), which do not involve BB
production. Moreover, 19.76 fb~! were collected at energies slightly above the Y (4S), enabling studies
in quarkonium and dark sector physics.

18



Chapter 3 Experimental Setup

In both, the untagged and SL tagged analysis, the continuum fraction after our applied selection cuts,
is quite small and therefore we do not need to calibrate it on off-resonance data. For the SL tagged
analysis we look in particular into real Belle II data in Section 6.2.

3.5 Tagging at Belle Il and the Full Event Interpretation (FEI)

The decay of a Y (4S) resonance produces a pair of B-mesons. While one B-meson decays into the
mode of interest (denoted as By, ), the second B-meson, referred to as By,,, can be treated using different
tagging strategies. In exclusive tagging, the By, is first fully reconstructed in hadronic or semileptonic
decay modes. Using the known initial state and the reconstructed tag-side kinematics, one can then infer
essential properties of the signal-side B meson, such as its charge, flavour, and momentum, thereby
enabling a more constrained and precise analysis of the signal decay.

* Untagged: The B,,, is not explicitly reconstructed. Instead, the signal-side B (By,) is reconstructed
first, and the rest of the event (ROE) is interpreted as the By,,. This approach retains the highest
efficiency, as it implicitly includes all possible decay modes of the tag-side B without applying
stringent constraints on its reconstruction.

* Semileptonic tag (SL tag): The B,,, is reconstructed in a semileptonic decay mode. While this
provides partial information about the event, the presence of neutrinos leads to missing energy
and incomplete reconstruction.

* Hadronic tag: The B,,, is reconstructed in fully hadronic decay modes. Although this approach
has lower efficiency due to the small branching fractions of hadronic decays, it allows for complete
reconstruction of the tag-side B meson. This is particularly useful when the signal B decays to
final states with invisible particles, such as neutrinos, as it enables indirect access to the full event
information.

An overview of the Y(4S) decay with the example of a semi-leptonic tagged B-meson is illustrated
in Fig. 3.3. The tagged B-meson is reconstructed using an algorithm called the Full Event Interpretation
(FEID). The FEI reconstructs By,, candidates across thousands of exclusive decay channels through a
stepwise hierarchical method [47]. Starting from well-identified stable particles, like pions and kaons,
it incrementally builds up more complex particles, such as D mesons, ultimately forming complete
B meson candidates. At each stage of this reconstruction, pre-trained multivariate classifiers (MVAs)
evaluate how likely a given candidate reflects the true physical particle. These probabilities, combined
with kinematic and vertex information, are passed forward through the hierarchy. The outcome is a single
signal probability for each B meson candidate, which serves as a quantitative criterion for selecting valid
candidates during analysis [47].

In the initial stage of this work, an untagged analysis approach was pursued. However, it proved
challenging to sufficiently suppress background contributions using this method, and the background
rejection procedure became increasingly impractical. To maintain a reasonably high signal efficiency
while achieving better background control, the strategy was shifted to a semileptonic (SL) tagged approach.
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vy

tag-side signal-side

Figure 3.3: Schematic overview of a Y (4S) decay. On the left a semi-leptonic tag side decay and on the right one
of our semi-leptonic signal side decay. Since the two sides overlap spatially within the detector, the assignment of
a measured track to either side cannot be determined a priori. Figure motivated by [47].
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CHAPTER 4

Untagged event reconstruction and selections

The untagged B - D***¢v, analysis with £ = ¢' is motivated by a previous untagged B — D**(—
D07T+)€V[ analysis with Belle II [48], presented by Chaoyi Lyu. Since Lyu’s analysis focused exclusively
on the D” region, he applied a simple selection criterion on AM € [0.141,0.156] GeV/c? to exclude the
D™ region, which is of interest in the present study. As a result, the feasibility of using an untagged
approach for the D™ region remained untested. This analysis represents the first attempt to explore
the D™ region using an untagged strategy. Following this, we reconstruct the same D" and D° decay
modes as in Lyu’s analysis and apply the same selection criteria, with minor modifications to certain
cuts. However, these selections still result in significant background contamination. To improve the
signal-to-background ratio, we attempted to train a BDT and apply a cut on the signal probability output.
This step, however, proved to be non-trivial due to the complexity of the background and the limited
discriminative power of the BDT given the set of input variables used in our study. As a consequence,
the untagged approach was ultimately not pursued further and we shifted our focus to a semi-leptonic
tagged strategy as a more viable approach, which will be discussed in Chapter 5.

4.1 Reconstructed decay modes

In this analysis we focus on three different B decay modes (including their charge conjugated modes)

1. EO — D% ¢ )
——
D™, Dt D3
This decay mode is motivated by the untagged Belle II analysis of the channel B — D™ (—
D0n+)€ v, conducted by Chaoyi Lyu. The branching fraction of the semi-leptonic decay B — D*
is approximately an order of magnitude larger than that of the corresponding B — D™ decays. As
a result, the distributions of kinematic variables are generally dominated by contributions from the

D™ resonance.

To better isolate the different resonant contributions, the analysis is sometimes, though not always,
performed separately in two regions of the Dz invariant mass:

! This thesis focuses exclusively on the electron channel; however, the analysis strategy is equally applicable to the muon
channel.
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e M(D°x") < 2.03 GeV/c? (dominated by D*),
« M(D°%) > 2.03 GeV/c* (more sensitive to D*** states, i.e. here Dj}" and D3).

This approach can help to manage the differing kinematic features of the resonances when
appropriate.

Furthermore, in the decay D™ — D°x*, the pion is commonly referred to as a "slow pion" due to
the small mass difference between the D* and D mesons. This limited phase space results in the
pion having a low momentum.
2. B > D'n v
——
D, SO’ D;O
This decay channel has the advantage that it does not include contributions from the D* resonance.
As a result, background from D decays, typically arising from a soft pion, is expected to be
reduced. Moreover, the kinematic variables and their distributions are no longer dominated by the
D" component, which may allow for a clearer investigation of the excited charm states DSO and
D;O. In addition, the D* meson has a longer lifetime, and consequently a longer flight distance,
than the D°. It is expected that this feature may enable better separation of signal and background
through the use of vertex information.
3. — D"n (v,
—_—
DY, p?, Dy’
This decay channel includes an additional intermediate resonance, namely D**(— D07r+)7r_,
resulting in a higher number of final-state particles. This increased multiplicity may help suppress
combinatorial background, making the overall background potentially easier to manage.

In the further course of this thesis, any reference to the Drr-system includes the combinations D’z and
D*n” from the first two decay modes as well as the D" 7~ -system from the third decay mode.
For D" we chose the following decay mode

wt 0_+
*D"—D Tslow

and for the corresponding D modes, we chose
e D' S Kt
e D" > Kna'n"

These exclusive decay chains are chosen due to the relatively high branching ratios, the clear signature
and the restricted kinematics of the D" decay, which allows its selection with high purity [49].

In an untagged analysis, the second B meson is not explicitly reconstructed, as previously discussed
in Section 3.5. Consequently, the rest of the event (ROE) comprises all particles that are not associated
with the reconstructed signal-side decay. This includes both the second B meson and potential
misreconstructed particles originating from the signal B decay.

As an example, an illustration of an event for the first B decay mode is shown in Fig. 4.1.
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Figure 4.1: Schematic overview of an untagged §O — D*M*¢ “v, event. This figure is adapted from Reference [50].

4.2 Reconstruction and selections on B,
First the events must pass the High Level Trigger (HLT) [51] 2,

To ensure that the final-state particles (FSP) are well-reconstructed within the detector, loose selection
criteria are applied to their associated tracks. These include particle identification requirements as well
as geometrical constraints to ensure the tracks originate near the interaction point (IP). The quality of the
track origin is assessed using the variables dr and dz, which describe the point of closest approach (POCA)
to the IP. Specifically, dr corresponds to the transverse distance, and dz to the longitudinal (z-axis)
component of the POCA. Tracks are required to satisfy |dr| < 0.5 cm and |dz| < 2 cm. Furthermore, the
polar angle 6 of the track must lie within the acceptance region of the CDC, defined as 17° < 8 < 150°.
For the lepton reconstruction we use the stdCharged.stdLep() function, provided by the basf2
software with arguments recommended by the lepton IDentification (ID) group in Reference [53].
stdCharged.stdLep () takes the reconstructed charged tracks in an event, keeps only those that match
the chosen lepton-ID working point, collects them in a list, and tags each candidate with the corresponding
identification efficiency and fake-rate scale factors (including their statistical and systematic uncertainties)
fetched from the calibration database according to the chosen input global tag. Beforehands we already
apply particle identification’ cuts larger than 99% for electrons and 90% for muons. In addition, electron

2 The HLT at Belle I is a computing cluster that performs full event reconstruction (excluding PXD hits) in real time using
the bas£2 software, filtering and categorizing events to reduce data storage by over 60% [52]. It operates in filtering or
monitoring mode and produces fast skims such as the hadronic HLT skim (hlt_hadron), which selects hadronic events.

3 Electron candidates are selected using particle identification likelihoods that incorporate information from the CDC, ARICH,
ECL, and KLM detectors. For muon identification, the TOP detector is additionally used alongside the CDC, ARICH, ECL,
and KLM subsystems.
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candidates are corrected for Bremsstrahlung energy losses using the correctBrems () function provided
in the basf2 framework. This correction requires a list of photon candidates, which must satisfy
region-specific energy thresholds to suppress background contributions. The function then adds the
four-momenta of the photons found close to the electron’s trajectory to the electron candidate. This
process recovers the radiated energy and stores links to the used photons. In this way, it recovers the
energy radiated through bremsstrahlung and produces an updated electron candidate with a momentum
closer to the true value. Specifically, photons must have an energy greater than 75 MeV if located in the
forward endcap of the ECL, above 50 MeV if in the barrel region, and above 100 MeV if in the backward
endcap [54]. Furthermore we add a momentum cut in the Center of MaSs frame (CMS) for both leptons,
specifically to pass 1.2 GeV/c? <= ngS <=2.4GeV/c?.

For the charged final state hadrons, 7~ and K*, we require, next to the already mentioned geometrical
detector track cosntrain, the number of CDC hits associated to the track to be larger than 20 to ensure
high performance on the hadron ID [55]. We also require the corresponding hadron IDs to be larger than
50%.

The pion arising from the D™* resonance, is required to satisfy a hadron ID cut of smaller than 0.1.
No additional track quality cuts, such as the good track requirement or minimum number of CDC
hits, are applied, as these are often too strict for low-momentum pions. Note that the pion is always
slow in the case where the D"z system originates from a D” resonance (i.e. for our first decay mode

EO — D" (- D07r+)€ “V,), and can potentially (but less likely) be slow if it arises from a higher excited
charm states such as D**.

In the specific case of the semi-leptonic decay channel B~ — D™ (— Dongﬁow)n_f_vf, additional
requirements are applied to enhance the reconstruction of the D resonance. The momentum of
the slow pion from the D" decay is required to be less than 0.4 GeV/c, and the mass difference
AM = M(D*) = M(D") must lie within the range [0.141,0.156] GeV /c>.

Futhermore we apply a mass constrain to the D meson in all three channels and restrict its absolut mass
difference to the nominal PDG value to be smaller than 15 MeV.

Moreover we require the cosine of the angle of the B meson and the Y = D*™¢ system, noted as cos 6 gy,
to lie within -4 and 1. A signal candidate should yield a physical value, i.e. a value within the range
[—1, 1]. However, we retain the wider range to potentially use this variable for signal extraction at a later
stage.

In this analysis, we apply a vertex fit to improve the reconstruction quality of the decay chain. Two primary
strategies for vertex fitting are commonly used: the kinematic fit (kfit), which is applied individually
to each intermediate resonance (such as D or D*(*)), and the tree fit, which fits the entire decay chain
simultaneously starting from the B meson. For our purposes, we adopt the kfit approach, applying a
mass constraint to the D meson vertex, but not to the D*™*) vertex. The motivation behind this choice is
that the kfit allows us to obtain individual )(2 probabilities for each fitted vertex, which provides more
detailed information than the single ,\/2 value obtained from a global tree fit. Applying a mass constraint
to the D meson forces its invariant mass to match the nominal value from the PDG, thereby improving
the mass resolution of the reconstructed D system. As a consequence, this can reduce uncertainties
that affect subsequent steps such as unfolding. It is important to note that any selection criteria based on
the reconstructed D mass must be applied prior to the vertex fit, as the constraint overrides the measured
invariant mass. We also explored various vertex fit configurations, including applying or omitting the
mass constraint on the D vertex, and employing a tree fit at the B meson level with or without updating all
daughter particles. However, these alternatives did not lead to significant improvements in reconstruction
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performance, particularly in terms of signal-to-background ratio. Therefore, we do not discuss them in
detail in this thesis.

As already mentioned in Section 4.1, the ROE consists of including all reconstructed particles in the
event that are not associated with the signal candidate. As a result, a typical ROE contains not only the
accompanying B meson (e.g. the tag side B when the signal side is reconstructed), but also a variety
of other particles. These can include hadronic splittings, scattered photons from radiation processes,
radiation-induced background particles and decay products of long-lived particles such as kaons or
pions [56]. To improve event reconstruction, the ROE is often "cleaned up" using ROE masks, which
filter out irrelevant or misreconstructed particles based on defined criteria. In this analysis, we evaluated
the impact of applying a ROE mask by comparing results with and without its use. The differences
observed were negligible and did not significantly affect the reconstruction performance. Therefore, in

alignment with the Belle II untagged EO — D*"{v, analysis, which also did not employ a ROE mask,
we proceed without applying one.

To reduce the multiplicity of reconstructed candidates per event, we limit the number of candidates to
a maximum of six. In events with more than six candidates, we retain only those with the highest /\/2
probability from the B vertex fit.

A sum up of all applied selection criteria for the untagged B — Dn{v, analysis is given in Table 4.1.

4.3 Event categorisation and first look

In Fig. 4.2, the invariant mass spectrum of the reconstructed D system is shown for all three B decay
modes, after applying the full selection criteria described in Section 4.2. This distribution is shown for
simulated data only, or more precise, using the MC15rd bucket26 sample only.

Figure 4.3 presents the distribution of the number of signal candidates per event. Multiple reconstructions
can occur within a single event, for example, due to the interchange of two pions, one originating from
the tag side and the other from the signal side. The plot is limited to a maximum of six candidates
per event, as only the first six candidates with the highest vertex fit )(2 probability were retained in the
reconstruction. In simulation we can categorize the events using their generator information. For that
we find the following categories:

 Signal events: An event is categorized as a signal event if it corresponds to one of the signal decay
modes described in Section 4.1, and if all reconstructed particles match the true particles in the
decay chain according to the Monte Carlo truth information. Each corresponding intermediate
resonance (as well as the non-resonant case) is treated and shown separately in the plot and labelled
respectively.

* Self cross feed: It is possible for an event to originate from a true signal decay but be misre-
constructed due to incorrect assignments of final-state particles. If the misreconstruction occurs
solely within the signal-side decay products, we refer to the event as a signal event with Self
Cross Feed (SCF). An example of this would be the interchange of a pion originating from a D**
resonance with one from the D meson. Such cases can only occur if the exchanged particles have
identical charges, since differing charges naturally prevent such misassignments. For instance,
in the decay mode B~ — D" ¢ v,, SCF is excluded by construction, since the pions involved
carry opposite charges. If events are labeled as SCF in this decay mode, they typically arise
from kaon—pion misidentification. However, the overall SCF fraction is found to be very small.
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Figure 4.2: Invariant mass spectrum of the Dr system right after applying all the selection cuts in 4.1. Note that
the two upper plots correspond to the same B decay mode, but are split in such a way that the D" resonance is
separated to prevent it from dominating the plot.
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Table 4.1: Selection cuts employed to all decay channels

Variable Selection criterion
d, <2cm
Good tracks |d, | <4cm
polar angle 6 € [17°,150°]
e-ID (or u-ID) > 0.99 (0.9)
pSMS € [1.2,2.4] GeV/c?

standard list

Leptons .
brems correction for e
good tracks
Charged hadrons kaonID (or pionlD) > 0.5
(K* and 7) nCDCHits > 20
good tracks
x pionID >0.1
slow P < 0.4 GeV/c
: . \M (D% — MRS < 15 MeV/c?
Intermediate particles o Do
M(D™)-M(D") € [0.141,0.156] GeV/c
CMS
Continuum suppression Ppeer <2.5Gev/e
cos O7p70 <0.7
Other selections o8 GBY. €l=42]
High level trigger on
vertex kfit

(with mass constrain on D)

Importantly, SCF events do not significantly distort the invariant mass distribution of the D
system, nor the momentum transfer variable qz. Therefore, SCF events are included in the signal
category and are treated as signal unless explicitly shown as a separate component in the plots.
One exception arises in observables sensitive to particle kinematics and angular correlations. In
particular, the helicity angle may be affected by the misassignment of pions in SCF events, and
caution is required when interpreting results involving this variable.

Tag cross feed: However, if, for example, a pion is misreconstructed from the tag side and is
included in our reconstructed signal decay, it changes all variables, invariant Dmr mass, q2 and
also the helicity angels. these events are labelled by us as Tag Cross Feed (TCF) and continue to
count as background components.

Neutral BB background: Events that do not contain a signal decay, but originate from Y (45) —
—0 . . . —
B"B decays and are misreconstructed as signal, are categorized as neutral BB background.
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Figure 4.3: Number of candidates per event right after applying all the selection cuts in 4.1. We find an average of
2.50, 2.58 and 2.40 number of candidate per event for the D°z*, D'~ and D** 7~ modes respectively.

* Charged BB background: The same applies to misreconstructed events originating from
Y (4S) — BB~ decays, which do not follow a signal decay mode but are falsely reconstructed as
signal. These events are classified as charged BB background. In some cases, the neutral and
charged BB background components are combined and shown as a single category labeled as BB
background in the plots.

* Continuum event: Continuum events originating from efe” — qq processes, with g = u,d, s, c,
are also labeled accordingly. However, they do not play a significant role in this analysis.

All event categories are defined based on Monte Carlo (MC) truth-matching variables. The signal
category is identified manually by requiring that the mcPDG codes of all particles, including intermediate
resonances, match the expected values, and that the full decay tree structure corresponds to the intended
signal decay (here we make use of the variables genMotherID and genParticleID). Events classified
as SCF and TCF are identified using a combination of MC truth information and the TopoAna package.
The remaining background components correspond to predefined event classification variables, also
available within the basf2 framework.

A first look of the invariant mass spectrum of the D system reveals that the distribution is heavily
dominated by background, with the signal components beeing barely visible. As the figure shows, the
purity for the B~ — D™ 7~ ¢" ¥, mode is the highest, with fewer counts generally observed. This meets
our expectations because, compared to the D modes, there is one more intermediate resonance and
therefore less combinatorical background. Additionally, we were able to exclude background candidates
from the D" using the mass constraint (specifically the cut on AM).

In the following section, to suppress therefore the background and enhance the signal sensitivity, we try
to train BDT.
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4.4 Training a BDT for background suppression

For the BDT training, we make use of the Python library XGBoost [57] for implementing gradient
boosted decision trees, and Optuna [58] for hyperparameter optimization. For the latter, we set the
maximum depth of the tree to 3 to prevent overfitting and set the learning objective to binary:logistic.
While the model itself is a BDT, this objective specifies that the training is guided by the logistic loss
function commonly used in logistic regression. As a result, the model outputs probabilities between 0 and
1, which we refer as the BDT signal probability later on. The two hyperparameters that we optimise with
Optuna are the regularisation terms « and A, which correspond to L1 and L2 regularisation respectively
and are also known as Lasso [59] and Ridge [60] regression. L1 regularisation promotes sparsity by
encouraging some weights to become zero, while L2 regularisation penalises large weights to improve
generalisation. This tuning was motivated by initial signs of overfitting during training with default
parameter values.

To select the best hyperparameters for the BDT training, we use stratified k-fold cross-validation within
the OptunaSearchCV framework. We choose k = 10, which is commonly used to balance bias and
variance. In this approach, the training data is randomly split into ten folds, each preserving the original
class distribution. For each trial, the model is trained on nine folds and validated on the remaining one,
cycling through all folds. The average validation score, based on the area under the ROC (Receiver
Operating Characteristic) curve (AUC - Area Under the Curve), is used to guide the hyperparameter
search. The receiver ROC curve illustrates the trade-off between the true positive rate and the false
positive rate at various classification thresholds, here it scans through different thresholds of the signal
probability of the BDT output. It provides a visual representation of a model’s ability to distinguish
between classes, independent of any specific threshold.

With this, we try to make the BDT training as robust and general as possible and not sensitive to any
training set.

In preparing the training and test data for the BDT, we include, in addition to the run-dependent MC
bucket26 sample with a luminosity of 14.96 b, our self-generated run-independent signal MC to
increase the statistics of the signal channel. Since the two datasets are highly imbalanced, with a total
of roughly 25000 (2300 signal) reconstructed candidates in the generic MC and 130000 (47000 signal
candidates) in the signal MC, we apply event weights during training to compensate for this imbalance
and prevent the model from becoming biased toward the signal class. To do so, we assign a weight
ratio of 25:1 between signal and generic MC events, motivated by the corresponding difference in their
effective luminosities. We then split the combined dataframes in 50% for the training and 50% for the
test set. This ensures that we have enough statistic left to evaluate later signal probability cuts to the
unseen generic part of the testset.

The two classes in the binary BDT classification are defined as signal and background. The signal
class includes events in which the B meson decays semi-leptonically to a D** state, including both
resonant and non-resonant contributions. Thus, all D** resonances are grouped into a single signal
category.

For the B* — D07r+e_17€ decay mode, where a contribution from the D" resonance is also present, we
apply a veto to exclude D*-like events from the training sample. This is done by first reconstructing a D*
candidate using selection criteria adapted from Lyus analysis, specifically requiring 0.141 < AM < 0.156
and ESIE/IS > 4 GeV. Events passing this selection are removed from the dataset to prevent the BDT from
being dominated by the abundant and well-separated D* contribution, which is not the target of the
classification. A plot of the invariant mass M (D) distribution before and after applying the veto is
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shown in Fig. 4.4.
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Figure 4.4: Invariant mass distributions of Dm candidates in the B’ > D07r+e_17€ sample, before and after
removing events in the D* region, motivated by Chaoyis selection cuts.

As part of the BDT training process, we need to find input variables for the BDT training that are
suitable and have some separation power between signal and background candidates. Throughout this
thesis, we explored different sets of input variables for the BDT training. Commonly used variables in
Belle II analyses include the energy difference between the B candidate (or ROE) and half of the center-of-
mass energy, as well as the beam-constrained mass M,,.. We also considered the beam-constrained mass
of the ROE, defined analogously with respect to Ey;g/2. In addition, we included the x” probabilities
of various vertex fits, hoping they could help distinguish correctly reconstructed candidates. Further
input variables are included, such as the momenta of the pion and the lepton, as well as the invariant
mass of the D meson prior to the vertex fit. The variables discussed above are those ultimately used
for the BDT results presented in this thesis. Adding further inputs, such as the angle between the D
meson and the pion or ROE variables with an applied mask, did not improve the model performance
and are excluded to keep the input set compact for the thesis. Nevertheless, should a more detailed
exploration of these variables be of interest, the corresponding distributions can be found in the appendix
in Fig. A4, Fig. A.5 and Fig. A.6. The same applies to additional distributions of vertex-related variables,
specifically the transverse distance of the vertices in respect to the IP and the significance of the vertex-fit
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distance. These distributions are shown in Fig. A.1, Fig. A.2 and Fig. A.3.

The distributions of the selected input variables used for the BDT training are shown in Fig. 4.5 for
the B° — D’z*e” 7, mode, in Fig. 4.6 for B~ — D*n" ¢ v,, and in Fig. 4.7 for the B~ — D™ 1" ¢ ™7,
channel. The input variable distributions of the signal MC sample are provided in the appendix
in Fig. B.1, Fig. B.2, and Fig. B.3 to allow for better comparison to avoid overloading the main part of
the thesis with a large number of distributions. From a naive first look at the one-dimensional input
variable distributions one does not reveal any clear separation between signal and background candidates.
However, by combining information from the full set of input features, we expect the BDT to learn
a multidimensional decision boundary that exploits differences in the underlying probability density
functions (PDFs) of signal and background events.

Having these defined input variables and trained the BDT, we now focus on evaluating its classification
performance.

4.4.1 BDT performance

There are two key aspects we pay particular attention to when evaluating our BDT model. Firstly, it
should perform equally well on the unseen test set as it does on the training set. Secondly, the signal
should ideally be clearly distinguishable from the background in the signal probability distribution:
background candidates should peak near 0, while signal candidates should peak near 1.
As previously mentioned, a visual means of evaluating model performance is the ROC curve, shown
in Fig. 4.8. One can immediately observe that the performance on the training and test sets is nearly,
but not exact, identical, with similar, but not exact, AUC values for both. The lowest performance is
seen for the B~ — D™ n~ ¢ ¥, channel, which may be attributed to limited statistics. However, the ROC
curve itself is not our primary focus: more informative are the signal probability distributions shown
in Fig. 4.9.
Unfortunately, these distributions reveal that our BDT model does not consistently classify signal
candidates with high confidence. This is particularly pronounced in the B~ — D*x~ ¢~ ¥, channel, where
the signal probability distribution also peaks near zero. Regarding overfitting, the model’s performance
on the test and training sets appears generally reliable. Nonetheless, it can be seen that the model slightly
overfits specific structures in the training data, especially for signal candidates in the low-probability
region, despite the use of regularisation techniques in the training.
It is also informative to examine the feature importance of the input variables. For this evaluation,
we use the gain metric, which is implemented in the XGBoost framework. This metric indicates the
average improvement in the loss function across all splits where the respective feature is used [61].
The corresponding gain values and the resulting ranking are shown in Fig. 4.10. It can be observed
that the ranking of the features differs across the three B decay modes. For the Dn channels, the /\/2
probability of the vertex fit appears to provide the most information gain. In contrast, the )(2 probabilities
of the D*) and D vertices are generally less informative. However, in the semileptonic D*7~ mode,
the )(2 probability of the D vertex shows a relatively high information gain, which is consistent with
expectations: due to its longer lifetime compared to the D°, the D" has a greater flight distance before
decaying, resulting in a more distinct vertex. Additionally, the variable AE, which denotes the difference
between the reconstructed energy E and half the centre-of-mass energy, proves to be particularly
informative in the D*7 channel.

Even though the signal probability distribution does not exhibit a clear separation between signal
and background, we can still attempt to apply a cut on the signal probability and subsequently examine

31



Chapter 4 Untagged event reconstruction and selections

Belle II Simulation (own work) £=14.96 fb~! Belle II Simulation (own work) £=14.96 fb!
% 600F Z B°~D’n*e T 2 1500 B’-~D'n*e"D, | mm D:+
= = == D;
500 < Di+
B T 1250 ——
= =
3 3 1 non res D’ *
S 400 o 1000 [ Signal event with self cross feed
8 @ [ Signal event with tag cross feed
«s 300 8 750 I neutral BB bkgd
o o B charged BB bkgd
1 =~ B continuum
8 200 g 500 [ Rescaled D}* (x20)
E E Rescaled Dy* (x20)
=} 100 5 250 #//; Stat. unc.
Z ) 4
0 0
2.005 2.007 2.010 2.013 2.015 2.018 2.020 2.2 2.4 2.6 2.8 3.0
M(D°n+) [GeV/c?] M(D%n ") [GeV/c?]
Belle II Si fon (own work) £=14.96 fb~! Belle 1T Simulation (own work) £=14.96 ! Belle II Si ion (own work) £=14.96 fb~!
3 10t Bo-Ditep, | g 10% B-pie v, | @ P —
- - -
d ] o]
=t it T 103
S 108 o k|
=] =] =]
8 S 8
10?2
b 5 5100
g 8 g
< 10! 2 9
E E £ 100
=1 = =1
Z 10° z Z
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
%2 probability of B vertex fit %2 probability of D*® vertex fit %2 probability of D° vertex fit
Belle It fon (own work) [£=14.96 -1 Belle IT Simulation (own work) £=14.96 ! Bele I Simulstion {own work) £=14.96 !
= P 2500 P BO—Dnte-p, —
§ 2000 - Bi=Dnte v, é P B-Din*e v, § 2500 F ¥ B'~Dnt*e 7,
5] 5]
o
< = 2000 T 2000
S 1500 £ g
8 8 1500 8 1500
G
=5 1000 5] b
5 5 1000 2 1000
1)
Q b= 9
g 500 g 500 g 500
=] =] =]
z CI “
3.0 3.5 4.0 4.5 5.0 5.5 6.0 -2 -1 0 1 1.850 1.855 1.860 1.865 1.870 1.875 1.880
Ecums [GeV] AE [GeV] M(D%) [GeV/c?]
Belle I1 S ion (own work) £=14.96 fb~! Belle I ion (own work) £=14.96fb" Belle II Simulation (own work) £=14.96 fb~!
» BO—Dnte-b, 7] B~ Dn* egbe %) B~ Dig*e D,
Q Q 2 5 e
-5 2000 T 3000 2
et =t < 1500
"(% 1500 "% —(%
2000
o o © 1000
5 1000 o &
5 8 5
e 5 1000 S 500
| 500 =] E
=] =] =]
Z 4 Z
0 0 0
-4 -3 -2 -1 0 1 2 3 4.8 4.9 5.0 5.1 5.2 5.3 4.8 4.9 5.0 5.1 5.2 5.3
AERoE [GeV] My, ror [GeV] My [GeV/c?]
Belle IT Simulation (own work) £=14.96 b! Belle IT Simulation (own work) £=14.96fb"!
§ p BO-Dn*e D, § 3000F i B~ Dln*e-v,
5] 5]
< T 2500
s} 3
g £ 2000
o &)
“a b3 1500
= =
[
2 g 1000
5 g s00
Z 4

0
1.4 1.6 1.8 2.0 2.2 2.4 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75
Pr,cus [GeV/c] Pn+,cms [GeVic]

. . . —0 __ . .
Figure 4.5: BDT input variables for the B — Drte v, decay mode. Note that the invariant mass spectrum of
the D system is not used in the BDT training, but is included to this figure for illustrative purposes.
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Figure 4.6: BDT input variables for the B~ — D*n~ ¢~ v, decay mode. Note that the invariant mass spectrum of
the Drr system is not used in the BDT training, but is included to this figure for illustrative purposes.
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Figure 4.7: BDT input variables for the B~ — D**n~ "V, decay mode. Note that the invariant mass spectrum of
the D" system is not used in the BDT training, but is included to this figure for illustrative purposes.
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the case of the B — D°x*¢™v , decay mode, decay modes from D" — Dr* decays are removed in advance.
This is achieved by reconstructing the D** candidates using the same selection criteria as in the untagged Belle I

=0 — . .
B" — D™V, analysis, and excluding these events from the dataset.
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Figure 4.9: BDT signal probability for the train and test set for the untagged analysis for all three B decay modes.

. —=0 —— .
Note that in the case of the B — D°x*¢ v, decay mode, decay modes from D** — Dx* decays are removed in
advance. This is achieved by reconstructing the D** candidates using the same selection criteria as in the untagged

Belle IT EO — D™ €7V, analysis, and excluding these events from the dataset.
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three B decay modes. Note that in the case of the B° — DOrte v, decay mode, decay modes from D™ — Dr*
decays are removed in advance. This is achieved by reconstructing the D** candidates using the same selection

. . —0 S p—— . .
criteria as in the untagged Belle Il B® — D*"¢”v, analysis, and excluding these events from the dataset.
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the resulting invariant mass distribution. To determine an optimal cut, one that sufficiently suppresses
background while retaining as much signal as possible, we employ a figure of merit (fom). For this
purpose, we use the fom proposed by Punzi [62], defined as

S
\/S+B’

where S and B denote the number of signal and background events, respectively. The goal is to find the
signal probability cut that maximises this fom. For this, we use the minimizer library iMinuit [63].
To increase statistical precision, the cuts are applied to the entire MCrd15 bucket26 sample, including
the candidates that were also used in the BDT training. It should therefore be noted that both the model
and the cut may perform optimistically due to this overlap. The invariant mass spectrum of the DYWn
system, before and after applying the optimal BDT signal probability cut, is shown in Fig. 4.11. The
signal and background yields before and after the cut, such as the quantitative value of the BDT signal
probability cut are given in Table 4.2.

fom =

“4.1n

Table 4.2: Signal (S) and background (B) yields before and after the BDT signal probability cut.

Decay mode ‘ Cut ‘ Spefore Biefore S
B - D7y, |0.142
B~ —D*'n (v, | 0011
B~ — D™rn ¢, | 0.038

after B after ‘ ﬁbefore &aﬂer Saﬂer/ Sbefore
510+23 19486140 375+19 8586+93 | 0.0255+0.0011 0.0418 +0.0021 0.735 +0.050
317+ 18 23975+ 155 274+17 3379 +58 | 0.0130+0.0007 0.0750 +0.0044 0.864 +0.071

193+ 14 3677 +61 172+ 13 993 +£32 | 0.0499 +0.0035 0.1476 +0.0104 0.891 +0.093

From this, one can see that the purity is improving and the background is being reduced. Nevertheless,

the background contribution remains dominant. While one could further investigate the addition of more
input variables or the tuning of more hyperparameters, it was expected that more discriminating power
could be gained from the vertex fit variables. This we expected specifically for the B’ - DO7T+€178
channel, where we have a high tag cross feed contribution.
One variable that was excluded from the BDT training (to save it for the signal extraction fits) but
nonetheless exhibits separation power is cos fy. A comparison of the cos 65y distributions before
and after applying the signal probability cut shows that the BDT effectively suppresses background
candidates outside the physical region, i.e. those with cos 6y ¢ [—1, 1]. The remaining background is
concentrated in the physical region and exhibits a peaking structure. This also implies that even a binned
likelihood fit, based on the MC signal and background templates later on, may encounter difficulties, as
the two templates provide limited separation capability.

Before exploring potential improvements to the BDT training, it may therefore be useful to first
investigate the origin of the background contributions, what we will discuss in the next section.

4.5 Understanding of background components

We begin by examining the contribution from the charged BB component. Using TopoAna, which
utilises generator-level information, the background can be efficiently categorised according to the true
B decay modes. As the charged BB component in the B~ — D*"n~ev, channel is relatively small and
not a dominant contributor, this decay mode is excluded from the charged BB background discussion.

Figure 4.13 shows the invariant mass distributions for the D7 channels, where the charged BB background
is further decomposed into its dominant decay contributions. In the B’ - Doﬂ_e_ﬂe channel, the
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Figure 4.11: Invariant mass M (D () ) distribution (left) before and (right) after applying the BDT signal probability
cut, optimized by maximizing the fom defined in Eq. (4.1) and quantitavly given in Table 4.2.
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by maximizing the fom defined in Eq. (4.1) and quantitatively given in Table 4.2, exemplary shown for the
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decay mode B~ — Doefﬁe is found to be the most significant source of background. This suggests
that, during reconstruction, a pion from the tag side is incorrectly combined with the D, resulting in a
misreconstructed D**) state that mimics a B® — D%z ¢*7, decay.
A similar situation arises for the B~ — D*Oe_ﬁe decay, in which the D™ decays into a D" and a neutral
pion 7°. If the 7° is not reconstructed, the remaining D° may again be wrongly combined with a pion
from the tag side, leading to a misidentification as a B’ - D0ﬂ+e_17€ candidate.
For the semi-leptonic D™z~ channel, the main components of the charged BB background are also the
two decay channels of the B~ — Doe_Ve channel and B~ — D*Oe_ve. The issue already begins with the
fact that in approximately 90% of cases the decay D° — K x* is misreconstructed as a D* — K n'n"
by incorrectly combining an additional pion from the tag side.
In summary, the dominant contribution to the charged BB background therefore originates from
misreconstruction involving a pion from the tag side.

In the case of the neutral BB backgrounds the splitting in the true B decays can be seen in Fig. 4.14.
The neutral BB background in the semileptonic B° — D’ channel is comparatively small. The

dominant contribution arises from B — Dg')+e_17€ decays. These can be interpreted as downfeed

processes, in which the Di')J’ meson decays via Di')+ - D"’ or Df')J' — D7*x°, and the neutral

pion is not reconstructed. As a result, such events are misreconstructed as signal candidates and feed
into the B° — D°7* channel.
In the D™~ decay channel, the largest contribution to the background originates from B — DYe v,
and B - D**(— D*n’)e” v, decays. Similar to the charged BB background observed in the D%z*
channel, the D™ is misreconstructed as part of the signal decay by wrong combining it with a pion from
the tag side. In the case of the D" contribution, this misreconstruction is further facilitated by the failure
to reconstruct the neutral pion from the D™ — D decay.
For the D** 7~ channel, most of the neutral BB background arises from B - D**e” v, decays, which
are misreconstructed as B~ — D**x”e” ¥, due to the inclusion of an additional pion from the tag side.
Furthermore, especially with the B’ - D07r+e_17€ channel, the tag cross feed component is com-
paratively high. As in the other BB background cases, it can be assumed that the misreconstruction
is primarily caused by confusion with a pion from the tag side. In this particular case, however, we
take a closer look at the origin of the misreconstruction, as shown in Fig. 4.15. The figure shows the
distribution of the different error types during the reconstruction. It can be seen that in about 70% of the
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Figure 4.13: Invariant mass spectrum of the Dr system right after applying all the selection cuts in 4.1. In this
case, the charged BB background is separated into distinct components, and the generator-level decay information

is shown, as obtained by using TopoAna [46]. The semi-leptonic EO — D™ 1~ decay is not shown, since the
charged background component is quite small as one can see in Fig. 4.2.

cases the entire decay chain is correctly reconstructed, with the exception that an wrong (but real) pion is
selected from the tag side. In contrast, it is relatively rare that the pion is correctly assigned while other
components of the event are incorrectly reconstructed. The second most common scenario involves the
true identification of the pion (in terms of particle type), but with an incorrect origin, accompanied by an
incorrectly reconstructed D meson.

Based on the observation that the dominant source of the background comes from the misreconstruction
with particles from the tag side, the analysis strategy was revised. Instead of focusing exclusively on
the B — D**¢v, signal decay, the tag side will now also be reconstructed. This approach provides
greater experimental control as it allows the assignment of almost” all final state particles to either
the signal or tag side. To achieve higher selection efficiency, we use the semi-leptonic (SL) tag side
B — D™ {v, strategy in the rest of the thesis (besides the hadronic tagged approach). Also the SL tagged
B — D™ (v, analysis represents the first study of its kind within the Belle Il experiment and has not yet
been conducted before.

* It should be noted that these are only almost all final state particles, as certain particles, such as neutral pions from yy decays,
can still be missed in the reconstruction.
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Figure 4.14: Invariant mass spectrum of the D system right after applying all the selection cuts in 4.1. In this
case, the neutral BB background is separated into distinct components, and the generator-level decay information
is shown, as obtained by using TopoAna [46].
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Figure 4.15: Distribution of the background source for neutral BB background. Here "true" or "fake" means that
the particle refers to its right MC particle (i.e. in Belle II jargon mcPDG is correct) while "right" and "wrong"
means that it does not match the decay chain (or in other words genMotherID is not consistent).
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CHAPTER D

Semi-leptonic tagged event reconstruction and
selection

This chapter outlines the reconstruction and selection strategy for SL tagged B — D(*)nfvf decays
with Belle II. The SL tagging approach benefits from higher signal efficiency but presents additional
challenges due to the presence of two undetected neutrinos.

We describe the reconstructed decay channels and selection criteria applied to both tag and signal side,
including additional hadronic D decay modes made possible by the improved background conditions.
Special attention is given to specific background contributions such as misreconstructed events due to
confusions with the tag side.

The treatment of multiple candidates per event is addressed using a Best Candidate Selection (BCS)
strategy, and the performance of the reconstruction is evaluated by comparing signal yields with a
hadronic tagged Belle measurements in 2020 [24]. Furthermore, the reconstruction of kinematic variables
is discussed, including an approach to approximate the B rest frame, since with SL tagging one can not
directly access the signal B rest frame.

As in the untagged analysis, this study focuses exclusively on the electron channel. For the decay mode
B° - Drtev .» the D™ mass region is excluded from the plots of the D invariant mass spectrum and
focussed on the D™ regions to make this thesis more compact.

5.1 Reconstructed decay modes
In this analysis, we focus on four different B decay modes (including charge-conjugated modes):

—0 -
1.B - D%t (7,
N——
D*+,D8+,D;+

2. B> D'n” (v,
N——
DSO,D;O

#0__+ -

- D7nt v,
~——
DY D} D}’
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4. B — D"n~ (v,
N——
Dy, pY, Dy’

Compared to the untagged analysis, we include an additional B decay mode involving a neutral pion.
This is possible in the semileptonic tagged analysis due to the more manageable background conditions,
which allow reconstruction of channels with one neutral particle while still maintaining a reasonable
signal-to-background ratio.

The D mesons are reconstructed via the following decay modes:

« D - p°7?

e D 5 Don:
For the same reasons discussed in the untagged analysis in Section 4.1, the chosen exclusive decay chains
offer relatively high branching fractions, clean signatures, and, in the case of D" decays, kinematic

constraints that enable high-purity reconstruction.
For D° mesons, we include five hadronic decay modes:

« Kt

« K ntn°

e K ntn'n™

« K'K~

. Kg nn”
and for the D™ modes, we include the following decay channels

e K ntn®

. Kg nt

« KoK*

s K'K' "
The choice of D meson decay modes is motivated by their relatively high branching ratio and a hadronic
tagged Belle II analysis of B — D™ {v, decays [64]. In that study, the signal-to-background ratio
was evaluated for various D decay channels. We adopt these D decay modes, where only modes with
favorable signal-to-background ratios are included. Additionally we avoid channels with more than one
neutral particle (i.e. 7° or Kg) in the final state.
Neutral pions are reconstructed exclusively via the dominant decay channel - vy, which accounts

for approximately 99% of all x° decays. For Kg mesons, only the decay mode Kg — ' is considered
in the reconstruction.
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5.2 Tag side selection

By,, candidates are reconstructed using the SL tagged FEI algorithm, as outlined in Section 3.5. In this

analysis, we restrict the selection to the following B,,, decay modes:

1. BY

-t
tag—>D€v€

2. B

k= pt
tag—>D v,

3. B

~0 o+
tag—>D€V€

4. BF

~*0 p+
tag_>D 4 Ve

Semileptonic Drr decay modes are excluded from the By,, reconstruction, as they overlap with the signal
decay modes in our study. Including these decay modes on the tag side would reduce the overall signal
efficiency. This is because a tag-side best candidate selection is performed at a later stage of the analysis.
True signal events may be preferentially reconstructed on the tag side in such cases, meaning they
no longer contribute to the signal yield on the signal side. This effectively results in a loss of signal
efficiency.

The reconstruction is based on semileptonic FEI (SL-FEI) skimmed samples, in which the B,,, candidates
have already been reconstructed using a predefined set of selection criteria, as summarized in Table 5.1.
In this analysis, we apply a further selection cuts on the By,, candidates to further suppress background
and improve purity. These modified selection criteria are adopted from a semi-leptonic tagged Belle II
analysis [65] and are also listed in Table 5.1.

5.3 Signal side selection

The selection of the signal-side B meson in the SL tagged analysis largely follows the criteria established
in the untagged analysis, as described in Section 4.2. However, due to the reduced combinatorial
background resulting from the explicit reconstruction of the tag-side B meson, we apply a slightly looser
selection in certain variables to increase signal efficiency.

One example is the lepton momentum, which was subject to a stringent lower threshold in the untagged
analysis to suppress background from low-momentum leptons, particularly those originating from
secondary decays or misidentification. In the SL-tagged analysis, this requirement is relaxed due to
improved background conditions resulting from the reconstruction of the tag-side B meson. Specifically,
we apply momentum requirements of p, € [0.3,2.4] GeV/c for electrons and p,, € [0.6,2.4] GeV/c
for muons. The tighter lower cut on the muon momentum is motivated by the generally higher
misidentification rate in the muon list at low momenta. This is particularly relevant because muons
and charged pions have similar masses, making it more difficult to distinguish between them based
on kinematic and detector signatures alone. As a result, low-momentum pions are more likely to be
misidentified as muons, leading to increased background contamination. A higher momentum threshold
helps suppress such backgrounds while preserving acceptable signal efficiency.

Similarly, the selection on cos €y is loosened to a broader range of [—15,15]. This allows for the
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Table 5.1: Overview of the selection criteria applied to By,, candidates. These cuts were either already included in
the SL FEI skim procedure [66] or are adapted from the SL tagged Belle II analysis in [65]. z, and d|, denote the
z-coordinate and signed distance of the point-of-closest-approach respectively. E, py and 6 stand for the energy,
the transverse momentum and the polar angle of the corresponding particle. ngjened racks describes the number of
charged tracks that satisfy the clean track criteria, while n refers to the number of ECL clusters
that pass the corresponding quality selection.

cleaned ECL clusters

Variable Selection criterion
|z <2.0cm
Cleaned track |dy| < 0.5cm
Pr > 0.1 GeV
E > 0.1 GeV
Cleaned ECL cluster 0 € [0.2967,2.6180]
cos Ogy e [-1.75,1.1]
log,,(FEI signal probability) > -2.0
B peMS > 1.0GeV
e N(leaned tracks >3
N(leaned ECL clusters >3
ESMS > 4.0GeV
at Cleaned track
0% Cleaned ECL cluster

possibility of optimizing the cut offline in the analysisl.

In addition, the online selection in the untagged analysis limited the candidate multiplicity by retaining
only the six best B candidates based on the vertex )(2 probability. In the SL-tagged analysis, we do
not apply such an online reduction. Instead, all candidates passing the selection are retained, and a
best-candidate selection is performed offline.

The SL-tagged analysis also includes a broader set of D meson decay modes, including those with neutral
particles such as 7¥ and K(S). For n° reconstruction, a mass window of M (710) € [0.120,0.145] GeV/c?
is applied. The neutral pion candidates are selected using the Belle II standard list provided via
the stdPi®s.stdPi®s() function, configured to target a photon reconstruction efficiency of 40%.
This function applies calibrated selection criteria optimized by the collaboration to balance signal
efficiency and background suppression in - vy decays. Also, on this set of reconstructed 7%, a
mass-constrained kfit is applied to the n° candidates, which improves the resolution by constraining the
invariant mass of the photon pair to the nominal 7° mass.

For the reconstruction of Kg mesons, we apply a set of selection criteria motivated by previous Belle II
analyses. These include a requirement on the flight distance to be larger than 0, the significance of the
displacement between the decay vertex and the interaction point (log;,("significance of distance") > 0),
and the alignment between the reconstructed momentum and the vertex vector (cos 8(p KO vertex) > 0.8).

! Online cuts refer to selection criteria applied during the event reconstruction within the basf2 framework and are embedded
in the generated output (e.g., ntuples). In contrast, offline cuts are applied later during the analysis stage—typically in
user-level code such as Jupyter notebooks—allowing for flexible tuning based on signal and background distributions.
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Additionally, we apply a mass window cut on the reconstructed Kg mass |M (Kg) - MII?SG| < 10 MeV/c?,
S

following recommendations from Reference [67].

The selection is implemented using the Belle II standard function stdV®s.stdKshorts(), which
reconstructs Kg — "~ candidates by combining oppositely charged pion tracks and applying pre-
optimized vertex and kinematic selection criteria to ensure good purity and efficiency.

In the semi-leptonic D*mr modes, a mass window is applied to the reconstructed D" candidates and the
associated neutral slow pion. Additionally, a lower momentum threshold is imposed on the slow pion,
analogous to the selection applied in D™ — Don:low decays.

For the vertex fitting procedure, we apply a tree fit to the signal-side B vertex, with all daughter particle
four-momenta updated accordingly. In contrast to the untagged analysis, we do not apply a mass
constraint on the D" vertices. This decision is based on the observation that the mass constraint had
minimal impact on the fit quality in the untagged analysis and the the individual vertex-related variables
did not strongly improve the separation power of signal and background candidates. Thus, this introduced
an unnecessary constraint on a quantity that is correlated with the invariant mass M (D(*)ﬂ'), which
serves as a key observable in the partial-wave analysis and was therefore removed.

A summary of the selection criteria applied during ntuple production (referred to as online cuts) is
provided in Table 5.2.

After applying the standard online selection criteria, designed to be generally applicable and not
tailored to a specific analysis, the final ntuples are produced. In this thesis, additional offline selection
criteria are developed and optimized to further suppress background and enhance signal sensitivity for
the targeted decay modes. The key observables used in this offline optimization process are outlined in
the following.

cos’ ¢p: This variable encodes the geometric consistency of the reconstructed B mesons on the signal
and tag sides. It is defined in terms of the angles cos 62%, and cos 02‘;%, between the B meson and its

visible decay products on both sides, here the pW¢ system referred as Y, and the angle y between the
signal- and tag-side Y momenta and is given by

2 ,sig 2 ,tag sig tag
CoS”™ gy, + 08" Oy +2 coslp,, cosbpy cosy

cos’ op = 5.1

sin’ b%

The individual cosfpzy terms are computed from energy and momentum conservation under the
assumption of a massless neutrino:

2 2
2EyeqmEy —mp —my
2|pslIpyl

cos gy = (5.2)

Properly reconstructed signal events are expected to yield physical values of cos” ¢p < 1. However,
due to detector resolution effects, a looser selection is applied. The optimal cut value is determined by
maximizing Punzis figure of merit in Eq. (4.1). An illustration of the cos’ ¢ geometry is provided
in Fig. 5.1.

Number of charged tracks in the ROE: The ROE is expected to contain no additional charged
particles in correctly reconstructed Y (4S5) signal events. To account for residual detector noise and
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Table 5.2: Online cuts employed to all four B decay modes. Selection criteria adapted from [48].

Variable Selection criterion
d, <2cm
Good tracks |d, | <4cm
polar angle 6 € [17,150]
e-ID (or u-ID) > 0.9
CMS € [0.3,2.4] GeV/c?
CMS 2
Leptons oo € [0.6,2.4] GeV/c
standard lists
brems correction for e
good tracks
Charged hadrons kaonID (or pionlD) > 0.5
(K* and 77) nCDCHits > 20
good tracks
. pionID > 0.1
slow P < 0.4 GeV/c
M(=°) € [0.120,0.145] GeV/c?
° standard list
(40% pion efficiency)
flight distance >0
log,,("significance of distance") >0
Kg cos G(ng, vertex) >0.8
|M(Kg) - Myo° <= 10 MeV/c?
S
standard list
|M(D"*) - MR < 15 MeV/c®
Intermediate particles M(D™) - M(DO) € [0.141, 156] GeV/c
M(D™) - M(D°) € [0.135, 156] GeV/c
Other selections o8 Op Y € [=15.15]
High level trigger on
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Sig
QBY

tag
QB Y

Figure 5.1: Illustration of the cos’ ¢ p variable.

misreconstructed tracks, we allow up to one charged track in the ROE.

E E,g'r'a: This observable corresponds to the total energy deposited in the ECL by clusters not associated

with the reconstructed decay products of the Y (4S5) system. In signal events, this quantity should be
minimal and ideally reflect only calorimeter noise or undetected particles (e.g., neutrinos). Also here a
cut is applied and optimized using Punzis figure of merit.

The selection cuts are applied in the order listed above. The order in which the selection cuts are applied is
guided by the variable importance extracted from a BDT trained to discriminate signal from background.
While the BDT itself is not used for event selection in this analysis, its variable ranking, specifically
the frequency with which a variable appears at the first node of the decision tree, provides a measure
of its discriminating power. Motivated by this ranking, a suitable order of variables is determined for
the cut-based selection. For each variable, the cut value is then optimised using the Punzis figure of
merit in Eq. (4.1), which is evaluated separately for each B decay mode. The final set of selection cuts,
applied in the offline analysis, is summarised in Table 5.3. The distributions of the offline cut variables
are shown in the appendix in Fig. C.1, Fig. C.2 and Fig. C.3.

It is found that the variable cos® ¢ provides the highest separation power among all offline selection
variables. Its impact on background suppression is substantial. This effect is illustrated in Fig. 5.2,
which compares the D™ mass spectrum before (i.e., directly after the reconstruction, applying only the
online selection criteria) and after the application of the cos’ ¢ p cut. A clear reduction in background is
observed, leading to a significant improvement in the signal purity.

5.4 Event categorisation and first look
An initial view of the invariant D)7 mass spectrum after applying all selection criteria discussed above

is shown in Fig. 5.3. Similar to the untagged analysis (see Section 4.3), the events are categorized as
follows:
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Table 5.3: Summary of optimized offline selection cuts used in the SL tagged analysis. The cut values are
determined separately for each B decay mode by maximizing Punzis figure of merit in Eq. (4.1).

B decay mode Variable Selection cut
cos’ op <1.7
B > Dz%e™v,  ncharged tracks in ROE <2
ROE
Eextra <1l
cos’ op <1.75
B~ > D'n"e v, ncharged tracks in ROE <2
ROE
E ia <14
cos’ op < 1.65
B - D*n%e™y, ncharged tracks in ROE <2
ROE
E i <15
cos’ ¢ B <2
B~ — D**n"e™¥, ncharged tracks in ROE <2
ERE <1.52

extra

* Signal: Events corresponding to the reconstructed signal decay modes, with all final-state particles
correctly matched to the MC truth. Every resonances (such as D", Dy, D3, D, D} and the
corresponding non-resonant cases) are shown separately in the spectrum.

* Self Cross Feed (SCF): Events originating from a true signal decay but misreconstructed due
to incorrect assignment of signal-side particles (e.g., pion—pion swaps within the decay chain)
are refered as SCF events. SCF does not significantly affect the key observables such as M (D)
or qz, so it is typically included in the signal definition unless explicitly shown as its own
category. Nevertheless, it has an effect on angle-based variables such as the hadronic helicity angle
cos 0y, which must be treated with caution in the later course of the analysis. In the decay mode
B~ — D*n"e v,, SCF is effectively excluded by design due to the opposite charges of the pions
involved. In contrast, the channel B° — D*Onoe_fe has a significantly larger SCF contribution.
This is primarily due to the presence of more than one neutral particle, which complicate the
reconstruction and increase the likelihood of an incorrect assignment. Since suppressing the SCF
in this channel proves difficult without significantly reducing the signal efficiency, these events are
treated as part of the signal category. A more detailed discussion of the SCF fraction per B decay
mode and their invariant D) r-mass distribution can be found in Appendix C.3.

» Tag Cross Feed (TCF): Events in which particles from the tag side are incorrectly assigned to the
reconstructed signal decay. These events distort kinematic variables and are treated as background.

* Down-feed events: For the semi-leptonic B — Dx channels there are misreconstructed events
originating froma B — D ) £y event which we refer as down-feed events. This misreconstruction
is due to the fact that it is actually a B° — Di')+(—> D" v, or B — D3 (— Dt v,
event, where the D*° decays into D°x° and then the neutral pion is missed out in the reconstruction.
The similar occurs in the B~ — D*n”e” ¥, channel, where some events originate from decays
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such as B~ — D;Oe_ve or B — Dg')oe_ve, followed by the subsequent decay of Dg')o,
D;O — D™ (— D+7ro)7r_. Again, if the neutral pion is not reconstructed, the event can be
misidentified as a D*n~ final state, leading to a feed-down contribution.

These down-feed events lead to a peaking background in the D™ invariant mass spectrum. The
peaks appear at masses lower than the nominal DE') and D, resonance masses, due to the missing

neutral pion in the reconstruction. In addition to that, the resulting peaks are broader.

« Up-feed events: In the B° — D*n*e™ ¥, decay mode, it is possible that a B® — D°x*e™ v, event
is wrongly reconstructed as a B — D r decay because a randomly reconstructed 7 is included.
This type of misreconstruction is called an up-feed event. In most cases, the 7 is not even a true
7° and is incorrectly reconstructed from beam background photons.

* BB background: Events from generic BB decays that do not match any signal, cross-feed,
down-feed or up-feed category.

* Continuum background: Events originating from efe” - qq with ¢ = u,d,s,c. These
contribute minimally to the background events.
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Figure 5.3: D™ mass spectrum after the event reconstruction and event selection cuts discussed in Section 5.3.
Note that for the B° — D’r*e™7 . decay mode, the D" resonance region is excluded from the plot.

What is apparent from a first look at the D™ x invariant mass distribution is that for the charged B modes

we have a neutral BB background tail. We will explore and try to suppress this in more detail in the next
section.
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5.5 Investigation of neutral BB background tail of charged B modes

To investigate the origin of the neutral background tail observed in the charged B modes, we examine the
MC truth information. We first analyze the reconstructed decay on the tag side. There are two dominant

By,, decay modes that occur. In the reconstruction, we find a Btag — Dtve decay, while the MC

truth reveals that the true decay is actually a B?ag — D" (- D_Ozr_)ﬁvg decay. In this case, the soft

pion (7r”) from the D"~ decay is therefore missed out in the reconstruction.

On the signal side, we observe a reconstructed candidate for Bg, — D*n~¢"v(. In many of these cases,
the 7~ originates not from the signal-side decay but from the unreconstructed D*~ decay on the tag side.
Thus one would suggest that, if the 7~ from the tag side is combined with the reconstructed D, the
invariant mass of those two particles should peak around the D™ mass. This is indeed observed, as
illustrated in Fig. 5.4. Based on this observation, we apply a D" mass veto® to suppress these cross feed
events with the tag side. This veto effectively removes background candidates with minimal loss of
signal efficiency.

Secondly, we find cases where the tag-side reconstruction yields a B¥tag — D*O( — D0n0)€+v€ decay,

while the true decay according to the MC truth is actually B?ag — D*("v,. As in the previous scenario,

the reconstructed D° from the tag side is combined with a 7~ from the signal side, leading to true D~
candidate. Therefore, to suppress this background, we again apply a D™~ mass veto on the D° from the
reconstructed tag side and the 7~ from the signal side.

Both neutral BB background contributions arise from the same misreconstruction principle. However,

the difference lies on a technical aspect. In the first case, the D° originates directly from the By,

decay, while in the second case, it is a daughter of the D*°, which itself is a daughter of B, This
results in two variables for which we can apply a D* mass veto. The impact of applying the D* mass
is shown in Fig. 5.5. One can see qualitatively quite clear, that we lose a very large amount of the
neutral BB background tail without any loss in signal efficiency. This selection cut was systematically
studied and optimized within the scope of this master thesis, based on dedicated background studies and
reconstruction performance.

5.6 Best Candidate Selection

After applying the analysis-specific selection criteria to suppress the dominant background contributions,
multiple signal candidates remain within a single event. The distribution of the number of candidates per
event is shown in Fig. 5.6. To proceed with the analysis, it is necessary to select a single candidate per
event, ideally the one most consistent with originating from the true Y (4S) decay. This procedure is
referred to as the Best Candidate Selection (BCS).

In this analysis, the BCS is performed across all B decay channels. Specifically, we select the candidate
with the highest FEI probability for the By,,, under the assumption that a higher tag-side probability
corresponds to a more accurately reconstructed event. This selection is done globally, allowing multiple
candidates to remain on the signal side. To mitigate misreconstruction, particularly cases in which a
D’ decay is mistakenly reconstructed as a D due to a missing pion, a veto is given to candidates
reconstructed as D*mr over Dmr, when both reconstructions are present. This strategy improves the
reliability of the selected signal candidate and reduces down-feed contributions. After that we remain

2 Quantitatively, this refers to the veto of the mass range 1.99 < M(D") < 2.03 GeV.
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Figure 5.4: Distribution of combining the D° meson from the tag side with the pion from the signal side. One can
see that one can apply a D* mass veto without loosing many signal events.

with a few candidates per event, especially in the D°x" channel and randomly choose the remaining
candidate at that point. A random selection has the advantage of being statistically unbiased with respect
to any kinematic or reconstruction variable.

The D 7 invariant mass distribution before and after applying the BCS can be seen in Fig. 5.7. The FEI
signal probability on which the BCS is performed on, is shown in Fig. C.8. Additionally, the distributions
of q2 and cos 6y, after applying the BCS can be found in the appendix in Fig. C.9 and C.10 respectively.
No significant improvement in purity is observed in the invariant mass distribution of the DYn system.
This observation is further supported quantitatively by the comparison of signal yields before and after
applying the Best Candidate Selection (BCS), summarized in Table 5.4. In the development of the BCS
procedure, various selection criteria were explored to identify the most reliable candidate per event.
These included, for example, selecting the candidate with the highest /\/2 vertex fit probability of the
B meson, or performing a purely random selection to avoid kinematic bias. However, choosing the
candidate based on the highest FEI signal probability for the B,,, consistently yielded the best overall
performance in terms of signal purity.

tag

5.7 Signal sensitivity
To evaluate the performance of our analysis, we compare the extracted signal yields with those obtained

in the hadronic tagged Belle measurement from 2020 [24]. A summary of the corresponding signal and
background yields is presented in Table 5.5.
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Figure 5.5: Impact of combining the D° meson from the tag side with the pion from the signal side and applying a
D™ mass veto. (Left) M (D(*)ﬂ) distribution before a the cut and (right) after the cut is applied.
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Figure 5.6: Number of candidates per event after all event selection cuts are applied. We find an average of 1.47,
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Figure 5.7: M(D (*)ﬂ) distribution before (left) and (right) after applying the BCS.
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Table 5.4: Signal (S) and background (B) yields before and after applying the BCS. This yields corresponds to an
integrated luminosity of £ = 365fb™".

Decay mode ‘ Sbefore Bbefore S after B after ‘ S-i—iBbefore S-;.LB after Safter/ Sbefore

B° - D'« e v, 3065 +£55 1477 +38 2409+49 920+30 | 0.675+0.007 0.724 £0.008 0.786 + 0.021
B — D+7r_e_17e 693 +26 820+29 409+20 510+£23 | 0.458+0.013 0.445+0.016 0.590 +0.037
B’ > D*OJT+€717€ 399+20 82129 229+15 489+22 | 0.327+0.013 0.319+0.017 0.574 +0.048

B" > D™n7e v, | 844+29 546+23  497+22 276+ 17 | 0.607 +0.013 0.643 +0.017 0.589 + 0.033

For the B — Dm e v, decay modes, we observe higher signal yields in this work, achieved under more
favorable background conditions. In the case of the B~ — D™"n”ev, mode, despite being the cleanest
channel in our analysis, we also achieve higher signal yields compared to the Belle measurement, though
this comes at the cost of roughly three times more background events.

The discrepancy becomes even more pronounced in the B® > Dntev . channel. Here, our signal yield
is approximately half that of the Belle 2020 result, while the background yield is an order of magnitude
larger. This behavior is not unexpected, as the presence of a neutral pion in the final state significantly
deteriorates the background conditions in the SL tagged analysis, compared to hadronic tagging. This
is primarily due to the poorer reconstruction efficiency and resolution of neutral particles, particularly
m° — vy decays, in SL-tagged environments. The SL tagged analysis already involves two undetected
neutrinos, one on each B meson side, resulting in limited kinematic constraints and further complicating
the reconstruction and background suppression in final states involving neutral particles.

Table 5.5: Comparing the signal and background (B) yields (and their statistical uncertainties) of this work with
the yields from the hadronic tagged Belle measurement in 2020 [24]. The signal and background yields from
Belle correspond to the yields extracted from a fitin U = E ;, — Piss- FOI better comparison the yields from this
work are scaled to the Belle luminosity of £ =711 o'

Signal Background
Belle 2020 This work Belle 2020 This work
B" > D¢y, 57035 68026 2641 +80 1792 +42
B = D'n e, 721+32  797+28 1329+53 1012+32
B" - Dnte7v, 798+44 44621  T77+12 953 +31
B - D" n e v, 7787+35 968+31 172+19  538+23

<I

The impact of including neutral particles in the signal decay chain on background levels becomes further
evident when examining the signal-to-background ratios of the individual D decay modes, as shown
in Fig. 5.8. In particular, for the D™z channel, it is clearly observed that the D decay mode involving
additional neutral particles exhibit significantly worse signal-to-background performance. Here events
labelled as background includes TCF, down- and up-feed, other BB background and continuum events.

5.8 Reconstruction of kinematic variables

A fundamental challenge of employing the SL tagged approach in this analysis lies in the inability to
directly access the rest frame of the signal-side B meson. Unlike in hadronic tagged analyses, where the
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Figure 5.8: Signal and background yields for all four B decay modes separated in the different D modes.

second B meson is fully reconstructed and the missing neutrino on the signal side can be inferred from
the beam-energy constraint, the SL tagged strategy suffers from an additional undetected neutrino in the
tag-side decay. As a result, the full four-momentum of the signal-side B meson cannot be reconstructed,
which limits the kinematic information available for the analysis.

While the magnitude of the B meson’s momentum still can be estimated from the known beam energy,
the direction of the B meson remains ambiguous. The variable cos 6 5y encodes the angle between the B
meson and the reconstructed Y system (here D*(*)f), and thus constrains the B momentum vector to lie
on the surface of a right circular cone. The axis of this cone is aligned with the momentum vector of the
Y system, and its opening angle is given by 26 z,,. However, since the azimuthal orientation around the ¥
axis is undetermined, the precise direction of the B meson on the cone cannot be uniquely reconstructed.
This geometrical ambiguity poses a challenge for reconstructing kinematic observables that rely on
knowledge of the full B meson momentum. Specifically if it comes to qz and the hadronic helicity angles
cos 6y, which are of interest in this analysis.

Several methods have been proposed to approximate the direction of the B meson momentum under
these constraints. In this analysis, we adopt the so-called diamond frame approach. The details of this
method are discussed in the following section.
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5.8.1 Diamond frame approach

Since the only missing information of the B meson momentum is the azimuthal angle @z, the diamond
frame approach approximates the relevant kinematic variables by averaging over four representative
values of @, 0, +7/2, and «r. This discrete sampling effectively spans the cone of possible B directions
described earlier. Each of these four configurations is then weighted by sin® 6 .- where 85 denotes the
polar angle of the B meson. This weighting reflects the expected angular distribution of BB production in
the Y (45) rest frame. An illustration of this method is shown in Fig. 5.9. The performance of the diamond

Figure 5.9: Illustration of the diamond frame approach. Figure taken from [26]

frame method can be evaluated by comparing the reconstructed kinematic variables obtained through this
approach with the corresponding MC truth information, where the full B meson momentum is known.
As shown exemplary for the B’ > DO7T+€_17€ decay mode in Fig. 5.10, this comparison demonstrates
that the diamond frame method provides a reliable approximation of the B meson kinematics. In addition
to the residuals of the q2 and cos 6y, variables obtained using the diamond frame approximation, we also
show the resolution of the invariant D mass. While the Dm mass is not affected by the diamond frame
construction, it is included here as it represents a key observable in the analysis.
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Figure 5.10: Distributions of residuals for kinematic variables M (D(*)ﬂ), q2 and cos 6y, exemplary shown for the
B’ > D07r+e_17€ mode. The two variables are q2 and cos 6y, reconstructed using the diamond frame approach. It
is important to note that a Gaussian function is fitted to these distributions solely to obtain a rough estimate of the
mean and standard deviation. This approach is used for convenience, even in cases where the distributions deviate
significantly from a true Gaussian shape, and is not intended to model the underlying distribution accurately.
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Signal extraction fit setup

In order to extract the signal contribution from the selected events, we aim to perform a fit-based
background subtraction. This method requires a variable that exhibits distinct distributions for signal
and background, such that the signal yield can be extracted from the total sample. In the untagged
study of B® - D**¢” v,, the variable cos 6 5, was used for this purpose due to its discriminating power.
In the present analysis, however, cos 85y is not suitable for signal extraction since this variable is
highly correlated with cos’ ¢ g, on which a tight selection cut has already been applied to suppress
the background. As a consequence, the remaining cos 65y distribution shows mostly contribution
from peaking background components, reducing its effectiveness for clean signal extraction. The
corresponding distributions are shown in Appendix Fig. D.1.

To overcome this limitation, we train a BDT using the variables that were employed for the event selection.
With this, the goal is to exploit additional information contained in the probability density function (pdf)
shape of these variables, which may still hold discriminative power even after already used for event
selection. The output of the BDT, namely the signal probability score, is then used as the discriminating
variable in a fit to extract the signal yield and thus subtract the background.

6.1 BDT training

Following the BDT training used for background suppression in the untagged analysis Section 4.4, we
employ the XGBoost framework to train a BDT for signal extraction. Hyperparameter optimization is
also again performed using the Optuna package, where we focus on the regularisation terms @ and A
only. To prevent overfitting, we constrain the maximal depth of the decision trees to 3 in this analysis.

To enhance the statistical power of the training and increase the signal statistics, we augment the
available MC15rd samples with additional, own produced run-independent signal Monte Carlo samples
for this study. Similarly, to increase the background statistics, we supplement the training set with
generic MC15ri samples. However, one must note that run-independent and run-dependent samples
differ significantly in several variables, particularly in Eggi, as shown for the B~ — D*n"e” v, decay
in Fig. 6.1. These discrepancies reflect differences in beam and detector conditions between the two
MC configurations. As a consequence, the BDT signal probability score evaluated on run-dependent
samples differs from that on run-independent samples, indicating reduced generalizability of the model.
Ideally, the BDT should be trained exclusively on run-dependent signal and generic MC samples, as they
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Figure 6.1: Distributions of E,,,,, for the MC15rd (upper plot), MC15rd (lower left) and ri signal MC (lower right)
samples, exemplary shown for the B~ — D*n”e” ¥, decay mode. Note that the blue component in the signal MC
distribution corresponds to signal events with TCF.

better reflect realistic background conditions relevant for data. However, generating sufficiently large
run-dependent samples for this purpose would be computationally demanding.

Given the purpose of this thesis, which primarily aims to assess the feasibility of a SL tagged analysis
of B > DWnty decays, we proceed with the current mixed training set strategy. To mitigate the
aforementioned inconsistencies, we thus include both generic run-dependent and run-independent
samples, as well as the run-independent MC sample, in the training set and apply additional reweighting
to improve robustness. Moreover, as in the BDT training for the untagged analysis, we employ k-fold
cross-validation to monitor overfitting and ensure stable performance across the full dataset. The
combined dataset is partitioned into 80% for training and 20% for the test set.

For the further course of this analysis, we use the MC15rd generic sample while acknowledging that its
performance may be slightly optimistic due to partial overlap with the training dataset.

For the BDT input variables we use slightly different sets of variables for every individual B decay mode.
Distribution of these for every MC sample can be found in the appendix in Appendix D.2.

The binary classification of the BDT distinguishes between signal and background events. The signal
category comprises all semi-leptonic decays of the B meson into D™ and D" states, encompassing both
resonant and non-resonant contributions. All D** resonances are treated collectively as a single signal
class.

It was found that the inclusion of down-feed and up-feed events in the signal category during BDT
training significantly enhances the classifier’s performance, leading to a stronger separation between
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signal and background in the signal probability output. As a result, these events are retained in the signal
class for the time being. A reassignment to their corresponding true decay modes will be addressed later
in the migration procedure described in Section 7.1.

6.2 BDT input variables on real data

Additionally to the already discussed BDT training procedure, we apply correction weights to the generic
MC15rd sample, to ensure that the BDT score and overall performance remain robust and consistent
when applied to real data. To assess the effectiveness of this correction and the impact of our applied
selection cuts in the previous analysis step, we further compare the distributions of BDT input variables
from the correction-weighted, run-dependent MC samples with those from real Belle II data. In the
following section, we first briefly describe the correction weights applied before comparing the MC
simulation with Belle II data.

6.2.1 Corrections for simulated samples

Due to imperfections in detector and interaction modeling, the reconstruction efficiency and purity can
differ between MC simulations and experimental data. To account for these discrepancies, correction
weights, provided by the Belle II performance group, are applied to MC events. The applied corrections
depend on the particle type, its kinematics, and the specific decay mode reconstructed.

Slow Pion Efficiency Correction Due to the small mass difference between D* and D, the pion emitted
in D* — Dn decays has low momentum, typically below 200 MeV/c. This results in reconstruction
efficiency differences between MC and data [68]. Correction weights, provided in three bins of slow
pion momentum, are applied with associated statistical and systematic uncertainties.

Lepton ID Efficiency Correction The lepton identification efficiency correction is derived from the
two-photon process e*e™ — e*e ("¢, and validated using inclusive B — XJ/y/(— £7¢7) decays to
account for hadronic effects. Correction factors are provided in bins of lepton momentum, polar angle,
and identification criteria, and are applied to correctly reconstructed leptons.

Lepton Fake Rate Correction The probability for a lepton fake rate is defined as a hadron track to
be wrongly identified as a lepton track. The misidentification rates for pions are studied using control
channels such as K§ — 7"z~ and e*e” — 7%(1p)7" (3p). Kaon misidentification rates are determined
from D™ — DO(—> K~ n")x". Correction weights are provided as a function of the lepton momentum
and polar angle in the laboratory frame, binned in two dimensions with corresponding central values and
uncertainties.

Hadron PID Efficiency and Fake Rate Efficiencies and misidentification rates for charged kaons and
pions are corrected using the decay D* — DO(—> K~ n")n*. Correction tables are binned in momentum
and polar angle.

Additional correction weights, such as those related to the SL FEI calibration, are available and may
be necessary for the further course of this analysis when using experimental data. However, since this
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study is currently based solely on MC simulation, we stop here. The impact of the remaining correction
weights is expected to be subdominant.

Therefore, we now can compare the distributions of the BDT input variables in data and MC simulation
to verify that the selection criteria perform similarly in both. This validation is particularly important,
as the BDT signal probability distribution obtained from MC is later used in a fit to extract the signal
yields. Ensuring good agreement between data and MC in the input variables increases confidence in the
reliability of the BDT model and the robustness of the signal extraction procedure. This consistency
check also reinforces the overall credibility and validity of the analysis presented in this thesis. Figure 6.2,
6.3, 6.4 and 6.5 shows the BDT input variable distributions comparing the MC simulation with Belle II
data for each B decay mode On the whole, the agreement between data and MC simulation looks quite
good and there are no worrying outliers. This therefore emphasises the reliability of this work.
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Figure 6.2: BDT input variables for the EO — D¢ ~v, decay mode comparing MC simulation with real Belle II
data.
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Figure 6.3: BDT input variables for the B~ — D*n”e”v, decay mode comparing MC simulation with real Belle
IT data.

6.3 BDT performance and signal probability score

The performance of the trained BDT model is evaluated by examining the signal probability distributions
and ROC curves. A comparison between the test and training datasets is shown in Fig. 6.6 to assess
potential overtraining. For the Dm modes, the ROC curves indicate consistent performance between the
training and test sets, suggesting that the model generalizes well.

In contrast, for the D" modes, a noticeable discrepancy is observed and the training set achieves higher
classification performance than the test set. This effect could be explained due to the limited statistics
available in these modes, leading to relatively larger statistical uncertainties in the ROC evaluation (i.e.
potentially larger error bands around the curve). When accounting for these uncertainties, the model’s
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performance remain acceptable.

This is further supported by the signal probability distributions shown in ??, where larger statistical
fluctuations are visible in the test sample, particularly for the low-statistics modes, but the overall
agreement between training and test sets remains reasonable. Ideally, the signal probability output from
the BDT classifier should yield values close to 1 for signal events and close to 0 for background events,
resulting in well-separated distributions. However, in our case, similar to the untagged analysis, this
ideal separation is not achieved, and the classifier exhibits limited discriminative power between signal
and background events, even in the SL-tagged analysis.

Nonetheless, for the purpose of signal extraction, the absolute separation between signal and background
is less critical than the distinguishability and parameterizability of their respective BDT score distributions.
As long as the signal and background templates can be reliably modeled and fitted to data, the BDT
score remains a useful variable for performing statistical signal extraction.

Regarding this, the BDT score distributions show a reasonable level of separation between signal and
background across most decay channels. The main exception is the B’ > D*On+e_17€ channel, where
the signal and background distributions exhibit significant overlap, limiting the effectiveness of a the
signal extraction fit.

Furthermore, a look at the feature importance of the BDT input variables in Fig. 6.8 shows also for the SL
tagged analysis that the variable with the highest information gain is the )(2 probability of the B vertex fit.
While further improvements may be possible, such as refining more hyperparameter optimization,
incorporating additional input variables, or exploring alternative machine learning models, no dominant
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background source could be clearly identified by a look into the invariant D™ 1 mass spectra (Fig. 5.7)
or to MC truth information. Given these considerations, the current BDT configuration represents the
most effective solution within the available constraints. Therefore, we proceed with this setup in the
subsequent stages of the analysis and will now turn our attention to the signal extraction fit in the next
step.
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Figure 6.6: ROC curve for all four B decay modes.
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6.4 Splot

In order to extract signal distributions from data in the presence of significant background contamination,
we employ the sPlot technique. This method allows for the statistical disentanglement of overlapping
signal and background components in a given dataset, based on a discriminating variable that exhibits
distinguishable probability density functions (PDFs) for signal and background by applying event-by-
event weights based on a maximum likelihood fit to the discriminating variable. The following section
will explain the basics of this technique which are taken from [69]

6.4.1 Theoretical background

The sPlot technique operates with two categories of variables: the discriminating variable y, which
provides good separation between signal and background with well-known Probability Density Functions
(PDF) from simulation, and the control variable x, which represents the variable of interest for which we
seek to extract the signal distributions. The approach involves fitting parametric templates for signal and
background, then applying event-by-event weights to reconstruct the corrspodning distributions. The
critical requirement is that the control variable x must be statistically independent of the discriminating
variable y, which means that the joint probability density function factorizes as

Jity) = Mi(x) - f;(y) (6.1)

where M, (x) represents the PDF of the control variable for species 7, and f;(y) denotes the PDF of the
discriminating variable for the same species.
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The mathematical foundation rests on an extended maximum likelihood fit. For a data sample containing
N events with N different species, the log-likelihood function is defined as

N Ny Ny
L:Zln (ZNifi(ye)) _ZNi” (6.2)
e=1 i=1 i=1

where N; represents the expected number of events for species i, and f;(y,) is the PDF value for species
i evaluated at the discriminating variable values of event e. The control variable x does not appear in
this likelihood expression, which is fundamental to the technique’s validity.

The covariance matrix of the fitted yields is obtained from the second derivatives of the negative
log-likelihood:

-1 _ 62(—.5) _ N fn(ye)fj(ye)
i L 2
ONGON; 5 (ZkNil Nkfk(ye>)

This matrix encodes the statistical correlations between the fitted yields and provides the mathematical
link between the likelihood fit results and the subsequent distribution reconstruction.

(6.3)

The core concept lies in the calculation of event-specific weights, so called sWeights, which determine
the contribution of each event to the reconstructed distribution of each species. For event e and species
n, the sWeight is calculated according to

N,

Z ':S] Vn]fj(ye)
Pu(y,) = ————.. (6.4)
Zk;1 Nifi(ye)
Each event receives a weight that depends on the covariance matrix elements V,, ;, the PDF values f; (ve)

for all species evaluated at the event’s discriminating variable values, and the normalization factor in
the denominator. The sWeights can take negative values, particularly in regions where discrimination
between species is poor.

6.4.2 Correlation check

As mentioned in the previous section, the sPlot technique requires the discriminant variable to be
statistically independent, and therefore also uncorrelated, to the variable on which we want to perform the
background subtraction. In our case this means that the BDT signal probability should be uncorrelated
to the kinematic variables M (D(*)ﬂ), q2 and cos 6y, (for now). To evaluate these correlations we use
two different statistical measures. First, we compute the Pearson correlation coefficients, which quantify
linear correlations between the variables. These values are summarized in Table 6.1. Second, we evaluate
the Kendall 7 rank correlation coefficients, which assess the presence of monotonic (not necessarily
linear) relationships between variables. The corresponding results are provided in Table 6.2. In both
tests, we observe that the condition of statistical independence between the BDT output and the variables
of interest is not always fulfilled. This is particularly evident for the correlation with the invariant mass
variable M (D(*)ﬂ'), where the strongest deviations from independence are observed. Notably, the D** 7~
decay mode exhibits the smallest correlation, indicating the best compliance with the assumption.

Alternatively, we could require orthogonality to these variables in BDT training, but this comes at the
cost of less discriminating power, which is already critical for us. In the BDT training, we have made
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Table 6.1: Pearson correlation coefficients p of BDT signal probability with parameter of interests.

Signal Background

PM(Dn) pqz Pcos 6y, PM(Dn) qu Pcos Oy

Drte v -0.05+0.01 -0.01=+0.01 0.04 £0.01 | —=0.11 £0.02 -0.02 £ 0.02 0.03 £0.02
D*n ey 0.12 +£0.02 -0.13+0.02 -0.02+0.02 | 0.03+0.03 -0.05+0.03 -0.06+0.03
Drtev
D

bis -0.08+£0.02 -0.002+0.02 0.04+0.02 | -0.08+0.02 —-0.004+0.02 -0.01+0.02
eV 0.01+£0.02 -0.06+0.02 -0.02+0.02 | 0.004+0.02 -0.0005+0.02 0.02+0.02

Table 6.2: Kendall T correlation coefficients p of BDT signal probability with parameters of interest.

Signal Background
PM (D) P Pcos 6y, PM(Dnr) P2 Pcos 6y,
Drte” v, | —0.048 £0.007 0.029 +£0.007 0.002+0.007 | -0.088 +0.013 0.013+0.013 -0.017 +0.013
D'n e v, 0.073 +£0.015 0.018+£0.015 -0.095+0.015 | 0.023+0.018 -0.041+0.018 -0.037+0.018
D*O7r+e"\7€ -0.050 £0.012 0.027 £0.012  0.002 £0.012 | —0.084 +0.013 —0.006 +0.013  0.008 + 0.013
D**n"e”v, | 0.005+£0.011 0.014+0.011 -0.036+0.011 | 0.016 +0.014  0.011 £0.014 —0.007 +0.014

sure that all input variables are already uncorrelated to the variables of interest, but we could continue to
invest there and optimise the BDT training in this respect.

Another possibility that takes correlations into account would be the COW [70] method. However, this
requires a polynomial parametric fit, which proves to be difficult with our signal probability distribution.
Despite the observed deviations from ideal statistical independence, we proceed with the current setup to
assess the applicability and robustness of the sPlot technique in our analysis. These limitations are noted
and will be addressed in future optimisations. The next step focuses on the parameterisation of the BDT
signal probability distributions for both signal and background components.

6.4.3 Fit to signal and background distribution

Finding a suitable model that describes the background and signal distribution of the BDT signal
probability proved to be not that trivial. One method that is suitable for such a case is Kernel Density
Estimation (KDE), which provides a way to estimate the probability density function from sampled data.
The details are discussed in the following and are taken from [71].

Kernel Density Estimator

KDE constructs the estimate by placing a kernel function centered on each data point and aggregating
their contributions.

Given a set of n sample points {x,,...,x,}, the KDE is defined as
fo) = — iK(x_x") (6.5)
X)=— , .
g nh £ h

where K (x) denotes the kernel function, & > 0 is the bandwidth parameter, and x € R is the evaluation
point. The kernel function specifies the shape and influence of each sample point, while the bandwidth
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controls the width or spread of the kernel function and defines the range of influence. A commonly used
kernel is the Gaussian kernel, given by

I

K(x) G e . (6.6)
Increasing the bandwidth results in a smoother estimate by extending the influence of individual data
points.
In this analysis, the bandwidth is determined automatically using the default adaptive method implemented
in the z£it [72] library. This method first applies a global rule-of-thumb (e.g., Scott’s [73] or Silverman’s
rule [74]) to obtain an initial pilot estimate of the density. The local bandwidths are then scaled inversely
with this estimate, resulting in narrower kernels in regions with dense data and wider kernels in sparse
areas. The goal of this procedure is to minimize the mean integrated squared error (MISE) between the
estimated and true density.
This work tried both approaches, an exact and grid-based variants of KDE. The exact KDE computes the
full sum described in Equation 6.5 without approximation, preserving all information from the sample.
However, its computational cost scales linearly with the number of sample and evaluation points, making
it more suitable for smaller datasets.
To address the scalability issue, the grid-based KDE introduces a binning procedure that reduces the
number of data points by aggregating data points onto a grid. Let {g;} 1111 be a set of uniformly spaced
grid points with associated weights {c l}f\il. The Grid KDE takes the form

N
fu@) = nl—hZc,K(x ), ©6.7)
=1

which lowers computational complexity by evaluating the kernel sum over grid points instead of individual
data points. This approximation is better suited for large datasets.

Since both approaches yield the same results, if it comes to fit stability and the quality of the fit, we
continue with the grid-based KDE.

The KDEs are constructed using zfit.pdf.KDE1DimGrid from the z£fit library over the observable
space SigProb € [0, 1], representing the BDT output score. The corresponding KDEs are then extended
to incorporate expected event yields via set_yield, where the initial values for the signal and background
yields are taken from the number of signal- and background events in the MC sample.

The full model is constructed as a sum of the extended signal and background PDFs:

Priot = Niig - Psig(SigProb) + Ny - Pbkgd(SigProb), (6.8)
where N, and Ny, .4 are the yields and g, and Py, are the signal and background KDEs, respectively.
An extended unbinned maximum likelihood fit is then performed, where the fit is applied to the BDT
score of asimov data. The minimization is carried out using the iMinuit minimizer [63]. The result
yields the best-fit signal and background contributions, which are then used in subsequent sPlot weight
calculations. Finally the sWeights are then computed from the fitted KDE model and the Asimov data
using the compute_sweights(model, data) function, provided by the hepstats.splot package.
These weights allow us to statistically disentangle the signal and background contributions for our
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Table 6.3: szed of total KDE fit.

szed p-value
B° - D%*e v, 133  0.063
B > D'n e v, 124 0.121
B° - Dzt v, 045 0999
B - D" n e’ v, 167 0.0025

e

variables of interest.

For technical reasons, the calculation of sWeights requires an unweighted dataset as input. Therefore,
the KDE fit and subsequent signal extraction were carried out on the unweighted MC15rd sample. This
technical limitation naturally disappears when applying the method to real data, which is unweighted by
nature. Nevertheless, it has been verified that the BDT score distribution changes only marginally when
applying correction weights, and therefore the influence on the KDE model and sWeight calculation
should be also minimal. After computing the sWeights, they are then multiplied again by the correction
weights applied per event discussed in Section 6.2.1. This ensures that the further analysed spectrum is
more closely resemble real data.

6.4.4 Results

First we discuss the fit results of the KDEs estimating the BDT signal probability distribution. Figure 6.9,
6.10, 6.11 and 6.10 show the results of the KDE fit to the Asimov data for each B decay mode. Additionally,
the KDEs of the signal and background distributions used for the fit, as described in Eq. (6.8), are shown.
At first glance, it looks promising. A quantitative evaluation of the goodness-of-fit using the reduced
chi-squared szed and the corresponding p-value, as summarized in Table 6.3, shows that high p-values
and szed values close to or below unity are expected when using Asimov data. This behavior is observed
only in the B’ > D*Ozr+e_17e channel. For the remaining decay modes, the fit quality deteriorates
primarily due to a poor description of the last bin in the BDT score distribution, which is characterized
by small statistical uncertainties and a sharper drop in event counts than predicted by the KDE model.
This discrepancy likely accounts for the higher )(2 values. Given the context and limitations of the model,
this deviation remains within acceptable bounds for the present analysis.

Now, we examine the sPlot-weighted distributions shown in Fig. 6.13, 6.14 and 6.15, taking into account
that especially the variable M (D(*)n) exhibits a relatively strong correlation with the BDT signal
probability. This correlation suggests that the assumption of statistical independence required by the
sPlot technique may have been violated, and this must be considered when interpreting the resulting
distributions. The plots look fine in this regard. However, in the lower D™ 1 mass regions, noticeable
discrepancies between the sPlot-weighted distribution and the expected signal shape become apparent,
indicating limitations in the accuracy of the background subtraction in these regions. In conclusion,
while the sPlot technique is functional and yields meaningful results, the current signal extraction set up
requires further refinements and needs to be slightly adjusted.
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CHAPTER 7

Migration and efficiency corrections

The next step in the analysis strategy involves accounting for detector effects through migration corrections
and evaluating selection efficiencies. This chapter provides a preliminary investigation of these aspects
and is limited in scope, serving primarily as a first-step feasibility study.

To address the impact of detector resolution and event misreconstruction, a migration matrix approach is
employed. In particular, the method is extended to allow for migration between different B decay modes,
providing a framework to handle down-feed contributions. This modified migration scheme is applied,
as a test case, to the invariant mass distribution of the D" system.

In addition, we present the distributions of selection efficiencies for each of variables of interest,
M (D(*)n), q2 and cos 6y, studied in this work. While no full efliciency corrections are applied at this
stage, the information offers valuable insight into the selection behavior and lays the groundwork for
potential future differential corrections.

7.1 Migration matrix

In experimental measurements, detector resolution and reconstruction inefficiencies can lead to deviations
between the true physical quantities and their reconstructed counterparts. As a result, an event
reconstructed in bin i may have originated from a true value corresponding to a different bin j. This
effect is commonly described by a migration matrix M, ;, which encodes the conditional probability of
reconstructing an event in bin i given that its true value lies in bin j:

M, ; = P(reco in bin i | true in bin j) 7.1

To recover an estimate of the true distribution from the observed (reconstructed) distribution, an unfolding
procedure is applied. The simplest form of unfolding consists in inverting the migration matrix:

-1
Xirue = M Xreco (7’2)

where X, denotes the binned yields of the true spectrum (of variable x) the and X, the corresponding
reconstructed yields. Many other approaches exist to mitigate the impact of increased statistical variance,
particularly relevant in cases of large bin-to-bin migrations, where a single true bin may receive significant
weighted contributions from multiple reconstructed bins. These methods also aim to reduce dependence
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on the MC prior, which can influence the unfolding result. While this issue is less critical in the current
study, techniques such as iterative Bayesian unfolding can help propagate the shape observed in data
rather than relying solely on MC predictions, thereby reducing model bias. However, such unfolding
techniques and regularization strategies are beyond the scope of this thesis and analysis (for now).

In our case, as discussed in Section 5.4 we find down feed components in the Dn channels originating
from a semi-leptonic B — D*r decay. In the migration procedure we therefore try not only to migrate
between the bins in one channel but also in between the channels and thus migrate down feed components
in the Dx channel back to the corresponding true value in D*w. In the context of this thesis, we
explore unfolding, as rarely used in other analyses, as a conceptually approach to handle down-feed
contributions. However, this method can result in highly non-trivial migration matrices with significant
off-diagonal elements, deviating substantially from a near-diagonal structure and potentially complicating
the inversion.

Now we only focus on the charged B decay mode for the migration procedure. For the migration
procedure, the neutral B modes turned out to be somewhat more difficult and are therefore still being
worked on. In particular, the dominant D* resonance in the B° — D0n+e_17e channel complicates the
normalization of the migration matrix, making it more sensitive to statistical fluctuations. Especially also
since we have up-feed events in the D" x* channel, which we try to migrate to the Dz channel, where
up-feed events have much fewer counts compared to the correct D* peak in the D" mode. An initial
attempt to apply a Bayesian unfolding approach did not yield a significant improvement. Furthermore,
a technical limitation arises from incomplete MC truth information, especially for SCF events (and
also to a lesser extent for down-feed events), true kinematic values were often unavailable. This issue
prevented the inclusion of such events in the migration process. While this effect is negligible in the
charged B modes due to the relatively small SCF contribution (see Table C.1), it becomes critical in the
B’ - D*0ﬂ+e_17€ channel, where SCF constitutes approximately 50% of the sample. As a result, the
reliability of the migration matrix in this channel is reduced. Additionally, the overall low event statistics
in the semi-leptonic B° - D*°x* channel amplify the instability in the unfolding procedure.

For the charged B modes, the D™ invariant mass spectrum is shown again in Fig. 7.1 to provide a
reference for the unfolding procedure and to illustrate the structure and magnitude of the down-feed
contributions. The corresponding migration matrix can be found in Fig. 7.2, where one can clearly

Belle IT Simulation (own work) £=365fb"! Belle I Simulation (own work) £=365fb"!
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Figure 7.1: M (D(*)n) distributions of the charged B modes, to illustrate the proportion of down feed components
once again.

see the influence of the down feed components in the non-diagonal elements in the migration matrix.
Applying the migration matrix to unfold the invariant mass spectrum, on which the matrix itself was
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Figure 7.2: Migration matrix for the two charged B modes, where in this approach we also try do migrate the
down-feed events back to the corresponding D7 channel.

constructed, serves as a valuable consistency check, since by construction, the unfolded distribution
should exactly reproduce the true underlying spectrum. This one can see in Fig. 7.3, where it closes up
exactly. The statistical uncertainties shown in the unfolded spectrum were obtained using a bootstrapping
procedure. Specifically, Equation Eq. (7.2) was evaluated for 1000 statistically fluctuated realizations of
X,..co- The corresponding uncertainties were then extracted from the resulting the covariance matrix (
and its diagonal elements) of the unfolded distributions.

Now we can also unfold our invariant D" mass spectrum, which we have obtained using the sPlot
method, as background subtracted mass spectrum. Since both the migration matrix and the fit (with
Asimov data) are derived from the same MC sample, the resulting differences are minimal and primarily
reflect statistical fluctuations of the signal yields in the invariant mass distribution. The unfolded DYn
mass spectrum after background subtraction using the sPlot technique is shown in Fig. 7.4. The result
demonstrates reasonable agreement within statistical uncertainties, although some deviations suggest
that further refinement of the procedure may be beneficial .

! Furthermore, isospin corrections have not yet been applied yet in this context. These arise from the fact that the down-feed
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Figure 7.4: Unfolded M (D(*)ﬂ) spectrum on the background subtracted mass spectrum, we achieved with the
sPlot technique. Thus, this spectrum already encounters primarily statistical fluctuation arising from the fit.

7.2 Efficiency distributions

After correcting for migration effects, selection efficiencies must also be taken into account. In this
thesis, we restrict ourselves to examining the efficiency distributions of the observables of interest, in
order to identify potential biases introduced by selection cuts. Even if the efficiency is not uniform
across the kinematic range, differential corrections can, in principle, be applied. While this is not a major
concern for the current study, it is of methodological interest. A full correction for selection efficiency,
required for instance to extract differential decay rates such as dI"/ dqz, constitutes a significant next
step in the analysis, but lies beyond the scope of this work. The respective efficiency distributions for
every B mode individually are given in Fig. 7.5, 7.6, 7.7 and 7.8. In addition, the plots also include the
true distributions of the M (D(*)n), qz, and cos 6y, variables in respect to the MC modeling. The figures
also show the true distributions corresponding to the reconstructed spectrum, illustrating the impact
of selection inefficiencies and detector effects. Additionally, the generator-level distributions, which

contribution originates from decays such as B~ — D**(— D+7r0)7r_e_17€, while the reconstructed signal mode corresponds

to B~ — D™ (- D071'+)71'7€717 .- Accounting for isospin symmetry, these events should be weighted by a factor of 2.

However, given their limited impact on the overall evaluation of the unfolding method, they are expected to play a minor role
in the evalualtion of this analysis.
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include all simulated events prior to any reconstruction or selection, are shown for reference. These
comparisons help quantify losses due to reconstruction failures and selection cuts. Roughly speaking,
the efficiency looks stable for almost all B modes and in all variables of interest.

Belle IT Simulation (own work)

100 F

in arb. units

10—3 L

Events normalized

-

9
~
T

0.01

Nieco
Neen

A

+.*0'.oﬂ,'..o...,-......-o.,.."..

0.00

2.0

Belle II Simulation (own work)

M(D%n) [GeV/c?]

e

(=]

w
T

in arb. units
o
N

e
o

Events normalized
=

e
o
S

" { t t
£ £ 00025 ARANNIAIIN +++++*+*H+*+ NN

0.005 -

Nieco
Nen

s
Ny 0.03
i3
jage=}
27 002
ks
ﬂ ©
g5 o.01
>
8

0.00
Z

0.0000 L
1.0 -0.5

cos Oy

0.000 - : .

[ Reconstruction level distribution
[ Generator level distribution

3.0

Belle II Simulation (own work)

t b ‘ LI T}
AT I T LT AL seetthinatiey
1 1 14

0 2 4 6 8 10
q? [GeV?/c?]

Figure 7.5: Efficiency distributions of the parameter of interest for the B’ > D07r+efm7€ decay mode. Since the
D™ resonance dominates this decay mode, we provide additional plots for this channel in which the efficiency is
shown separately for all contributing resonant states as well as for the non-resonant component. This allows for a
more differential view on how the detector and analysis selection affects each component individually. The figures

can be found in Appendix E.



Chapter 7 Migration and efficiency corrections

Events normalized
in arb. units

Nieco

Belle II Simulation (own work)

Nien

- [ Reconstruction level distribution
) 0.100L [ Generator level distribution
S8
=1
g 0.075F
£2
a
@ E 0.050
g8
27 0.025F
m
0.000
0.05
g g LY 44
z |z .0000000’.00.’oo000000000"0“'."'"'" o
0'00 Il Il Il Il
2.0 2.2 2.4 2.6 2.8 3.0
M(D*n~) [GeV/c?]
Belle II Simulation (own work) Belle IT Simulation (own work)
0.06 F B~ -D*n"e D,
i)
]
0.03 E 2
© =
g 5004}
0.02 S 5
= ~
sc 0.02
o Y.Var
0.01} g8
>
54}
0.00 0.00 -
0.025] L 0.05F !
T R P A L L LR P PP Z§£ cesese®e 00000 .0000000.0* ++ +
0.000 ! ! ! 0.00 poeeseec Y I I 4
-1.0 -0.5 0.0 0.5 1.0 0 2 4 6 8 10
cos By q? [GeV?/c?]

Figure 7.6: Efficiency distributions of the parameter of interest for the B~ — D™z~ e” v, decay mode.

84



Chapter 7 Migration and efficiency corrections

Events normalized

Nieco

e} 0.20
)
S8
ga 0.15
7
g2 0.10
B @
=5
L 0.05
[5a]
0.00
0.002
2l
0.000

Belle IT Simulation (own work)

B?—D"mte D, | [ Reconstruction level distribution
[ Generator level distribution

[}
+t+*+.++.60roo'ooo 'ﬁ99.++‘+'}?+{{+*+"'

2.0 2.2 2.4 2.6 2.8 3.0

Belle II Simulation (own work)

M((D"n~) [GeV/c?]

Belle I Simulation (own work)

0.06 F

0.03 - B°-D"n*e v,
I o}
e cE 0.04
g oal
=) 0.02 ég
. =
£ 24
(] 0 ©
o 0.01 25 o002
-] q)'!—|
>
I 1
0.00 0.00
i 0.002
. 0.001f } } o 2 |
5 ?ff’+’+’+§f++*’ +++++*+’+++*+*++*+‘g**+++ 9+i++f++ Ef - o,0..,.,’0.0.00'0."0'0.+ +‘ ++++
0000 — v v 0.000 - : ‘ VAL | ‘
-1.0 -0.5 0.0 0.5 1.0 0 2 4 6 8 10
cos Oy q? [GeV?/c?]

Figure 7.7: Efficiency distributions of the parameter of interest for the B’ > D*O7r+e_)7€ decay mode.

85




Chapter 7 Migration and efficiency corrections

Events normalized

Nieco

in arb. units

s
B
Z

0.025

o o o
o o (=)
— [y N
o ()] o

0.005

0.000
0.01

0.00

Belle IT Simulation (own work)

0.20F [ Reconstruction level distribution
B [ Generator level distribution
S 015)
g =)
!5 j 0.10
ag orr
'8 (o]
5.5 0.05[
>
54}
0.00 —
0.01 + :
ZSZ;O \ Hhu'"'.“""‘"u" *"”"HH“’
0.00 L= I I I I
2.0 2.2 2.4 2.6 2.8 3.0
M((D*+n~) [GeV/c?]
Belle II Simulation (own work) 0.06 Belle II Simulation (own work)
’ B-—-D'*ne T,
i)
)
S8
g-a 0.04 -
all=]
o -
o
E o 0.02
o
- >
54
0.00
0.01
+ + 8l & 0%eve0s®et 0t 0,
'0"'0’000.0'0"0000'"0 0"0’0”0' MITIRIIPTLLL Zz . o ““.N’“”'N’H.
1 1 1 000 L L L I . d
-1.0 -0.5 0.0 0.5 1.0 0 2 4 6 8 10
cos Oy q? [GeV?/c?]
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CHAPTER 8

Conclusion

This thesis presented a first feasibility study of the semileptonic decay B — D™*{v at Belle 11, using
both SL B tagging and an untagged reconstruction strategy. The aim was to evaluate whether these
approaches offer promising prospects for further investigation of these challenging decay modes.

In the untagged analysis, it was found that the background conditions are particularly demanding,
primarily due to the high rate of events, being misreconstructed because of confusions with the tag
side B. In many cases, the pion was incorrectly assigned from the tag side, complicating background
suppression. A BDT was trained to improve the signal-to-background discrimination, but the resulting
separation power remained insufficient. Visual inspections of vertex and kinematic variables also did
not yield substantial improvements. Future directions for the untagged approach could involve more
sophisticated BDT tuning, additional input variables, alternative machine learning algorithms, or a
detailed re-examination of vertex fitting configurations.

In contrast, the SL tagged analysis showed significantly more favorable background conditions. A
combination of carefully chosen selection criteria was sufficient to suppress most of the background
without requiring a multivariate classifier. In particular, the variable cos’ ¢ demonstrated strong
discriminative power. Further background reduction was achieved by combining tag-side particles with
the signal side and applying a D* mass veto. A comparison of our signal sensitivity with the hadronically
tagged measurement performed by Belle [24] shows that our analysis achieves comparable, and in
several cases even superior, performance across most B decay modes. Notably, higher signal yields and
improved signal-to-background ratios are observed in the majority of channels. An exception is the
B’ - D*O(—> Doﬂ'o)ﬂ' decay mode, where our analysis yields fewer signal events and a less favorable
signal-to-background ratio, likely due to the challenges associated with reconstructing neutral particles
and the dominant background contributions in this channel.

Following background suppression, signal extraction was carried out using the sPlot technique. This
method requires both a discriminative variable and statistical independence between that variable and
the parameters of interest (M (D(*)n), qz, and cos 6y,). As no single variable with high discriminative
power remained after event selection, a BDT was trained specifically for the purpose of providing a
signal probability score to be used in the fit. Although the input variables were chosen to be uncorrelated
with the mass spectrum, the resulting BDT output still exhibited correlations up to approximately 10%,
formally violating the sPlot assumption of independence. Nevertheless, the technique was applied, and
the resulting sWeighted distributions appeared reasonable, though discrepancies were observed in the
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lower mass regions. This suggests that further refinement of the signal extraction procedure is necessary
for more robust results.

The last component of the analysis focused on correcting for detector resolution and selection biases.
This was explored through a basic implementation of unfolding via a migration matrix, as well as an
inspection of selection efficiencies. The migration matrix was extended to allow for reconstruction-mode
transitions between B decay channels, thereby providing a strategy to re-incorporate down-feed events
(e.g., D" — D misreconstruction). While the migration showed potential for the charged B modes,
it remained problematic for the neutral modes, where SCF contributions and dominant resonances
complicate the procedure and therefore it is still under development. Regarding selection efficiency,
distributions of the efficiency across the key observables M (D(*)n), qz, cos 6y, were studied and found
to be sufficiently stable to support future unfolding and differential measurements.

In summary, this work demonstrates that the SL tagged analysis offers a promising path forward for
studying B — D™*¢v decays at Belle I, particularly given its manageable background environment.
However, improvements are still needed in signal extraction and unfolding methods. The findings of this
thesis provide a solid foundation for further refinement and pave the way for a more detailed measurement
of these decays with Belle II.
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APPENDIX A

More variable distributions for untagged analysis

A.1 More vertex variables
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Figure A.1: More vertex variable distributions for the B- — Dx*e v, decay mode.
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A.2 More variables
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APPENDIX B

Further BDT training plots for untagged analysis

B.1 Input variables for Signal MC for the untagged approach
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Figure B.1: BDT input variables for the B — Drte v, decay mode. Note that the invariant mass spectrum of
the D system is not used in the BDT training, but is included to this figure for illustrative purposes.
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Figure B.2: BDT input variables for the B~ — D*n~ ¢~ v, decay mode. Note that the invariant mass spectrum of
the Drr system is not used in the BDT training, but is included to this figure for illustrative purposes.
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Figure B.3: BDT input variables for the B~ — D**7~¢"v, decay mode. Note that the invariant mass spectrum of
the D system is not used in the BDT training, but is included to this figure for illustrative purposes.
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ApPENDIX C

Supplemental material to the SL tagged analysis
regarding the event reconstruction and selection

C.1 Plots of online cut variables
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Figure C.1: Distribution of cos’ ¢ p right after the reconstruction, where only online selection cuts are applied.
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C.2 Self cross feed distributions
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Figure C.4: M (D(*)") spectrum after the BCS is applied. In these distributions, the SCF events are shown
separately and are not included in the corresponding signal categories (as usual).
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Table C.1: Fraction of SCF events to all signal events for all four B decay modes.
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Figure C.5: M (D(*)ﬂ distributions of residuals for SCF events. Note that the B~ — D*ne” ¥, channel is excluded,
since it does more or less not have any SCF events. It is important to note that a considerable fraction of events is
lost due to the limited availability of MC truth information. In particular, the MC matching frequently fails in the
presence of a reconstructed SCF event.
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Figure C.6: q2 distributions of residuals for SCF events. Note that the B~ — D+7T_€_)7€ channel is excluded, since
it does more or less not have any SCF events. It is important to note that a considerable fraction of events is lost
due to the limited availability of MC truth information. In particular, the MC matching frequently fails in the
presence of a reconstructed SCF event.
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Figure C.7: cos 6y, distributions of residuals for SCF events. Note that the B~ — D* 7~ e” ¥, channel is excluded,
since it does more or less not have any SCF events. It is important to note that a considerable fraction of events is
lost due to the limited availability of MC truth information. In particular, the MC matching frequently fails in the
presence of a reconstructed SCF event.
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C.3 BCS variable
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Figure C.9: q2 distributions after the BCS is applied for all four B decay modes.
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Figure C.10: cos 6y, distributions after the BCS is applied for all four B decay modes.
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Figure D.1: cos 6’2%, distributions for all four B decay modes.
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D.2 BDT input variable distributions
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Figure D.2: BDT input variables for the B — Dorte v, decay mode for the MC15rd sample. Note that the
invariant mass spectrum of the D system is not used in the BDT training, but is included to this figure for
illustrative purposes.
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Figure D.3: BDT input variables for the B - D07T+f_7€ decay mode for the MC15ri sample. Note that the

invariant mass spectrum of the D system is not used in the BDT training, but is included to this figure for
illustrative purposes.
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Figure D.4: BDT input variables for the B — Drte v, decay mode for the ri signal MC sample. Note that
the invariant mass spectrum of the D system is not used in the BDT training, but is included to this figure for
illustrative purposes.
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Figure D.5: BDT input variables for the B~ — D*n”e” v, decay mode for the MC15rd sample. Note that the
invariant mass spectrum of the D system is not used in the BDT training, but is included to this figure for
illustrative purposes.
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Figure D.6: BDT input variables for the B~ — D*n"e”v, decay mode for the MC15ri sample. Note that the
invariant mass spectrum of the D system is not used in the BDT training, but is included to this figure for
illustrative purposes.
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Figure D.7: BDT input variables for the B~ — D*n~ e v, decay mode for the ri signal MC sample. Note that
the invariant mass spectrum of the Dx system is not used in the BDT training, but is included to this figure for
illustrative purposes.
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Figure D.8: BDT input variables for the B — D Orte v, decay mode for the MC15rd sample. Note that the
invariant mass spectrum of the D system is not used in the BDT training, but is included to this figure for
illustrative purposes.
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Figure D.10: BDT input variables for the EO - D*0ﬂ+e_Ve decay mode for the ri signal MC sample. Note that
the invariant mass spectrum of the D system is not used in the BDT training, but is included to this figure for
illustrative purposes.
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Figure D.11: BDT input variables for the B~ — D**n"e v, decay mode for the MC15rd sample. Note that
the invariant mass spectrum of the D system is not used in the BDT training, but is included to this figure for
illustrative purposes.
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Figure D.12: BDT input variables for the B~ — D1 e~ v, decay mode for the MC15ri sample. Note that the
invariant mass spectrum of the D system is not used in the BDT training, but is included to this figure for
illustrative purposes.
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Figure D.13: BDT input variables for the B~ — D**x "¢~ v, decay mode for the ri signal MC sample. Note that
the invariant mass spectrum of the Dx system is not used in the BDT training, but is included to this figure for
illustrative purposes.
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APPENDIX E

Efficiency distributions for the B —» D" mode
individually for every resonance
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Figure E.1: Efficiency distributions of the parameter of interest for the B’ - D (— D07T+)€_176 decay mode.
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Figure E.2: Efficiency distributions of the parameter of interest for the B’ > Dy (— D07r+)efw7€ decay mode.
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APPENDIX F

Comparison of this work with the theory model

In the following, we compare the D invariant mass spectrum obtained in this study with the fit results
from a model-independent description of B — Dn{v, decays [1], briefly described in Section 2.3.1,
where the theoretical model was fitted to hadronic tagged Belle data [24].

This study is based solely on MC simulations, where the Dy, state is modeled using a single Breit-Wigner
resonance. The comparison, shown in Fig. F.1, clearly indicates that this parametrization is insufficient
and leads to an inaccurate prediction of the branching fraction for the (D)¢-wave contribution.
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Figure F.1: Comparison of fitted invariant D7~ mass spectrum from [1] to hadronic tagged Belle data [24] and
the distribution of this work. (Left) In black the data points of the Belle measurement and in red the reconstructed
signal MC distribution of this work scaled to the luminosity of Belle (711 fb_l). (Right) The Belle data is removed
for a better comparison of the fitted model with the results of this work.
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