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INTRODUCTION

Belle Il is a flavour physics experiment that aims to search for new physics (NP)
beyond the standard model (SM) of elementary particles and improve the pre-
cision of some fundamental parameters of this model. The experiment is the
successor of the Belle experiment and its general-purpose detector is installed
at the eTe” SuperKEKB collider, at the KEK laboratories in Tsukuba, Japan.
The accelerator collides electrons and positrons at an energy of the center-of-
mass of 10.58 GeV, in correspondence with the Y(4S) resonance, which decays
mainly in B mesons pairs. The energy of the two beams is different to boost
the center of mass and measure the time-dependent charge-parity (CP) asym-
metry.

In this thesis project, [ present a measurement for the B* — v decay, which
is a rare process in the SM, sensitive to NP. The study is based on the Belle II
experiment Run1 dataset, which corresponds to (387 & 6) x 10° Y(4S) (inte-
grated luminosity of 365 fb~'). Assuming the SM, the B* — TFv; decay mode
provides an alternative way to determine the magnitude of the CKM matrix el-
ement |V,;| that is independent of determinations obtained through the recon-
struction of exclusive semileptonic B — 71°/*v, modes, which are typically
studied for this purpose. Moreover, the Bt — t7v; decay is sensitive to con-
tributions beyond the SM, such as those predicted by models with a charged
Higgs boson, or various super-symmetric extensions of the SM. These models
can both suppress or enhance the branching ratio of the B¥ — 77v; decay and
affect the extraction of |V,;|.

We select the signal events by a likelihood fit to the reconstructed BT — 77 v,
candidate events and estimate the branching fraction of the decay.

The result was finally published in October 2025, on Phys. Rev. D 112, 072002.

OUTLINE OF THE THESIS

This thesis is organized as follows:

Throughout this thesis, the inclusion of the charge-conjugate decay mode is implied unless
otherwise stated.


https://www.belle2.org/
https://belle.kek.jp/
https://www.kek.jp/en/
https://journals.aps.org/prd/abstract/10.1103/dcwd-5tg4

e Chapter 1 provides the theoretical background of flavor physics, dis-
cussing the fundamental principles and symmetries that govern particle
interactions, with a focus on the role of the CKM matrix and its impli-
cations for rare decays. Morover it provides an overview of B meson
physics, focusing on the theoretical framework and experimental tech-
niques relevant to the study of rare decays.

e Chapter 2 describes the Belle II experiment, including its design, detector
components, and data production workflow.

e Chapter 3 details the reconstruction algorithms and cut-based event selec-
tion strategies used to isolate signal events from background processes.

e Chapter 4 discusses the optimization of signal selection criteria to en-
hance the sensitivity of the analysis.

e Chapter 5 covers the calibration and validation procedures employed to
ensure the of the simulation for the goodness of the result.

e Chapter 6 presents the methodology for extracting the branching ratio of
BT — ttv; from the data and the final result.

e Chapter 7 addresses systematic uncertainties that affect the measurement
and their impact on the final results.

e Finally, the thesis concludes with a summary of the main results and their
significance in the context of flavor physics.

After the main body of the thesis, I also include three appendices:

e Appendix A provides a detailed description of the Full Event Interpreta-
tion (FEI) algorithm, which is a machine-learning-based technique used
for the full reconstruction of B meson decays in the Belle II experiment.
The FEI plays a crucial role in enhancing the efficiency and purity of sig-
nal event selection, both in my analysis and in the broader Belle II physics
program.

e Appendix B provides an overview of the Run Dependent Monte Carlo at
Belle II, detailing the methodology and results of the Monte Carlo sim-
ulations used to model the detector response and optimize the analysis.
During my Ph.D., I contributed to the production of the Run Dependent
Monte Carlo for the Belle II experiment.



e Appendix C presents a study on the feasibility of implementing dual-
readout techniques in homogeneous scintillating crystals, specifically bis-
muth germanate (BGO) and bismuth silicate (BSO), utilizing Silicon Pho-
tomultipiers (SiPMs) to achieve the discrimination between scintillation
and Cerenkov light components required for dual-readout operation. This
work was conducted, together with the Milano Bicocca and University of
Perugia FCC-ee groups, as part of the DRDCalo activities for the Future
Circular Collider (FCC) project.
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1 THEORETICAL BACKGROUND

1.1 THE STANDARD MODEL OF PARTICLE PHYSICS

The standard model (SM) is a theoretical framework that describes the elemen-
tary particles and three of the four fundamental interactions in nature: electro-
magnetism, the strong interaction, and the weak interaction [1, 2, 3, 4, 5, 6].
This model is built upon a Lagrangian formalism, where the dynamics of the
fields are constrained by the requirement of local gauge invariance. The inter-
actions arise from the invariance of the Lagrangian under local transformations
associated with symmetry groups. For each interaction, a group is assigned.
The SU(3)c characterizes the strong interaction (quantum chromodynamics,
QCD), with “C” denoting color charge, and SU(2); ® U(1)y describes the elec-
troweak interaction, where L refers to left-handedness and Y to hypercharge.
Each fundamental interaction is characterized by one or more universal cou-
pling constants, which reflect the strength of the corresponding gauge symme-
try.
The mediators of these interactions are spin-1 particles known as gauge bosons:
e Strong force: transmitted by eight massless gluons, corresponding to the
generators of SU(3)c.

e Electroweak sector: comprises the W+, Z0, which emerge from the spon-
taneous breaking of the SU(2); ® U(1)y gauge symmetry, and the photon
7, which remains massless. The charged current interactions are medi-
ated by the W= bosons, which are defined as linear combinations of the
SU(2) gauge fields:

1
W* = —=(W; F1W), (1.1)

V2

where W; and W, are the generators of SU(2);. The neutral current and
electromagnetic interactions are mediated by the Z° boson and photon 1,
respectively, which are obtained through the mixing of the neutral gauge

fields:
Y\ [ costy sindy B (1.2)
Z0) 7 \—sintdy cosdw,/) \Ws /)’ '



1.2 EXPERIMENTAL TESTS OF THE STANDARD MODEL |

where B is the U(1)y gauge field, Wj is the third component of the SU(2).
gauge field, and dyy is the Weinberg angle, which parameterizes the elec-
troweak mixing and relates the gauge couplings to the masses of the W+
and Z bosons.

e Higgs mechanism: all massive particles acquire their mass through inter-
actions with the Higgs field, mediated by the null-spin Higgs boson.

The constituents of matter are spin-1/2 fields called fermions, each paired with
a corresponding antiparticle. Fermions are organized into quarks and leptons,
each forming three generations of weak isospin doublets.

Quark doublets comprise an up-type quark (charge +2e/3) and a down-type
quark (charge —e/3): (u,d), (c,s), and (t,b). Here, e is the elementary proton
charge. Quarks participate in both strong and electroweak interactions, carry-
ing color and flavor quantum numbers. Due to color confinement, free quarks
are never observed; instead, they form color-neutral bound states: mesons
(quark-antiquark pairs) and baryons (three-quark states). Baryons possess a
conserved quantum number known as baryon number.

Lepton doublets consist of a nearly massless neutrino and a charged lepton
(charge —e): (ve,e™), (vu,u™), and (v, 7). Leptons interact exclusively via
electroweak forces. Each lepton flavor is associated with a global lepton num-
ber, which is conserved in most interactions, although individual lepton num-
bers are violated in neutrino oscillations. Beyond gauge symmetries, discrete
symmetries are also fundamental. These include parity (P), which inverts spa-
tial coordinates; charge conjugation (C), which exchanges particles with their
antiparticles; and time reversal (T). While the combined CPT symmetry is a
cornerstone of quantum field theory [7, 8], the individual symmetries are not
always respected. Parity and CP symmetries are maximally violated in weak
interactions [9, 10]. Although the strong interaction could, in principle, violate
CP symmetry, no such violation has been detected, motivating the hypothesis
of axions as a possible solution [11].

1.2 EXPERIMENTAL TESTS OF THE STANDARD MODEL

Finalized in the 1970s, the SM has demonstrated extraordinary predictive power,
successfully passing an immense number of experimental tests with unprece-
dented precision, sometimes reaching relative uncertainties as low as one part

per trillion [12]. Despite its triumphs, both experimental observations and the-
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Figure 1.1: Schematic representation of the SM particles and their interactions.
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oretical considerations indicate that the SM is not the ultimate description of
nature, but rather an effective theory valid within the energy range explored
so far (from the eV to the TeV scale).

Among the most profound open questions, the origin of the observed matter-
antimatter asymmetry in the Universe remains unexplained. Fermion masses
still lacks any principle within the current theoretical framework. Furthermore,
a consistent quantum field theory of gravity is still absent from the SM, leaving
one of the fundamental forces outside its scope. Finally, cosmological evidence
strongly indicates the existence of dark matter (and dark energy), yet the SM
does not provide any seen candidate for this mysterious component of the Uni-
verse.

These unresolved issues drive the ongoing quest to extend the SM. Two com-
plementary research strategies are currently pursued.

The first is the energy frontier approach, which seeks direct evidence of new
physics by producing heavy, non-SM particles in high-energy collisions. When
kinematically accessible, such particles can be detected via their decay prod-
ucts. Historically, this strategy has led to major discoveries, such as the top
quark and the Higgs boson, but its reach is fundamentally limited by the max-
imum energy achievable at current and future colliders.

The second strategy is the intensity frontier, which rather than producing new
particles directly, aims to uncover indirect signs of new physics by searching
for deviations in high-precision measurements. Such deviations may arise from
virtual (off-shell) contributions of heavy particles, which manifest as subtle cor-
rections to observables at lower energies. Heisenberg’s uncertainty principle
(AE At > h/2) permits these virtual effects over short timescales. This strategy
is particularly powerful when comparing SM predictions with precise exper-
imental results in rare or forbidden processes. This approach is historically
fundamental for the discovery of the Higgs boson, which was first observed in
precision measurements of electroweak observables before being directly pro-
duced at the LHC. It has also led to the discovery of the nature of the weak
interaction, via the B decay, overcoming the 4-fermions interaction model pro-
posed by Fermi in the 1930s.

Among the most promising arenas for the intensity frontier is the study of weak
interactions among quarks, commonly known as flavor physics, which focuses
on the properties and interactions of quarks and leptons, particularly in pro-
cesses that change one flavor into another. Flavor physics has played a central
role in the development of the SM, particularly in addressing inconsistencies
in weak interaction data observed in the mid-2oth century.

4
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1.3 FLAVOR PHYSICS IN A NUTSHELL

The term Flavor was first used in particle physics in the context of the quark
model of hadrons. It was coined in 1971 by Murray Gell-Mann and his student
at the time, Harald Fritzsch, at a Baskin-Robbins ice-cream store in Pasadena.

Just as ice cream has both color and flavor so do quarks [13].

"Flavor" is now used slightly more generally to denote the family of any SM
fermion, both quarks and leptons, and the "Flavor" physics studies how quarks
and leptons mix each other. Till then, only three quarks were discovered (u,d
and s), related to each other by Nicola Cabibbo mechanism [14], which in 1963
theorized the universality of the V — A structure including a quark mixing
between the negative charged quarks. Specifically, a mixing angle d¢ (now
known as the Cabibbo angle) was introduced to describe the mixing between

the d and s quarks:
d\ [ cos®c sindc) (d
(S/) B (—Sinﬁc Cosﬂc) (s) : (1.3)

While this formulation explained the discrepancies in weak decay rates, it also
predicted rates for rare decays such as K! — u™ p~ that were too large com-
pared to experimental limits. This tension led Glashow, Iliopoulos, and Maiani
to postulate the existence of a fourth quark, the charm quark (c), whose con-
tribution to these decay amplitudes would cancel the divergent terms from
the u quark, suppressing the branching fractions to experimentally acceptable
levels [15]. This mechanism, known as the GIM mechanism, successfully pre-
dicted the charm quark, which was discovered a few years later [16, 17].

In 1973, Kobayashi and Maskawa extended this framework to include three
generations of quarks in order to explain the observed violation of the com-
bined charge-conjugation and parity (CP) symmetry in K meson decays [18].
They introduced a 3 x 3 unitary matrix, now known as the Cabibbo-Kobayashi-
Maskawa (CKM) matrix, which relates the weak eigenstates (d’,s',0’) to the
mass eigenstates (d, s, b):

d/ Vud Vus Vub d
s/ = Vcd Vcs Vcb s]. (1.4)
v Via Vis Vu) \U

Each element V;; encodes the strength of the weak-interaction coupling be-
tween an up-type quark i and a down-type quark j via W* boson exchange.

5
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While the CKM matrix for N quark generations is a general N x N unitary ma-
trix with N? complex entries, the requirements of unitarity and the freedom
to redefine quark field phases reduce the number of independent physical pa-
rameters to (N — 1)2. In the case of three generations, the CKM matrix is fully
specified by three real mixing angles and a single irreducible complex phase,
the latter being responsible for CP violation within the Standard Model.

A convenient parametrization of the CKM matrix is given by Wolfenstein [19],
where the elements are expanded in terms of the small parameter A = sin9¢ ~
0.23:

2
1-4 A 2 AAN3(p — 1) )
Vexm = —A 1-4 A)? + O(A%),
AN (1—p—1) —AA? 1

where A, p, and 7 are real parameters. The unitarity of the CKM matrix implies
that the rows and columns form orthonormal vectors. This gives rise to six uni-
tarity conditions, which can be represented as triangles in the complex plane.
The angles of these triangles are directly related to measurable CP-violating
processes.

The CKM matrix is thus a key component of the SM, enabling flavor-changing
weak decays and providing the only known source of CP violation within the
model. Its structure, determined by experimental measurements, plays a cen-
tral role in the search for new physics.

1.3.1  The unitarity triangle

The unitarity triangle is a graphical representation of the unitarity condition
of the CKM matrix, which states that the sum of the products of the elements
in any row or column must equal zero. For the CKM matrix, one of the most
commonly used unitarity triangles is formed by the elements of the first row
and the first column:

Figure 1.2 illustrates this triangle in the complex plane, where each vertex
corresponds to a CKM matrix element. The sides of the triangle are given by
the magnitudes of these elements, while the angles are related to the phases of
the CKM matrix [20].

The angles of the triangle are related to the CP-violating phases in the CKM
matrix. The most commonly used angles are:

o o/ =arg(—V Vi / V5 Vip),

6
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Figure 1.2: The unitarity triangle in the complex plane, illustrating the CKM matrix
unitarity condition.

® ﬁ/()bl = arg(_VCzVCb/V;dVMb)/
o /3 = arg(—ViVi/ Vi Vep)-

These angles are crucial for understanding CP violation in B meson decays and
are measured through various decay processes. The unitarity triangle provides
a powerful tool for testing the consistency of the CKM matrix and searching
for new physics beyond the SM. Deviations from the expected angles or sides
of the triangle could indicate the presence of additional sources of CP violation
or new particles that affect flavor-changing processes.

All the parameter of the CKM matrix (the angles, the sides and the area) are
determined through experimental measurements of various flavor-changing
processes, e.g. B meson decays.

1.4 B MESON DECAYS

The study of B meson decays provides insights into the CKM matrix and CP
violation. The B meson system consists of two types of mesons: charged B*
mesons and neutral B’ mesons. The charged B* mesons are composed of a
bottom quark (b) and an up-type quark (u or c), while the neutral B® mesons

7
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consist of a bottom quark and a down-type quark (d, s). The production of
B* and BY mesons (or simply B) occurs primarily through the decay of the
Y (4S) resonance, which is produced in e*e™ collisions at the Belle and Belle II
experiments. In Chap. 2, an overview of the Belle II experiment is done.

1.4.1  Hadronic decays of B mesons

Hadronic decays of B mesons are processes in which a B meson decays into
a final state consisting of hadrons, which are composite particles made up of
quarks and gluons. These decays are of great interest in flavor physics because
they provide valuable information about the properties of the B meson system,
the CKM matrix, and CP violation.

The hadronic decays of B mesons can be classified into two main categories:

e Tree-level decays: These decays occur through the exchange of a virtual
W boson and involve a direct transition from the initial B meson to the
final state hadrons. Tree-level decays are typically characterized by a
simple topology, where the B meson decays into a final state consisting
of two or more hadrons. Examples include decays like B —+ D 7, B —
D* n, and B — D K. These decays are often dominated by the CKM
matrix elements and provide important information about the unitariery
triangle angles and CP violation

e Penguin decays: These decays involve loop diagrams where the B me-
son decays into a virtual particle, which then decays into the final state
hadrons. Penguin decays are typically more complex and can involve
multiple intermediate states. They are often suppressed compared to tree-
level decays but can provide valuable information about higher-order cor-
rections and new physics contributions.

Figure 1.3 shows two possible cases of hadronic B decays. These decays are
crucial for understanding the dynamics of the B meson system and testing the
predictions of the SM. They also play a key role in searches for new physics, as
deviations from the expected decay rates or patterns could indicate the pres-
ence of new particles or interactions beyond the SM.

1.4.2 Semi-leptonic decays of B mesons

Semileptonic B decays are processes in which a B meson decays into a lepton,
its associated neutrino, and one or more hadrons. Within the SM, the b — ¢/ u

8
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Figure 1.3: Feynman diagrams illustrating the two main types of hadronic decays of
B mesons: (a) tree-level decay and (b) penguin decay. The tree-level de-
cay involves a direct transition from the initial B meson to the final state
hadrons, while the penguin decay involves a loop diagram.

transition occurs at tree level via the exchange of a W boson, as illustrated in
Fig. 1.4. The effective Lagrangian (@ la Fermi) describing this kinds of process
is (from Ref. [21]):

Leff = —% (Y PLb) (LyyPrvy) +hec. (1.6)
Here, the fermion field ¢ = ¢, b, ¢, v denotes the Dirac spinor, with L and R in-
dicating left- and right-handed chiralities, respectively. The lepton ¢ can be an
electron, muon, or 7. The Fermi constant Gr is defined as (\/7 /8) g%,v/ m%,\,,
where g is the SU(2) weak coupling constant. The projection operators
Prr = (1 F 5)/2 select the left- or right-handed components, and 75 is the
usual Dirac matrix.
Since the W boson is much heavier than the B meson, semileptonic B decays
are effectively described by a four-fermion interaction at leading order.

1.4.3 Leptonic decays of B mesons

The SM provides a very precise theoretical prediction of the branching fraction
of leptonic B decays, for these reason a precise measure of this quantity could
be an important stress of the model. The calculation gives:

2
GZmpm? m>2 5
B(B — tv)) = L =L [ ——L1 \VilTs, (1.7)
8 m3,

9
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Figure 1.4: Feynman diagram illustrating the semileptonic decay of a B meson into
a charm quark, a charged lepton, and its associated neutrino via the ex-
change of a virtual W boson.

where Gr is the Fermi constant, mp and m, are the Bt meson and the lepton
masses, respectively, and 7z is the BT lifetime.

As Eq. 1.7 shows, the T channel has the highest branching fraction of a purely
leptonic decay of B meson. Moreover, with the actual statistics limitations, only
an upper limit for the branching fraction of yv mode can be measured, while
the ev decay is detectable only if new physics greatly enhances its decay rate.
The last value reported on the PDG review [22] for B(B*T — ttv,) is (1.09 £
0.24) x 10~*. In the SM context, the observation of B — Tv, provides an exper-
imental value of fp (considering as known |V,;|). Viceversa, if fp is calculated
precisely from QCD lattice, the branching ratio measurement could bring to an
indirect measurement of |V,;|.

Even if the purely leptonic decay offers a clean signature to extract the signal
events from the backgrounds, the helicity suppression makes the decay in the
muon and electron channels harder to study.

Belle and BABAR measured B(B*T — t1v;) reconstructing the accompanying
B~ meson in hadronic decays [23, 24] or semileptonic decays [25, 26]. Table 1.1
shows past measurements and the current world average.

Table 1.1: Published results for B(B™ — 77 v;) by Belle, BABAR and the PDG average.

Experiment Tag B(10%)
Belle Hadronic 0.727022 £0.11
BABAR Hadronic 1.837075 £0.24
Belle Semileptonic 1.25+0.28 £0.27
BABAR Semileptonic 1.7 £08 £0.2

PDGI22] 1.09 +0.24

10
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1.5 (SEMI-)LEPTONIC B DECAYS: A MODERN PER-
SPECTIVE

In the SM, the charged weak current couples universally to all three genera-
tions of lepton doublets, a property known as lepton flavor universality (LFU).
This feature arises naturally from the structure of the electroweak interaction,
which treats all lepton families identically except for their masses. Tests of LFU
thus provide a sensitive probe for new physics.

Over the past decade, several measurements by the BABAR, Belle, and LHCb
experiments have revealed intriguing tensions with SM predictions in semilep-
tonic B decays. These so-called LFU anomalies in B decays are observed in tran-
sitions of the type B — D)7,

The key observables are ratios of branching fractions for decays that differ only
in the flavor of the final-state charged lepton. In particular, the following ratios
are defined:

B(B — DY t~7,)

B(E — D(*)Z_T/g) ’
where ¢ denotes either a light lepton (electron or muon). In the SM, these
ratios are predicted with high precision, with only small corrections due to
lepton mass differences.

The Heavy Flavor Averaging Group (HFLAV) reports the current world aver-
ages for these ratios [27], reported in Fig. 1.5. The current world averages
exceed the SM predictions by approximately 3.77c.

If confirmed, these deviations could indicate an enhancement in the b — cT77 7
transition mediated by new interactions beyond the SM. Several classes of mod-
els have been proposed to explain these anomalies, including:

R(D(*))T/g = (18)

e Tree-level exchange of a heavy W’ boson (the charged counterpart of a
Z") [28];

e Scalar contributions from a charged Higgs boson [29, 30, 31, 32, 33];

e Leptoquarks, hypothetical particles that couple simultaneously to quarks
and leptons [34, 35];

e Supersymmetric extensions of the SM [36, 37]

In most of these scenarios, a sizable new-physics contribution would be re-
quired to account for the observed enhancements in R(D*)), which would
likely also affect other processes.

11
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Figure 1.5: Current status of the RTD/ ! and RTD/*E measurements, compared to the SM
predictions. The contours indicate the 1o uncertainties. The black dot
represents the SM prediction.

The experimental hints are therefore satisfying but not yet conclusive. A defini-
tive interpretation requires:

e Additional measurements with larger datasets and improved control of
systematic uncertainties,

e Cross-checks in other decay modes involving third-generation leptons,
suchas b — ut vy.

The possible connection between these anomalies and processes involving T
leptons provides strong motivation for dedicated searches, including the mea-
surement of rare decays involving b — utT~ U, transitions, such as BT — 77 vy,
which is the subject of this thesis.

Bt — tv: becay The Bt — 77v; decay is particularly interesting because
it is a pure leptonic decay, which means it does not involve any hadronic final
states and a precise measurement could be a hint for new physics model which
can have a non negligible impact on the decay rate of this phenomenoun. The
Feynman diagram with also possible different mediators is shown in Fig. 1.6.
The Two Higgs Doublet Model (2zHDM) represents a theoretically well-motivated
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extension of the SM. It addresses several open questions and allows for a richer
phenomenology in the scalar sector. By introducing a second complex scalar
SU(2)r doublet, the model predicts the existence of five physical Higgs bosons:
two CP-even neutral scalars (h and H), one CP-odd pseudoscalar (A), and a
charged pair (H" and H™), see Ref. [38].

One of the key features of the 2HDM is the potential for new contributions to
flavor-changing processes, especially in purely leptonic decays. The interfer-
ence between the SM and BSM amplitudes can either enhance or suppress the
decay rate, depending on the parameters of the model, e.g.:

2
B(BT — () = Bsy [ 1— tanzﬁ@ (1.9)
me,

where tan f is the ratio of the vacuum expectation values of the two Higgs
doublets, mp+ is the mass of the BT meson, and mp+ is the mass of the hypo-
thetical charged Higgs boson. The parameter tan j is a free parameter of the
2HDM, and its value can significantly affect the decay rate. For large values of
tan B, the charged Higgs contribution can become dominant, leading to a sig-
nificant enhancement of the branching fraction. On contrary, for small values
of tan 3, the charged Higgs contribution can be negligible, and the decay rate
approaches the SM prediction.

Furthermore, other classes of theories beyond the SM, such as various Grand
Unified Theories (GUTs), predict the existence of new bosons known as lepto-
quarks [39]. These hypothetical particles couple simultaneously to a quark and
a lepton, and can mediate processes such as BT — t7v; via virtual exchange,
as shown if Fig. 1.6b. Leptoquark-induced contributions could alter the ob-
served branching fraction, similarly to the charged Higgs.

Precision measurements of the branching fraction B(B™ — t+v;) at Belle II
therefore provide an excellent opportunity to test these BSM scenarios. Any
significant deviation from the SM prediction would be a potential indicator of
new physics, enabling constraints on the parameter space of models such as
the 2HDM and leptoquark frameworks.

13
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/\V

(a) Feynman diagram illustrating the (b) Possible Feynman diagram illustrating
Bt — ttvr decay, witha SM W' ora  the Bt — t7v; decay, with a Lepto-
BSM Ht as mediator. Quark as mediator.

u Vr u T

Figure 1.6: Feynman diagrams illustrating the B" — 7" v; decay. The decay proceeds

via the exchange of a virtual W' boson, which couples to the b and the
u quarks, producing a T lepton and neutrino. The diagram also shows
possible contributions from new physics models, such as the Two Higgs
Doublet Model (2HDM) or Lepto-Quark, which can modify the decay rate.
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2 THE BELLE I EXPERIMENT

In this chapter the main features of the SuperKEKB accelerator and the Belle II
detector are described. The machine upgrade and the physics goals have re-
quired a profound transformation to the detector, which had to overcome sev-
eral technological challenges.

In an electron-positron collider the most efficient way to produce B mesons
is to tune the energy to the Y(4S), the lightest strong resonance with a mass
sufficient to decay in b-flavoured mesons (B’BY or BTB~ pairs). The beauty
meson threshold is at 2m(B) ~ 10.56 GeV /c? and My (ss) ~ 10.58 GeV /% A
schematic picture of this process is shown in Fig. 2.1.

In an e*e™ collider, the study of rare or forbidden decays is ideal, because of
the lower track multiplicity compared with the hadron machines (like LHCDb),
e.g. an average Y (4S) event is characterized only by 11 charged tracks, between
pions, kaons and leptons. Moreover the trigger efficiency is higher in this kind
of experiments. In this thesis the studied phenomenoun is Bt — t"v; and the
detection of the T (and all the other missing energy decays) is much easier in
a leptonic collision, since the initial energy is known and the number of pos-
sible backgrounds is limited. Table 2.1 reports the cross sections of the main
phenomena in an e*e™ collision at this energy.

The branching fraction for the decay of the Y(4S) into BB pair is over 96% [27].
The pair of B mesons are entangled, which implies that from the knowledge

et

Figure 2.1: Schematic picture of the B meson production in an e*e™ collision at the
Y (4S) resonance

15
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Table 2.1: ee™ main processes

eTe” — | Cross Section (nb)

Y(45) 1.110
cc 1.30
uu 1.61
dd 0.40
SS 0.38
™™ () 0.919
() 1.148
ete™ () ~ 300

of the characteristics of one B it is possible to assign the related features to the
second B too, at a certain time t.

21 THE SUPERKEKB ACCELERATOR

The Belle II experiment is installed in the interaction point of the SuperKEKB
accelerator in Tsukuba, Japan. The machine is currently the only e*e™ running
B-factory in the world with a design luminosity of 6.4 x 10% cm=2s~! [40].
The essential elements in the increase of the luminosity are a reduction in the
beam size at the collision point by a factor of 20 and an increase in the currents
by a factor of 2 compared to the KEKB values, where Belle (the predecessor
of Belle II) was installed. This is known as a "nano-beam" scheme, and was
invented by P. Raimondi for the Italian SuperB-factory [41]. The reduction of
the luminous volume size to about 5% with respect to the predecessor KEKB,
combined with doubling of beam currents, is expected to yield a factor 40
gain in intensity (see Fig. 2.2). SuperKEKB is designed to deliver collisions
corresponding to 50 ab~ ! of integrated luminosity, corresponding = 5.3 x 10
of BB pairs.

The beam energies bring to the result of the Lorentz boost factor

ﬁy:m%%&iza%, (2.1)

that is around two-thirds of that at KEKB. This condition is advantageous for
analyses with neutrinos in the final state that require good detector hermetic-
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Figure 2.2: Two-dimensional sketch of the nano-beam mechanism implemented in Su-
perKEKB (right) compared with the previous KEKB collision scheme (left)

Table 2.2: SuperKEKB beam characteristics

| LER(e™) HER()

Energy 4.000 7.007  GeV
Half crossing angle 41.5 41.5 mrad
Horizontal emittance 3.2 4.6 nm
Emittance ratio 0.27 0.25 %o
B functions at IP(x/y) | 32/0.27 25/0.30 mm
Beam currents 3.6 2.6
Beam-beam parameter | 0.0881  0.0807
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Interaction

Belle Il detector

electron / positron
linear injector

positron damping ring

Figure 2.3: SuperKEKB accelerator complex with the upgraded and the new compo-
nents

ity, but leads also to less separation between the B vertices, in fact the spatial
resolution of the Vertex Tracker has to be very precise.

Electrons are produced via photoelectric effect by illuminating a cold cathode
with a pulsed laser, then accelerated to 7GeV with a linear accelerator and
injected in the High Energy Ring (HER). Positrons are produced by colliding
electrons on tungsten; they are first injected in a damping ring to reduce their
emittance, which is the average spread of particles in position and momentum
phase-space (a small emittance corresponds to particles confined in a small
region and having a similar momentum), then accelerated to 4 GeV with the
linear accelerator and injected in the Low Energy Ring (LER). When the cir-
culating beams are sufficiently intense, they are brought to collision in the
Interaction Point (IR).

2.1.1 Beam-Induced Background

The characteristics of the beams lead to a non negligible background. The
cross section of the background phenomena have been studied and precise
predictions are also based on simulated SuperKEKB data.

The background sources are the following;:

1. Touschek effect: an intra-bunch Coulomb scattering process which de-
viates the particle energies from nominal values. The scattered particles
propagate around the accelerating ring and finally are lost at the beam
pipe inner wall, producing a shower. In order to reduce this effect in the
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SuperKEKB sub-detectors, in the final section of the beam pipe, collima-
tors and metal shields are located;

2. Beam gas scattering: the beam could interact with residual gas molecules
in the beam pipe by Bremsstrahlung or elastic scattering. The counter-
measures used for Touschek background are efficient also for beam-gas
background;

3. Radiative Bhabha scattering: the photons could interact with the Su-
perKEKB magnets producing neutrons by photo-nuclear resonance mech-
anism. In order to reduce this effect, a neutron shield has been placed
close to the detector;

4. QED processes: ete™ collision could lead to many QED processes, e.g.
ete” — eTe” eTe” and the generated particles might spiral inside the
detector. Moreover, the accelerating process generate hopelessly syn-
chrotron radiation (from few keV to tens of keV). However, the beam pipe
shape is designed to avoid synchrotron radiation photons pass through
the detector. Finally, the inner surface of beryllium beam pipe is gold
plated to absorb scattered photons. These precautions should completely
suppress the synchrotron radiation background.

2.2 OVERVIEW OF THE BELLE Il DETECTOR

The Belle II experimental setup is a major upgrade of its predecessor, Belle, and
targets more ambitious physics goals. It is a system of multiple subdetectors,
each optimized to reconstruct some specific features arranged asymmetrically
in concentric layers forming an approximately cylindrical layout around the
collision point of the SuperKEKB accelerator. While it is located in the same
experimental hall and has a similar design to its predecessor, most of its de-
tectors are new or considerably upgraded. A more efficient charged hadron
identification is implemented for increased separation of final-state charged
hadrons, reduction of backgrounds, and improved flavor-tagging; a better res-
olution in the reconstruction of the decay positions (vertices) of long lived par-
ticles is achieved, to enhance background suppression and sensitivity in mea-
surements of decay-time dependent quantities; a more hermetic acceptance
is achieved thanks to the smaller boost of the center of mass of the collision.
These improvements are achieved through technologies designed to sustain the
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Figure 2.4: Top view of the Belle II detector.

side-effects of higher SuperKEKB instantaneous luminosity.
The main subsystems are shown in Fig. 2.4. They are detailed in next sections
and can be broadly classified as follows:

e Detectors for charged particle tracking: silicon pixel and strip detectors
close to the beam pipe and a wire drift chamber, all immersed in a 1.5T
magnetic field parallel to the beam axis, are used for reconstruction of
charged-particle trajectories (tracks).

e Detectors for particle identification: Cerenkov radiators, an electromag-
netic calorimeter, and scintillators for muon and long-lived neutral hadrons
achieve particle identification.

o Trigger system: a two-stage trigger is designed to acquire interesting
events at the high rates expected at design luminosities.

2.3 TRACKING DETECTORS

The innermost detectors are used for the tracking of charged-particle recon-
struction. Effective track reconstruction is of great importance since flavor-
physics final states are mostly composed of charged particles and analyses rely
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Figure 2.5: Scheme of the PXD detector geometry

strongly on precise measurements of their momenta and the decay positions
of their long-lived parent particles, in order to separate signal and background
thanks to invariant-mass reconstructed by kinematics variables. Moreover, in-
formation on the decay time is key for measurements of CP-violating asymme-
tries involving mixing, because an entangled state composed by a BB pair leads
to a same path between the two meson before the decay. To simplify pattern
recognition, tracks are first reconstructed in the outer tracking volume, and
are then extrapolated into the innermost detector to define coarse regions of
interest around their expected intersection points in the inner active layers. If a
measurement point is found in the region of interest, the corresponding event
is included in the pattern recognition algorithm, otherwise it is not considered.

2.3.1  Silicon-pixel vertexing detector

The innermost detector is a pixel vertexing detector (PXD).

PXD sensors are based on depleted electric field-effect transistor technology.
Incident particles generate electron-hole pairs in the depleted region, and thus
induce a current. Sensors are 75 um thick.

The PXD consists of two sets of rectangular layers arranged around the beam
pipe with a cylindrical simmetry, at 14 and 22 mm radii and it has a longitudinal
dimension of 174 mm at the radius of the outer layer. It comprises around 8
million pixels and the polar acceptance ranges from 17° to 150°.
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Figure 2.6: Exploded view of a SVD detector half

2.3.2 Silicon-microstrip vertexing detector

A little outer the PXD there is the SVD (Ref. [42]), a silicon detector with the
goal to reconstruct decay vertices and charged-particle tracks at high spatial
resolution.

SVD uses double-sided silicon strips. Each sensor is a classic photodiode,
hence traversing charged particles ionize the silicon, freeing electron-hole pairs
that drift due to the electric field, and induce a signal in the electrodes. The
fine segmentation of SVD sensors reduces the dead time of the detector, to deal
with the high expected rates.

As shown in Fig. 2.6, SVD has a cylindrical asymmetric geometry that mirrors
the asymmetry due to the center-of-mass boost. The polar acceptance ranges
from 17° to 150°. SVD is radially structured into four concentric layers at 39,
80, 104, and 135 mm, composed by, respectively, 7, 10, 12, and 16 independently
readout modules. Sensors are 300 um-thick, and the separation between adja-
cent sensing strips ranges from 50 to 240 ym. Hence, the spatial resolution
varies with the polar angle. Since the charge associated with an incident parti-
cle is usually distributed among several strips, position resolution is improved
by interpolation.

2.3.3 Central drift chamber

The CDC is a drift chamber, hence its objective is to identify particles by mea-
suring their specific-ionization energy-loss. It samples charged-particle tra-
jectories at large radii, thus providing trigger signals for events containing
charged particles. The CDC has a hollow cylindrical geometry with radii be-
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Figure 2.7: Example of event display of a typical hadronic event at Belle II. Curved
tracks are reconstructed in the CDC

Figure 2.8: Testing of the inner CDC wires before installation. The wires are arranged
in a cylindrical geometry, with the inner wires at 16 cm radius and the
outer wires at 113 cm radius.

tween 16 cm and 113 cm. The chamber is composed of 14336 sense wires, di-
vided in 56 layers, immersed in a gaseous mixture of 50% He and 50% CyHg,
while 42240 aluminum wires shape the electric field. The azimuthal acceptance
ranges from 17° to 150°.

The single hit has an about 100 um spatial resolution and the energy resolution

is 11.9% for an incident angle of 90°. Figure 2.7 shows a reconstructed hadronic

event in the CDC. The transverse momentum resolution is o (pr) / p3 ~ 0.5%/ GeV /c.
A picture of the chamber installation is shown in Fig.2.8.
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Figure 2.9: Internal reflection of a laser inside one of the 16 bars of the TOP detector.

2.4 PARTICLE-IDENTIFICATION DETECTORS

Charged particle identification in the Belle II experiment is characterized by
by two detectors: the time of propagation counter (TOP) and the aerogel ring-
imaging Cerenkov counter (ARICH). Their principle is the same: the Cerenkov
light. Particle-identification information is also provided by the electromag-
netic calorimeter (ECL) and the KE and muon detector (KLM).

2.4.1  Time of propagation counter

The TOP counter is located in the barrel region. It measures the time of prop-
agation of the photons produced by charged particles with Cerenkov effect.
A three-dimensional image of the cone is reconstructed using the correlation
between hits positions in the x — y plane and time of propagation. The TOP
consists of 16 quartz bars mounted on the barrel at 1.2m radius from the in-
teraction point. Each bar is a photon radiator and has three main components
(Fig. 2.9): a long section where Cerenkov radiation happens; a spherical mirror
mounted on the forward end, which focuses the light; and a prism, mounted
on the backward end of the bar, which collects and guides the photons to a
photomultiplier.

The polar angular acceptance ranges from 31° to 128°. The single-photon time
resolution is about 100 ps, providing a good separation of pions and kaons with
momentum between 0.4 GeV /c and 4GeV /¢ (kaon identification efficiency is
about 95%, pion fake rate is about 10%). This time resolution is achieved with
a photo-multiplier specially developed for this purpose.
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Figure 2.10: Picture of the ARICH before installation.

2.4.2 Aerogel ring-imaging Cerenkov

25

K/ 7t separation is also provided by ARICH counter, which measures the Cerenkov

ring produced by the passage of charged particles through a radiator. The
ARICH provides not only discrimination between pions and kaons, but also
discrimination between pions, muons, and electrons below 1GeV /c. When
charged particles pass through the aerogel radiator, Cerenkov photons are pro-
duced; they propagate in a expansion volume where they form a ring on a
photo-diodes surface. Two aerogel radiators with different refraction indexes
are used to increase the number of generated photons without degrading the
Cerenkov-angle resolution.

The ARICH is composed of 420 modules for photon detection arranged in
seven layers extending from 0.41 to 1.14 m radii, and by 248 aerogel tiles placed
on the detector endcaps. The polar angular acceptance ranges from 14° to 30°.
The observed ARICH performances allows for a 5¢ separation between 0.4 and
4 GeV /c momenta kaons and pions, and a 4c separation between pions, muons
and electrons slower (momenta smaller than 1 GeV /c¢).

2.5 ELECTROMAGNETIC CALORIMETER

The electromagnetic calorimeter (ECL) is the end of the path for photons and
electrons. This characteristic allows the ECL to detect photons over a wide
energy range as well as to identify electrons and separate them from hadrons.
These cluster are related a posteriori with the CDC tracks. The ECL is a highly-
segmented array of thallium-doped and cesium iodide crystals. To improve
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Figure 2.11: A section of the ECL endcap electronics. The visible boards route sig-
nals from the preamplifiers (not shown) to the cables leading to the
ShaperDSP modules. Cooling lines are also visible beneath the boards.

the probability to emit a photon in the visible, Thallium impurities are added
to create other energy level, in which the electrons can "jump". The scintillation
light is then collected by phototubes. The CsI(T1) crystals offer a good time res-
olution, which reduces the contamination of beam-background photons, which
are not in time with the collision products. In the ECL, photons and electrons
are identified through their kinematics, shower shapes and timing information,
as they have different (in shape and magnitude) energy losses with respect to
charged hadrons. To separate electrons from photons, information from track-
ing detectors is correlated with the ECL signal. The ECL consists of a 3- m-long
barrel section with an inner radius of 1.25m. The polar angle coverage ranges
from 12.4° to 155.1°, with two holes between 31.4° to 32.2° and 128.7° to 130.7°.
The energy resolution ranges from og/E = 4% at 100MeV to 0g/E = 1.6% at
8GeV. The observed resolution for the reconstructed 77° mass is 8 MeV. The
ECL also allows for determining luminosity by measuring the Bhabha scatter-
ing rate and using its precisely known cross-section.

2.6 K} AND MUON DETECTION SYSTEM

The KLM detects muons and neutral particles, because most of the particles
get absorbed before the last step of the Belle II experimental setup. It is made
of alternating iron plates and active detector elements, this kind of detector
is called "sampling calorimeter", because has active and inactive components.
Iron elements act also as magnetic flux returns for the tracking solenoid. In
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the inner layers, the active material is scintillator, while in the outer layers are
resistive plate chambers (RPC), with a gas mixture filling the space between
electrodes. When particles traverse the KLM, they produce charges that are
collected by applying an appropriate voltage. The barrel section of the detector
covers 45° to 129° in polar angle. The endcaps cover 25° to 40° and 129° to
155°. Design reconstruction efficiency exceeds 80% for muons with momentum
greater than 1GeV /c and K? with momentum greater than 3GeV /c.

2.7 TRIGGER SYSTEM

The Belle II trigger system covers a very important role to reject background
events and accept event of interest during data taking. The bunch crossing
time is about 4ns and it is much faster than the detectors signal collection
time, so the beam can be considered continuous. Anyway, at full luminosity,
the expected event rate is about 50 kHz, and over than 9o% of these events are
Bhabha scattering or 2y QED processes (the Bhabha cross section is about 300
times greater than the resonance).

Despite BB events are characterized by a higher charged track multiplicity with
respect to others events, this variable can not be used in the trigger because T
and low multiplicity events would be discarded too. The required trigger must
have instead an efficiency close to 100% for BB events, since B forbidden or rare
decays are one of the main studied physics phenomena. Some efficiency degra-
dation is allowed to suppress the Bhabha and 2y QED backgrounds. The trig-
ger rate must be below 30kHz, the maximum acquisition frequency of DAQ,
and the trigger must provide time information with a precision below 10#s to
exploit the potential of the Belle II sub-detectors.

The Belle II trigger is composed in two main stages: a hardware trigger or
Level 1 trigger (L1) and a software trigger or High Level Trigger (HLT). The
tirst one removes most of the background events with the help of the faster
sub-detectors (frequency higher than 30 kHz), while the second one refine the
selection with a more exhaustive analysis and reduce the event rate from L1
trigger to a storable rate of 10 kHz.
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Figure 2.12: Integrated luminosity collected by Belle II as a function of time, showing
contributions from Run1 (2019-2022) and Run2 (2024-...).

2.8 DATA TAKING

Physics data taking for Run1 began in the spring of 2019 and concluded on
June 2022, after which operations paused for a scheduled program of main-
tenance and upgrades to both the detector and the accelerator. During Runi,
SuperKEKB achieved a record instantaneous luminosity of 4.7 x 103 cm 2571,
and Belle II recorded an integrated luminosity of 424 fb~!. These data provide
large samples of beauty and charm hadrons, as well as T leptons, enabling a
broad physics program including unique searches for dark-matter-related par-
ticles.

Data taking resumed in 2024 following the long shutdown. In December
2024, SuperKEKB set a new world record for instantaneous luminosity at
5.1 x 103 c¢m =257, and the total integrated luminosity collected by Belle II
reached 575 fb™!, until December 2024.

Figure 2.12 shows the integrated luminosity collected by Belle II as a function
of time, highlighting the significant contributions from both Run1 and the on-
going Runa2.

In order to produce B mesons, it is necessary to collide electrons and positrons
at a center-of-mass energy corresponding to the mass of the Y(4S) resonance,
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Figure 2.13: Cross section of the eTe™ — Y(nS) process, showing the peak at 10.58 GeV
and the off-resonance region at 10.52 GeV.

ie. 10.58 GeV /c?. This is the primary operational mode of the SuperKEKB ac-
celerator and the main data-taking configuration for the Belle II experiment.
Figure 2.13 shows the different cross section around the Y resonances showing
the difference between on- and off-resonance.

However, SuperKEKB is capable of operating at a range of energies, allowing
the collection of several distinct types of datasets, each serving specific physics
goals and calibration needs:

e On-resonance: the standard data-taking mode, in which the beams are
tuned to collide at the Y(4S) resonance energy. This maximizes the pro-
duction of BB pairs, which are essential for the core physics program of
Belle II, including studies of CP violation, rare decays, and searches for
new physics.

e Off-resonance: data collected at an energy approximately 60 MeV below
the Y(4S) resonance, where the production of B mesons is kinematically
forbidden. These datasets are crucial for characterizing and subtracting
non-resonant background processes, such as continuum g4 production,
in analyses of on-resonance data.

e Cosmic runs: data acquired using cosmic-ray muons, independent of
beam collisions. These runs are primarily used for detector calibration,
alignment, and performance studies, as cosmic muons provide a clean
and well-understood source of charged particles traversing the detector.
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e Beam runs: special runs dedicated to studying backgrounds induced
by the accelerator beams themselves, such as beam-gas interactions and
synchrotron radiation. These datasets are essential for understanding
and mitigating beam-related backgrounds that can affect detector perfor-
mance and data quality.

e Energy scans: short data-taking periods in which the center-of-mass en-
ergy is varied in small steps around the Y (4S) resonance. These scans are
performed to precisely measure the resonance line shape, determine the
cross section as a function of energy, and search for possible exotic vector
resonances.

e Non-Y(4S) datasets: data collected at energies significantly above or be-
low the Y(4S) resonance. These datasets are used for a variety of stud-
ies, including spectroscopy of other bottomonium states, investigations of
hadronic physics, and searches for phenomena related to the dark sector.

This flexible data-taking strategy enables Belle II to address a broad range of
physics topics, from precision measurements in the B meson system to ex-
ploratory searches for new particles and interactions. The projection of the
Belle II experiment is to collect a total integrated luminosity of 50 abfl, which
will significantly enhance the statistical power of analyses and the sensitivity
to rare processes. The projection plot is shown in Fig 2.14, illustrating the ex-
pected increase in integrated luminosity over the coming years.

2.0 MONTE CARLO EVENT GENERATION AND DETEC-
TOR SIMULATION

In high-energy physics experiments, it is crucial to compare the recorded data
with the corresponding theoretical expectations. While in extremely rare cases
a discovery may be evident without requiring a detailed comparison, for exam-
ple, the observation of the /¢ resonance, most measurements demand careful
validation to ensure that the observed features are not artifacts of the complex
experimental apparatus.

To facilitate this comparison, simulated events are generated to emulate the be-
havior of particles in the real detector as accurately as possible. This is achieved
using repeated sampling of random variables, a technique commonly referred
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Figure 2.14: Projected integrated luminosity for the Belle II experiment, showing the
expected increase over the next years as the experiment continues to col-
lect data.

to as the Monte Carlo method [43]. The entire simulation workflow is typically
abbreviated as MC.

The Monte Carlo workflow can be conceptually divided into two main compo-
nents:

1. Event Generation: which describes the underlying physics processes.

2. Detector Simulation: which models the response of the detector to the
generated particles.

The first stage of the simulation process involves generating the physics inter-
action to be studied. Given the initial conditions of the colliding particles, such
as an ete” interaction, we simulate the production of secondary particles ac-
cording to a given theoretical model. This model could be based on the SM,
or it could involve extensions such as supersymmetry or dark sector particles,
like axion like particle (ALP) or Z'.

The specific choice of event generator depends on the analysis goals. For in-
stance:

e Signal MC simulates the decay mode under investigation.

e Generic MC represents inclusive SM processes for comparison.
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2.0 MONTE CARLO EVENT GENERATION AND DETECTOR SIMULATION \

e Background MC is used to simulate and study processes that may mimic
the signal and must be excluded.

In all cases, the generator produces the four-momenta and vertex positions of
all particles involved. Within Belle II, this step is computationally efficient, typ-
ically requiring only a few milliseconds per event.

Several generators are available for specific physics processes. The BB samples
are generated with EVIGEN [44]. Continuum eTe™ — g7 (3 = u,d,s,c) and
ete” — TTT events are generated with KKMC [45]. The fragmentation of
qq9 uses PYTHIAS [46], and T decays are simulated by TauoLra [47]. Final state
radiation is simulated by PHoTOS [48, 49]. Following event generation, the
particles must be propagated through a virtual representation of the detector
to simulate how they would interact with the detector material. This includes
modeling electromagnetic and hadronic interactions such as ionization, scintil-
lation, bremsstrahlung, pair production, and Cerenkov radiation.

These processes are well understood and can be modeled accurately using
dedicated simulation software. Belle II uses the GEANT4 toolkit [50], a widely
adopted software package developed to simulate the passage of particles through
matter. GEANT4 propagates the generated particles through a geometrical
model of the Belle II detector, simulating their interactions with detector com-
ponents. The resulting output consists of energy depositions and secondary
particles created in each subdetector. Custom Belle II software modules then
translate this output into simulated detector signals. For instance, the pixel de-
tector module converts deposited energy into the corresponding fired pixels.
While event generation is relatively fast, full detector simulation is computa-
tionally intensive. A single Belle II event takes approximately one second to
simulate. In high-energy experiments like ATLAS or CMS, this can extend to
several minutes per event due to the increased event complexity.

A more detailed description of the Monte Carlo simulation workflow and the
specific types of MC samples produced at Belle II is provided in Appendix B.
During my Ph.D., I was responsible for generating the MC simulated samples
for the collaboration.
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2.10 DISCREPANCIES BETWEEN SIMULATION AND REAL
DATA

Despite the accuracy of modern simulation tools, differences between simu-
lated and real detector data inevitably arise. GEANT4 operates on an idealized
detector geometry, whereas the real Belle II detector is a massive, highly intri-
cate system, built from thousands of components with micrometer-level preci-
sion.

Uncertainties in the exact composition and location of each material compo-
nent (e.g., screws, cables) limit the fidelity of the simulation. Modeling every
detail would also drastically increase the computational load, rendering the
simulation impractical.

As a result, simplifications are necessary. These approximations must be mini-
mized, especially during the early phases of the experiment, when the detector
response is still being characterized. Ongoing work by the Belle II Performance
Group focuses on understanding and reducing these differences through dedi-
cated calibration campaigns and validation studies.
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3 RECONSTRUCTION AND
CUT-BASED EVENT SELECTION

In my Ph.D. research, I measured the branching fraction (B) of the Bt — v v

decay using data collected by the Belle II experiment at the SuperKEKB electron-
positron collider. The dataset, recorded between 2019 and 2022 at a center-of-
mass energy of 10.58GeV /c? (corresponding to the Y(4S) resonance), corre-
sponds to an integrated luminosity of 365 fb ™, or (387 + 6) x 10° Y(4S).

This chapter describes the procedures for event reconstruction and selection.
The first part of the reconstruction is done via a hadronic tag, explained in

Sec. 3.3 and more in detail in App. A. The BT — ttv; signal is identified

through the 1-prong decay modes of the T lepton, specifically: T+ — e™ v, Ur,
5 = ut vy Up, 7 = 1T Up, and TF — pT Ur with p — 7 70, Table 3.1 re-
ports the T branching fractions. Figure 3.1 illustrates the targeted signal event.

Figure 3.1: Sketch of the BT — 77 v; decay. First, a hadronic B decay is reconstructed
on the tag side. The other B is searched using the 1-prong decays of the T
lepton. We require no extra charged tracks from the Interaction Point (IP).
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3.1 COMPUTING ENVIRONMENT \

Table 3.1: Branching fractions of the main 1-prong T decay modes used in this analy-
sis [22]

T B(%)

et Ve Tr  17.82+0.04
ut v, Ue 17.39+0.04
7t U, 10.82+0.05
ot U 25.49+0.09

3.1 COMPUTING ENVIRONMENT

The Belle II collaboration developed a dedicated tool, the Belle II Analysis
Framework (basf2) [51], to process the data. Raw data from the detector are
calibrated, reconstructed, and stored in PANTHER-based data summary tape
(DST) files, a custom serialization format [52]. After each experiment, calibra-
tion constants are updated and stored in the Belle II Condition Database, and
data are reprocessed into a compact, compressed format known as mDST files
in Roor [53] format. basf2 is responsible for handling the reconstruction and
processing of mDST files.

basf2 is written in C++ and PyTHON [54], and incorporates third-party libraries
such as EVvIGEN, GEANT4, and RooTt, a modular scientific software developed
by CERN that offers extensive functionality for handling large datasets. It
is structured into packages, each covering a different aspect of data process-
ing: data acquisition, Monte Carlo event generation, detector and sub-detector
simulation, track reconstruction, event visualization within the detector, and
physics analysis. These packages contain libraries, modules, and data objects.
Libraries, implemented in C++, provide shared functionality across modules.
Modules are small, self-contained processing blocks built on top of these li-
braries, working event by event to complete specific tasks. A series of modules
forms a processing chain, or "path", with data objects (e.g., Track, ECLCluster,
Particle, and ParticleList) stored in a common DataStore accessible to all
modules. basf2 users provide a PyrHON-based steering file to manage this
workflow.

After the data processing and the MC simulation production, the final mDST
files are read and analyzed using Roor. Additionally, PyTHON and special-
ized libraries such as NuMPy [55], SciPy [56], SCIKIT-LEARN [57], and MAT-
PLOTLIB [58] are employed for implementing machine learning algorithms and
generating plots.
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Table 3.2: Categories of simulated events, integrated luminosity, and breakdown of
signal and background categories. In the efe” — — BB~ background
simulation, the signal contribution is excluded.

Simulated Categories Int. Lum.(fb™ 1)

BT — ttu, 324525
ete” — Y(4S) — B'B~ 2800
ete™ — Y(4S) — B°B° 2800
ete” — uu 1000
ete” — dd 1000
ete”™ — cc 1000
ete” — 55 1000
ete” — 1™ 600

3.2 DATASET

The data were organized into 10 different channels: 8 containing MC simu-
lations of the primary physics processes and 2 with experimental data from
Belle II (on- and off-resonance). The simulated event categories are listed in
Tab. 3.2, with the generated equivalent luminosity.

To assess the sensitivity of the Belle Il experiment in detecting B* — vt

decays, each MC sample was normalized to match the data luminosity of
365fb .

3-3 FULL EVENT INTERPRETATION AND TAGGING

A multivariate tagging method, known as the Full Event Interpretation (FEI),
is used to identify signal events by fully reconstructing one of the B mesons
in each event (the Biag), defining the tag-side. The remaining particles are then
analyzed on the recoil, which is defined as the signal-side.

The FEI algorithm, a component of the basf2 software package, is implemented
in PyTHON and is responsible for:

e reconstructing user-defined multi-level decay topologies;

e training interdependent multivariate classifiers (MVCs) for each decay
channel;
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3.3 FULL EVENT INTERPRETATION AND TAGGING \

e setting channel-specific pre-cuts and particle-specific post-cuts to manage
combinatorics;

e generating a report summarizing key performance metrics and control
plots for each decay channel and particle used.

Users define the reconstructed decay topology, along with the methods and
variables for multivariate classification. The FEI reconstructs one of the two B
mesons from Y (4S) decays to gain information about the other B meson. Three
distinct tagging methods exist:

e Hadronic tagging: reconstructs hadronic decay channels, yielding pre-
cise kinematics and the purest sample, though with low tagging effi-
ciency.

e Semileptonic tagging: uses semileptonic decay channels, which offer
higher tagging efficiency but less purity due to missing kinematic infor-
mation from neutrinos.

e Inclusive tagging (no-tagging): combines four-momenta of all particles
directly for the desired signal, achieving higher tagging efficiency but
with high background and low purity.

The first two are included in the FEI algorithm. The FEI automatically con-
structs plausible Big decay chains compatible with observed tracks and clus-
ters. It estimates the likelihood of each decay chain representing the true pro-
cess using gradient-boosted decision trees. The process begins with recon-
structing final-state particles, training MVCs using detector data. Intermediate

particle candidates are then reconstructed, and MVCs are trained per decay

channel. Finally, B candidates are reconstructed, and classifiers are trained, re-
sulting in four particle lists: BT (hadronic and semileptonic) and B? (hadronic

and semileptonic). The candidate with the highest FEI discriminant is chosen

for analysis, and here, the hadronic tagging method is used.

Additionally, two kinematic variables help to distinguish correctly reconstructed
Btag candidates from mis-reconstructed events: the beam energy-constrained

1
mass My, = C—2\/5/4 — p2c? and the energy difference AE = Ep — \/57/2,

where /s’ is the total energy in the Y(4S) center-of-mass system (CMS), and
pp and Ep represent the momentum and energy of the Big candidate in the
CMS. Signal events with correctly reconstructed Biag and background events
from Y(4S) — B'B~ are characterized by an M, distribution peaked at the
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3.4 SIGNAL PRE-SELECTION CRITERIA \

B meson mass (Fig. 3.2). Continuum backgrounds (eTe™ — gq for g = u, d,
¢, s) and mis-reconstructed combinatorial backgrounds exhibit a smooth M;,

distribution.
To reduce the number of Bi,z candidates, a loose pre-selection is applied:

o M. >524GeV /c%;
e —300 < AE < 300 MeV;
e Opgr > 0.001.

Approximately 0.30% of Y(4S) events have a correctly reconstructed Biag can-
didate with a purity of 29%.

Belle Il simulation: B-»Tv Had FEI
T — T

e
= sig  mm B°B° [ Sig x1000 7]

16000+ .
[rdt=3641b N G'E- B g5, TT MC Unc

140001 7€V b

Events/Bin

5.26 5.27
Mpc (GeV)

Figure 3.2: Plot of M, for the e channel with loose pre-selection applied; similar dis-
tributions are observed for the y, single 77, and p channels.

More details on the FEI algorithm are provided in App. A.

3-4 SIGNAL PRE-SELECTION CRITERIA

In events where a Bi,g is reconstructed, we require exactly one additional op-
positely charged track, consistent with a 1-prong T decay mode (good-track).
A good track is defined as a track meeting the following criteria: dr < 0.5cm,
|dz| < 2cm, 0 within the CDC acceptance range (0.297 < 6 < 2.67), and mo-
mentum p > 0.5GeV /c.

Additionally, we enforce that the Rest of Event (ROE), defined as everything
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3.4 SIGNAL PRE-SELECTION CRITERIA \

not associated with the Biag and Bgig, contains no ROE tracks. A ROE track is
any track in the ROE satisfying dr < 0.5cm, |dz| < 2cm, and 6 within the CDC
acceptance range.

For charged particle identification (PID), we use both likelihood-based and
machine learning-based selectors. Detector system information, including spe-
cific ionization (dE / dx) from the SVD and CDC, E/p from the ECL, and mea-
surements from the TOP, ARICH, and KLM is analyzed independently to de-
termine both a likelihood and a machine learning classifier for each charged
particle type (electron, muon, pion, kaon, proton, and deuteron). Specifically,
likelihoods from each detector are combined to form a likelihood ratio:

L (particle) (3.1)
L(e)+ L(u)+ L(m)+ LK)+ L(p)+ L(d) '

Particle identification criteria are then applied to select specific T decay modes:

e Tt — etv, Uy, machine learning-based
e 7 — w7, likelihood-based
o 7 — pt U with p™ — 170, likelihood-based

The selected decay categories collectively account for approximately 71.5% of
all T decays.

For the e* v, Ur mode, tracks are identified as electron candidates if they sat-
isfy electronID > 0.9. For the u*™ v, 7r mode, tracks that do not pass the
electronID selection but meet muonID > 0.9 are considered muon candidates.
For the 7+ ¥ and " 71° ¥; modes, tracks that satisfy pionID > 0.6 are se-
lected as pion candidates.

These PID selection criteria achieve electron, muon, and pion identification ef-
ticiencies of 99%, 82%, and 97%, respectively, with corresponding misidentifi-
cation rates of 1%, 5%, and 9%. When multiple candidates satisfy the selection
criteria, only the candidate with the highest PID score is retained. For the
't 7° ¥z mode, a single ¥ candidate is reconstructed by pairing two ECL
neutral clusters not associated with the Bi,g candidate. These clusters must
pass photon quality requirements and satisfy the invariant mass constraint
120 < my, < 145MeV /c? for the 7y pair. Additionally, the 7 7° invariant
mass is required to satisfy 625 < .+ 0 < 925MeV /c?. When multiple can-
didates fulfill these requirements, the candidate with an invariant mass closest
to the nominal p mass is selected.

ECL neutral clusters not associated with the Big are further processed to re-
move fake clusters originating from beam-induced background, from hadronic
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3.5 CUT-BASED CONTINUUM REJECTION \

Table 3.3: Signal pre-Selection criteria and ECL cluster clean-up

Particles Selections
good track dr < 0.5cm, |dz| <2cm, p > 05GeV /¢, E < 5.5GeV
et good track, eID > 0.9
ut good track, uID > 0.9
el good track, wID > 0.6
70 120 < my, < 145MeV /c?
" 625 < M4 0 < 925MeV /c?

NhitgcL > 1.5, 0 in the CDC acceptance
E, > 80MeV (0.8536 < cosf < 0.9563)

E, > 30MeV (—0.6252 < cos 0 < 0.8462)
E, > 60MeV (—0.8660 < cos® < —0.6521)

ROE tracks (=0) dr < 0.5c¢m, |dz| < 2cm, 6 in CDC acceptance

E > 55MeV and clusterNHits > 1.5
ROE v beamBackgroundSuppression > 0.5
fakePhotonSuppression > 0.05

v (from 71°)

split-off, and neutral hadrons. This is achieved using two distinct Multivariate
Algorithms (MVAs), beamBackgroundSuppression and fakePhotonSuppression,
trained on a B — D* ¢* v, control sample. Requirements for all ECL neutral
clusters include: number of hits in ECL, Ny gcp > 1.5; 6 within the CDC
acceptance; and specific minimum cluster energies: E, > 100 MeV in the for-
ward region of the Belle II detector, E, > 55MeV in the barrel region, and
E, > 80MeV in the backward region. All remaining clusters form the Rest of
the Event, which is fundamental for constructing E&r2

ECL -
All the criteria defining the signal preselection are summarized in Tab.3.3.

3.5 CUT-BASED CONTINUUM REJECTION

Event shape variables, quantities related to the momentum and weighted spa-
tial distribution of all particles in the detector are essential for discriminating
between continuum and BB events. Continuum events typically exhibit a pro-
nounced back-to-back topology, whereas BB events are characterized by a more
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t?

~ 0.3GeV/c

e+e_ —qq (q € {u7 dvsvc}) e"’e‘ — T(4S) — BE

Figure 3.3: Momentum-weighted distribution of all particles in the detector for con-
tinuum and BB events.

spherical symmetry, as illustrated in Fig. 3.3.

To suppress continuum background, a set of loose selection criteria is applied

to the following observables: cos 01, AE, and FoxWolframR2 (Rj).

The variable cos fr represents the cosine of the angle between the thrust axis

of the Bi,g candidate and that of the rest of the event. This observable is par-
ticularly effective, as BB events yield an approximately uniform distribution,
while continuum events are strongly peaked near unity. A requirement of

|cos 0| < 0.9 is imposed.

The second variable, AE, denotes the difference between the energy of the

Btag candidate and the nominal beam energy in the center-of-mass frame. For

correctly reconstructed BB events, AE is expected to peak at zero. However,
since this variable is also utilized by the FEI algorithm, the continuum back-
ground distribution is modified and similarly peaks near zero. The selection

—150 < AE < 100 MeV is applied.

The third variable, Ry, quantifies the event sphericity and is widely employed

in B physics analyses to distinguish continuum from BB events. A loose cut of

R, < 0.6 is adopted [59].

Following these cut-based continuum suppression requirements, approximately
99% of the T 1~ background component is rejected. Table 3.4 summarizes the

signal and background efficiencies at each stage of the selection, starting from

events passing the preselection criteria.

Figure 3.4 presents the distributions of these observables in off-resonance data

and MC simulation, scaled to the off-resonance luminosity, prior to the ap-
plication of the cut-based continuum suppression. As evident from the figure,
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Table 3.4: Efficiency breakdown for cut-based continuum rejection. The preselection
row reports the fraction of events satisfying the criteria in Table 3.3.

Selection Bt —w1tfvy  gq ThT™
Preselection 100% 100% 100%
|cos 01| < 0.9 86% 40% 17%
—150 < AE < 100 MeV 74% 35% 8%
Ry < 0.6 73% 34% 1%
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Figure 3.4: Distributions of |cos 61|, AE, and R; for continuum MC, signal MC, and
off-resonance data after preselection.

continuum MC simulations do not accurately reproduce the experimental data.
The approach adopted to address this simulation mismodeling is discussed in
Sec. 3.6.

36 CONTINUUM BACKGROUND MODELING

Continuum events constitute a substantial component of the background, par-
ticularly for hadronic T decay modes. Even after the cut-based continuum re-
jection described in Sec. 3.5, the residual background remains significant. Con-
sequently, it is essential to accurately estimate both the yields and the shapes of
key observables, especially those employed in the final fit for signal extraction.
Ideally, off-resonance data collected 60 MeV below the Y (4S) mass peak would
be used to model the distributions after the final selection. Although Belle II
acquires approximately 10% of its data off-resonance, the limited statistics are
sufficient for estimating the total background yield but are inadequate for re-
liably modeling the shapes of distributions. As an alternative, high-statistics
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Table 3.5: Scaling factors for continuum MC simulations relative to off-resonance data.

Mode ‘ Scaling Factor

etV 0.94 +0.03

purvve | 0.95+0.02
T UL 0.92 +0.02
p*Tr | 0724 40.008

MC simulations are available.
Table 3.5 reports the scaling factors between off-resonance data and MC yields.

To estimate the total continuum yield in on-resonance data, the off-resonance
sample is scaled by the on-/off-resonance luminosity ratio. The shapes of
the continuum background are modeled using MC simulations, which benefit
from higher statistics. To improve the agreement between MC and data, a mul-
tivariate reweighting procedure is employed, following the method described
in Refs. [60, 61]. Specifically, a Fast Boosted Decision Tree (FBDT) classifier [62]
is trained to identify and correct discrepancies between data and MC. For cal-
ibration, 200 b1 equivalent continuum MC events and the full off-resonance
dataset are used.

The FBDT hyperparameters (Niees = 200, depth = 2, shrinkage = 0.1) are
optimized to minimize the difference in Area Under the Curve (AUC) between
training and test samples. The input variables for training are primarily event-
shape, Rest of Event, and kinematic quantities. Since off-resonance data are
collected at /s¢" = 10.52 GeV, it is necessary to reweight the energy to match
the on-resonance conditions. In particular, My, and AE are recalculated as fol-
lows:

1 /s S
My, = = ,]|> — —p*2c2; )
S S
AE =,/ — Ej — ~—. (3.3)
Soff T 2

The reweighting procedure is as follows: a classifier is trained with off-resonance
data as signal and continuum MC as background. If the MC accurately models
the data, the classifier output distributions for both samples would be identical;
otherwise, the classifier highlights the discrepancies.

Figure 3.5 displays the FBDT output and variable importance, indicating the
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3.7 CONTINUUM SUPPRESSION \

degree of mismodeling. The continuum MC is then reweighted to match the
data using the classifier output, with the event weight wcg for each event de-
tined as:

i
] CR
Wer = 1-0i (3-4)
~ YCR
where OLy, is the output of the classifier for the event i. Figure 3.6 compares
the off-resonance data and continuum MC before and after reweighting, nor-

malized to the same total yield.

3.7 CONTINUUM SUPPRESSION

To further enhance the suppression of continuum backgrounds beyond the
cut-based selections described previously, a dedicated multivariate approach
is employed. Specifically, a second Fast Boosted Decision Tree (FBDT) clas-
sifier, referred to as Ocg, is trained to discriminate between continuum and
BB events. In this training, continuum MC events are treated as the signal,
while BB MC events serve as the background. Only variables that exhibit sat-
isfactory data-MC agreement after the continuum reweighting procedure are
included as input features for the classifier, ensuring robust performance and
minimizing systematic uncertainties. The FBDT algorithm natively supports
event weights, which are applied to account for the residual mismodeling be-
tween MC and data.

Given the distinct event-shape characteristics and data-MC agreement observed
in leptonic and hadronic T decay channels, separate classifiers are trained
for each category: Ocs (lep) for leptonic modes and O¢g (had) for hadronic
modes. The hyperparameters for both classifiers (Niees = 300, depth = 2,
shrinkage = 0.1) are optimized to maximize the area under the ROC curve,
while also ensuring good agreement between training and test samples to avoid
overtraining.

Figure 3.7 illustrates the performance of the continuum suppression FBDT
classifiers for both leptonic and hadronic channels. For each channel, the
ROC curve quantifies the classifier’s ability to distinguish continuum from
BB events, while the overtraining check compares the classifier output distri-
butions for training and test samples, confirming the absence of significant
overfitting.
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Figure 3.5: Continuum Reweight FBDT performance plots: variable importance, the
greater the importance the greater the mismodeling (top plot). Train-Test
comparison (bottom plot).
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4 SIGNAL SELECTION
OPTIMIZATION

To optimize the signal selection, we extract four distinct signal yields, each
corresponding to a specific T decay channel. All cleaned clusters from the
electromagnetic calorimeter are considered in the construction of two key dis-
criminating observables: the total residual energy in the ECL (Ef{®), and the
squared missing four-momentum (M2 ). The latter is computed using the
known beam energies and all visible reconstructed objects, including cleaned
ECL clusters:

p;liss = (ﬁ/c, 0,0, O) o p:ag o p:ig o pl*QOE (4'1)

where pg,, p;‘ig, and ppop denote the four-momenta in the center-of-mass
frame of the Big candidate, the signal candidate, and the rest of the event
(ROE), respectively.

In signal events, E5r is expected to be close to zero, as neutrinos produced
in the decay do not interact with the ECL, and all visible energy should be ac-
counted for by the reconstructed particles. Any residual energy is primarily at-
tributable to beam-induced background or imperfections in the reconstruction
process (hadronic split-off). On contrary, background events tend to exhibit
larger values of E5&?, due to additional neutral energy deposits from unas-
signed tracks or clusters originating from either the Bi,g or the signal side.
The variable M2 . . provides additional discrimination power. In signal events
with leptonic 77 decays, the presence of multiple neutrinos typically results in
larger values of M2 .. In contrast, hadronic 7" decays generally yield smaller
values, though these remain larger than typical background contributions. This
observable is particularly effective at reducing combinatorial backgrounds in
leptonic channels and suppressing continuum backgrounds in hadronic chan-
nels, thereby enhancing the overall purity of the selected sample.

These variables are shown in Fig. 4.1 for each 7" decay channel, after the cut-
based event selection (and continuum reweighting) as explained in Chap. 3.
We use EET and M2, to extract the signal yields, and so the B(BT — 17 v¢),
through a 2D maximum likelihood fit to data distribution.

To further enhance the discrimination between signal and background, we ex-
ploit several additional observables beyond E&T and M2, .. Specifically, we

utilize the output of the FEI algorithm, denoted as Opgj, explained in App. A,
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Figure 4.1: Distribution of Eg® (top) and aniss (bottom) in simulation for the four
T+ decay modes after the cut-based event selection. Continuum MC has
been re-weighted and normalized to off-resonance data. Signal MC is also

scaled by a factor of 100 to make it visible.

which quantifies the probability that a reconstructed Big candidate is correctly
identified. We also employ the continuum suppression variable, Ocg, which
is derived from a multivariate classifier trained to distinguish BB events from
continuum ete™ — q9 (g = u,d, s, c) backgrounds. Furthermore, we consider
the momentum of the reconstructed T daughter candidate (e*, u*, n™, or
pT) in the laboratory frame, denoted as pcanq- The distributions of these vari-
ables, after the application of the baseline cut-based selection, are presented in
Fig. 4.2.

The variable Ocg is particularly effective in suppressing continuum backgrounds,
which are especially prominent in hadronic T+ decay channels. Imposing a
more stringent requirement on Ogpg; increases the purity of the selected sample.
The variable pcang provides additional discrimination, especially in hadronic
channels, where the kinematics of the two-body decay brings to a higher mo-
mentum for the signal.

The selection thresholds for Opgy, Ocs, and peang are optimized through a sys-
tematic scan over a multidimensional grid of possible cut values. For each
configuration, the expected statistical sensitivity is evaluated by generating
pseudo-experiments (Toy Monte Carlo), in which the signal and background
yields are sampled according to the distributions observed in simulation.

The branching fraction B(B™ — 77v;) is determined via a simultaneous ex-

tended maximum likelihood fit to the two-dimensional distributions of aniss
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and Ef&® in all four 7% decay channels. The probability density functions
(PDFs) for signal and background are constructed as two-dimensional his-
tograms with 10 x 10 uniform binning in the ranges —10 < M2. . < 26 GeV? /c*
and 0 < Eg® < 1GeV, respectively. The fit includes five free parameters: a
common branching fraction B(BT — t%v) and four background yields 1,
one for each decay channel k = e, u™, 1%, p". The expected signal yield in

each channel, ng, is given by
ngx = 2npg-eB(BT — tTuy), (4.2)

where ngig- = ny(4g) f7 is the total number of BB~ pairs in the dataset, and
ft= = 0511375007 is the branching fraction for Y(4S) — B*B~ decays, as
reported in Ref. [27]. The reconstruction efficiency ¢ for each channel is deter-
mined from Monte Carlo simulations. These efficiencies include the branching
fractions of the relevant T decays and incorporate the effects of cross-feed be-
tween channels. The composition of reconstructed T+ candidates in terms of
their true decay modes, including cross-feed contributions, is summarized in
Tab. 4.2.

The optimization procedure is performed independently for each decay chan-
nel. For every point in the grid of selection requirements, 10* pseudo-datasets
are generated using the MC-derived Eﬁ’gia and MIZIliSS distributions, and the
signal extraction fit is repeated. The expected relative statistical uncertainty
for each channel is then defined as (0, ) / (15x), where (0, ,) is the mean
uncertainty on the fitted signal yield and (ngy) is the mean fitted yield across
the pseudo-experiments.

All calibrations described in Chap. 5 are applied consistently throughout the
analysis. The optimized selection thresholds for Oggj, Ocs, and pcang are sum-
marized in Tab. 4.1. Figures 4.4 show the distributions of the selection variables
after applying the optimized selection.
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Table 4.1: Optimized selection requirements and corresponding signal efficiencies. €
represents the efficiency for a B" — t7v; event to be reconstructed in the
specified category.

Mode ‘ PID M. (GeV /Cz) Orgr Ocs Pcand (GeV /c) ‘ € (10_4)
+
°, |>09 <038 > 05 73
# > 5.7 ~ 001 <V 7.6
™ e ' Y206 > 14 34
ot ' <07 > 1.65 3.1

Table 4.2: Composition of each reconstructed T decay from Bt — 77v; in terms of
decay mode. The row denotes the reconstructed final state, and the columns
represent the generated decay mode. The off-diagonal entries reflect the
amount of cross-feed between channels.

True + (o + (o + (o + (o (o)
m et (%) ut (%) 7t (%) pT (%) other(%)

97
0
0.1
0.4

0.1
87
3.3
4.5

0.1 0 2.8
0.9 0.1 12
55.7 16 249
27.8 61.2 6.1
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5 CALIBRATION AND VALIDATION

This chapter provides an overview of the calibration procedures applied to
Monte Carlo simulations in this analysis. The calibration strategy combines
official correction factors released by the Belle II collaboration with additional,
dedicated corrections developed specifically for this analysis. Each source of
potential data/MC discrepancy, such as tracking, particle identification, neu-
tral reconstruction, and branching fractions “cocktail” in MC simulation, is sys-
tematically investigated and, where necessary, corrected and validated using
control samples. After the application of all corrections, the agreement be-
tween data and simulation is checked by comparing the distributions of the
key discriminating variables.

5.1 TRACKING EFFICIENCY CORRECTION

The tracking efficiency for charged particles with momenta in the range 0.2 <
p < 3.5GeV /c is evaluated using a control sample of ete™ — 77T~ events,
where one 7 lepton decays leptonically and the other decays hadronically into
three charged pions. In this approach, events are selected in which a lepton
candidate and two pion candidates are reconstructed, ensuring that the total
charge of the three tracks is +1. The efficiency for reconstructing charged
tracks is then determined by examining the probability of successfully recon-
structing the third track, which is expected to have a charge of F1 to balance
the event. This method allows for an unbiased measurement of the tracking
efficiency, as the presence of the third track is inferred from kinematic and
charge conservation constraints.

The tracking efficiency is studied as a function of the track’s transverse mo-
mentum, polar angle, and azimuthal angle. Consequently, no data-driven cor-
rection factors are applied to the simulation. However, a systematic uncer-
tainty is assigned to account for potential residual discrepancies, particularly
those arising from possible charge-dependent effects in the reconstruction ef-
ticiency. This uncertainty is conservatively estimated based on the observed
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charge asymmetry in the control sample and is propagated to the final results
for all tracks with p > 0.5GeV /c.

5.2 LEPTON IDENTIFICATION EFFICIENCY CORRECTION

The accurate identification of leptons is a critical aspect of this analysis, as it
directly impacts both the signal selection efficiency and the background sup-
pression. In order to account for possible discrepancies between data and MC
simulation in the lepton identification ID performance, dedicated correction
factors are applied to the MC samples. These corrections are derived from of-
ficial Belle II calibration tables, which provide data-to-MC efficiency ratios as
functions of the lepton momentum and polar angle.

The correction factors are determined using high-purity control samples of elec-
trons and muons. Specifically, electrons and muons are selected from decays
such as [/ — (T4, as well as from low-multiplicity processes including e™e~
— 00~ (y)and ete™ — ete™ €74, These processes offer clean environments
with well-understood kinematics, enabling precise measurements of the lepton
ID efficiencies in both data and simulation. The efficiency is evaluated in bins
of momentum and polar angle, and the ratio of efficiencies in data to those in
MC is computed for each bin. The resulting scaling factors are then applied as
event weights to the MC events.

5.3 PION IDENTIFICATION EFFICIENCY CORRECTION

The identification of charged pions is another essential component of the anal-
ysis, particularly for the reconstruction of hadronic T decays and background
suppression. As with leptons, differences in the pion identification efficiency
and misidentification rates between data and MC simulation are corrected us-
ing official Belle II calibration tables. These tables provide data-to-MC effi-
ciency ratios and misidentification probabilities as functions of the track mo-
mentum and polar angle.

The calibration of the pion ID efficiency is performed using control samples
enriched in pions, such as those from decays of K — 77—, D** — D 7,
and A’ — p 71~. These samples are selected to provide a high-purity source
of pions across a broad kinematic range, allowing for a detailed mapping of
the efficiency and fake rate corrections. For each bin in momentum and polar
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Figure 5.1: Pion identification efficiency and kaon misidentification correction factors
used in the analysis. The data/MC ratios are shown as a function of the
track momentum and polar angle, with uncertainties represented by the
shaded bands.

angle, the efficiency of correctly identifying a pion, as well as the probability
of misidentifying a kaon as a pion, is measured in both data and MC.

Figure 5.1 presents the efficiency and misidentification tables used in this anal-
ysis.

0 RECONSTRUCTION EFFICIENCY

5.4 7T
The reconstruction efficiency of neutral pions (71°) is important in 7+ — p*
vr decays. Discrepancies between data and MC simulation in the modeling
of 71° reconstruction can introduce biases in the signal yield and background
estimation. To mitigate these effects, dedicated correction factors are applied
to the MC samples to account for residual differences in 7° reconstruction
efficiency as a function of the 7 momentum.

The correction factors are derived using the D*0 — D° 70, with D® — K~ 7+
(1Y), sample, where the 7t° reconstruction efficiency is measured both in data
and simulation. The ratio of efficiencies (data/MC) is computed in bins of 7°
momentum.

Table 5.1 summarizes the correction factors adopted in this analysis for 7
mesons originating from p candidates.

0
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Table 5.1: Correction factors for the 7¥ reconstruction efficiency as a function of 7°
momentum, derived from control samples. The quoted uncertainties are
statistical only.

¥ Momentum Range (GeV /c) ‘ Correction Factor

(0.05,0.2) 0.960 4 0.006
(0.4,0.6) 0.985 4 0.042
(0.6,0.8) 1.032 £ 0.053
(0.8,1.0) 1.033 & 0.042
(1.0,1.5) 1.052 + 0.047
(1.5,2.0) 1.060 & 0.047
(2.0,3.0) 1.023 £ 0.048

5.5 BRANCHING FRACTION CORRECTIONS IN MONTE
CARLO SIMULATION

In the generation of the simulated BB~ and B’B” samples, the branching frac-
tions used for the various decay modes are not always aligned with the most
recent world averages published by the Particle Data Group (PDG) [22]. This
discrepancy arises because the MC production is typically based on a fixed
set of input parameters, which may become outdated as new experimental
measurements are incorporated into the PDG averages. To ensure that the sim-
ulation accurately reflects the current knowledge of B and D meson decays. a
reweighting is applied by assigning to each event a weight equal to the ratio of
the PDG branching fraction to the value used in the MC generation for the cor-
responding decay channel. In this way, the relative contributions of different
decay modes in the simulated sample are corrected to reproduce the most up-
to-date experimental results. The uncertainty of the measurement is accounted
in the systematic uncertainty evaluation, explained in Chap. 7

56 SHAPE CORRECTION OF FIT VARIABLES
The variables ES&? and M2, ., introduced in Chap. 4, serve as the principal
discriminants between the Bt — t1v; signal and the various background pro-
cesses. In particular, the region with E§&?® > 0.5GeV, where the expected
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Figure 5.2: M2, distribution for the four signal channels in the ES? > 0.5GeV side-

miss

band.

signal contribution is negligible, is unblinded to enable a direct comparison
between data and MC simulation. In this region, a significant discrepancy is
observed between the distributions in data and MC, as illustrated in Fig. 5.2.
The data/MC disagreement is due to an imperfect modeling of the reconstruc-
tion efficiency for ECL neutral clusters, which directly impacts the multiplicity
of reconstructed photons (7, extra). This effect, in turn, influences the distribu-
tions of both ESM? and M2, as these variables are sensitive to the presence
of additional neutral energy in the event.

To address this issue, a two-step correction procedure is implemented:

1. Photon Reconstruction Efficiency Correction: The first step involves cor-
recting the photon reconstruction efficiency in the MC simulation. This
is accomplished by randomly removing photons from reconstructed MC
events with a probability 1 — w, where w is defined as the ratio of the
photon reconstruction efficiency measured in data to that in simulation.
The value of w is determined as a function of the photon’s kinematic
properties (momentum and angular coordinates) using high-purity con-
trol samples of eTe™ — u™u~ 7 events. This approach ensures that the
photon reconstruction efficiency in simulation is brought into quantita-
tive agreement with that observed in data, thereby mitigating the most
significant source of discrepancy.

2. Bin-by-bin Correction of Photon Multiplicity (1, extra): Despite the appli-
cation of the photon efficiency correction, residual discrepancies persist
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Figure 5.3: Distributions of 7, exira in data and simulation for EE’S{“ <1 GeV.

in the EE’S{a distribution, particularly in the overall multiplicity of recon-
structed photons. Figure 5.3a shows the distribution of 1, extra before any
further correction. To further investigate the source of the disagreement,
the Eg’gia distributions are examined in bins of fixed 7 extra, as shown in
Fig. 5.4 for the electron channel. The resulting comparison demonstrates
that, for a given value of 71,exira, the shape of the Eg’gia distribution is well
modeled by the simulation. This observation indicates that the remain-
ing discrepancy is predominantly attributable to differences in the overall
Nyextra Multiplicity between data and MC, rather than to the modeling of

Egdt itself within each multiplicity bin (single photon resolution).

A bin-by-bin correction to the 71,exira multiplicity is implemented to align the
MC simulation with the data. The correction factors are derived using dedi-
cated control samples, each specifically designed to represent the background
or signal component under study:

e BB Background: The Extra Tracks control sample is constructed by select-
ing events with additional tracks originating from the interaction point
and with momenta below 0.5GeV /c. The 7 extra correction factors ex-
tracted from this sample are applied to reweight the BB background sim-
ulation. Further methodological details are provided in Subsec. 5.6.1.

e Leptonic Signal: For the leptonic T decay channels, a control sample of
BT — D*{*v, decays is used to derive the 71 extra corrections, which are
then applied to the signal MC. The selection and calibration strategy for
this sample is described in Subsec. 5.6.2.
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e Hadronic Signal: For the hadronic T decay channels, the Double Tag
control sample, including events with two non-overlapping hadronic B
candidates of opposite charge, is employed to determine the appropriate
Noyextra cOrrections for the signal MC. The details of this sample are given
in Subsec. 5.6.3.

The resulting correction factors for each control sample and signal channel are
summarized in Tabs. 5.2 and 5.3. The impact of these corrections is illustrated
in Fig. 5.5, which show the E§%? and M2 . distributions for each signal decay
mode after the application of the corrections. Figure 5.3b demonstrates the
improved agreement in the 7, exira distribution between data and simulation
following the calibration.

This rigorous, data-driven calibration procedure ensures that the modeling of
the key fit variables is robust and that any residual discrepancies between data
and simulation are minimized. Additional checks are done using validation

samples, explained in Sec. 5.8.
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Table 5.2: Bin-by-bin correction factors for the background, evaluated in the Extra
Tracks control sample for the four channels.

Noextra et ,M+ t P+
0 (1.101 +0.042) (1.041+£0.043) (1.001 £0.123) (0.803 +0.112)
1 (1.190 £ 0.024) (1.191+£0.025) (1.162£0.071) (1.052 £ 0.066)
2 (1.168 £0.016) (1.159 £0.017) (1.034 £0.048) (1.078 £ 0.048)
3 (1.111 +£0.013) (1.117£0.014) (0.995£0.040) (1.024 £ 0.037)
4 (1.061 +0.011) (1.046 £0.012) (0.989 £0.037) (0.981 £ 0.032)
5 (1.023+£0.011) (0.975+0.012) (0.996 £0.039) (0.986 £ 0.031)
6 (0.970+£0.012) (0.960 +£0.012) (0.940 £0.041) (0.962 £+ 0.031)
7 (0.894 +0.013) (0.931+£0.013) (0.997 £0.049) (0.978 £ 0.033)
8 (0.863 +£0.015) (0.912+£0.015) (0.992£0.062) (1.028 £ 0.039)
9 (0.844 +0.018) (0.905+0.018) (1.053 £0.084) (1.003 £ 0.047)
5.6.1  Extra Tracks control sample

To evaluate and calibrate the modeling of the EE® distribution in the BB back-
ground simulation, we construct a dedicated control sample, the Extra Tracks.
This is specifically designed to be enriched in BB background events while be-
ing orthogonal to the signal region, ensuring that it is free from potential signal
contamination.

The selection of the Extra Tracks control sample is based on the presence of
additional charged tracks in the rest of the event (ROE), not associated with
the reconstructed signal and tag sides. Two complementary track multiplicity
criteria are employed to define this sample:

o IP Tracks: All charged tracks in the ROE are considered as IP Tracks if
their impact parameter with respect to the interaction point (IP) satisfies
|dz| < 2 cm along the beam axis and |dr| < 0.5 cm in the transverse plane.

e Signal-like Tracks: A subset of the IP Tracks is further identified as Signal-
like Tracks if, in addition to the IP criteria above, the track momentum
exceeds 0.5GeV /c. This additional requirement ensures that tracks with
kinematic properties similar to those expected from signal decay products
are excluded from the control sample.

The Extra Tracks control sample is then defined by requiring that the number
of IP Tracks in the ROE exceeds o (N1p tracks > 0), while simultaneously de-
manding that no Signal-like Tracks are present (Nsignal-like Tracks = 0). This
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Table 5.3: Bin-by-bin correction factors for the signal, evaluated in the B* — D*0 ¢*
vy control sample for the leptonic channels and in the Double Tag control
sample for the hadronic channels.

Neextra €+/l‘l/l+ 7T+/P+

(1.093 £ 0.102)  (0.986 + 0.030)
(0.972 +0.076)  (1.062 & 0.020)
(1.05140.089) (1.044 +0.017)
(0.904 +0.105) (1.035+0.018)
( ) )
( ) )

(0)

0.917 +0.154) (0.977 +0.020
0.935+0.251) (0.916 +0.025
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Figure 5.5: M2 distribution for the four signal channels after applying all the cor-

miss

rections in the ES® > 0.5 GeV sideband.

selection efficiently suppresses signal-like topologies and enhances the purity
of generic BB background events. On average, events in this control sample
contain approximately 3.2 IP Tracks per event, reflecting the typical multiplic-
ity of additional tracks in generic BB decays.

Figure 5.6 presents the distribution of the number of reconstructed neutral
clusters (1yextra) in data and simulation for each signal channel within the Ex-
tra Tracks control sample. The continuum background component is subtracted
to isolate the BB contribution. The comparison between data and simulation in
this sample forms the basis for extracting bin-by-bin correction factors, which
are subsequently applied to reweight the MC background and improve the

agreement with data in the modeling of the E§{t? observable.
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5.6.2 Bt — D*0 /T v, control sample

To derive data-driven corrections for reweighting the signal MC in the leptonic
T decay channels, we use the control sample of Bt — D*0 ¢t vy decays, where
¢t = eT,u". This decay topology shares similar kinematic features with the
signal channel Bt — 71y, particularly in the distribution of E§?, which is
expected to peak near zero in both cases.

In this control sample, the signal-side B meson (Bs;g) is required to decay into
D*0 ¢* v,, with no additional charged tracks present in the rest of the event
(ROE). The hadronic tag-side (Btag) selection is performed using the same mul-
tivariate algorithm and criteria as in the main analysis, ensuring consistency in
the event topology.

The D*? mesons are reconstructed via their decays into D° 71° and D «y. The D°
candidates are identified in three hadronic final states: K™ 777, Kg nt r—,and
K™ =t ™. After reconstructing both the tag and the signal side, we apply
a set of corrections and calibrations to align the simulation with the data. These
include continuum reweighting weights, particle identification (PID) efficiency
corrections, ROE cluster clean-up procedures, and other standard Belle II cor-
rections, as for the signal sample.

To improve the purity of the selected sample and suppress backgrounds, we im-
pose a momentum threshold of p, > 1.5GeV /c. Additionally, for candidates
where the D*? is reconstructed via the radiative decay mode D** — D° -, we
require the photon energy to exceed 170 MeV, reducing the contribution from
soft combinatorial photons. Following these selection criteria, approximately
84% of the selected events correspond to correctly reconstructed B* — D*?
0" vy decays. The remaining 16% of the sample consists of misreconstructed
backgrounds, primarily originating from Bt — D** ¢* v, BT — D% ¢+ v,, and
other semileptonic or hadronic decay modes.

Figure 5.7a shows the distribution of the number of extra clusters in the ROE,
Nyextra, fOr both data and MC in this control sample, after subtraction of the
continuum background. This distribution is used to derive correction factors
that are subsequently applied to the signal MC in the leptonic T channels.

In addition to providing reweighting corrections, the control sample is used
to validate the overall signal-side efficiency. After all selection cuts and cali-
bration steps, we find good agreement between data and simulation, with a
Data/MC ratio of (0.96 +0.04).

Figure 5.8 presents a comparison between data and MC distributions for Eg®

and the missing mass squared variable M2, both before and after applying
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the derived corrections. These comparisons demonstrate the effectiveness of
the correction procedure in aligning simulation with data.

5.6.3 Double Tag control sample

The Double Tag (DT) control sample is employed to derive data-driven cor-
rection factors for the hadronic T decay channels in the signal MC simulation.
This sample is composed of events in which both B mesons are fully recon-
structed through hadronic decay modes using the FEI algorithm. Specifically,
two B candidates with opposite charges are identified in each event, and both
must satisfy Opgr > 0.01 criteria.

To ensure a clean event topology and reduce background contamination, we re-
quire that no additional charged tracks are present in the Rest of Event (ROE).
This selection mimics the topology of signal events with hadronic T decays.
Similar to the leptonic control sample discussed in Subsec. 5.6.2, the distribu-
tion of EEM? is expected to peak near zero for correctly reconstructed signal-
like events.

The DT control sample undergoes the same suite of calibration procedures as

the main analysis. These include:

e Continuum suppression through reweighting to match the g4 background
composition observed in data;
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e Overall normalization to match the integrated luminosity and event yields;

e Corrections for particle identification (PID) efficiency mismatches between
data and MC;

e ROE cluster clean-up to mitigate spurious contributions from beam back-
grounds or reconstruction artifacts.

Figure 5.7b illustrates the distribution of the number of extra clusters (1yexira)
in this control sample, demonstrating good agreement between data and MC.
Based on this comparison, we extract bin-by-bin correction factors that are sub-
sequently applied to reweight the signal MC in the hadronic T decay categories.
Furthermore, Figure 5.9 presents the Data/MC comparison for the Eg4f® and
M2, distributions, both before and after applying the derived corrections.
These plots serve as validation of the correction procedure and confirm that the
simulation, once corrected, accurately reproduces the distributions observed in

data.

5.7 SIGNAL EMBEDDING

The signal embedding technique is employed as an independent cross-check
of the signal selection efficiency, and it serves as an additional tool to validate
the modeling of the signal region in the simulation. This method enables a di-
rect comparison between data and MC by constructing hybrid events in which
a well-reconstructed generic BB event provides the event topology, while the
signal-side decay B™ — v, is artificially injected from simulated samples.
The embedding procedure is based on the clean and well-understood decay
mode BT — J/¢ KT, with the subsequent decay J/¢ — (T4~ (¢ = e, ). This
decay topology can be efficiently and exclusively reconstructed in both data
and simulated BB samples, without any need of B tagging. After reconstruct-
ing the BT — I/ KT candidate on the signal side of a BB event, the entire
decay chain of this B meson is removed from the event reconstruction. In its
place, a fully simulated Bt — t7v; decay is embedded.

The rest of the event (ROE) and the tag-side B meson remain unaltered and
originate from the original BT — J/i K™ event. This ensures that the underly-
ing event structure, background environment, and tagging information reflect
realistic data conditions. The inserted BT — 77 v, signal decay is taken from
high-statistics MC samples and is reconstructed using the same algorithms and
selection criteria as in the main signal analysis.
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This technique allows us to isolate and test the signal-side reconstruction and
selection efficiency without unbox any signal event in data. After applying
the full selection chain to the embedded events, the signal efficiency observed
in data and MC is found to be in good agreement, with a Data/MC ratio of
(1.02 + 0.18). This result, with the signal efficiency from B™ — D* ¢* v, con-
firms the robustness of the signal efficiency in the simulation.

Figure 5.10 shows the distributions of the extra energy in the calorimeter (Eg&®

and the missing mass squared (M2 . ) for the signal embedding sample. Addi-
tional distributions, including the number of extra clusters in the ROE (#extra),
the beam-constrained mass My, the tag probability (Opgy), and the candidate
momentum pc,ng, are shown in Fig. 5.11. All variables demonstrate good agree-

ment between the embedded signal and expectations.
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Figure 5.10: Distributions of the key variables in the signal embedding sample.

58 VALIDATION OF BACKGROUND MODELING USING
CONTROL SAMPLES

The accuracy of the MC simulation in modeling both the continuum and BB
backgrounds is crucial for the reliability of the signal extraction. In this sec-
tion, we perform a validation of the background templates using dedicated
control samples, where the signal contribution is either negligible or absent.
These validation regions are defined through specific sideband selections or by

70



58 VALIDATION OF BACKGROUND MODELING USING CONTROL SAMPLES | 71

T T T T T T T T
17.5[ Belle II Preliminary I Simulation 4 Data | Belle II Preliminary B Simulation 4 Data
Jrat=365 ! 17.5F f£dt=2365 b1 4
15.0F 4
15.0
12.5¢ E
12.5
g £
0 10.0 a
) 4 10.0
= |
[ [
> >
1] M o75

5.0

2.5

12 0957 ; 5.26 5.27
My, (GeV/c?)

n yextra

(@) Number of extra clusters (7,extra) in (b) Beam-constrained mass M, in the em-

the embedding sample. bedding sample.
l}ege_l;grelil-nlinary:‘B — ™ Had FEI ‘ . Belle II‘ Preli.min"clry T ‘- SimL{lation .+‘. Data
e £dt=365fb B Simulation ¢ Data 1 12?f£dt=365 b1 ]

Events/Bin
Events/Bin

1.5 2.0
OrEr Pcand (GeV)
(c) Tag-side signal probability (Oggp) in (d) Signal-side candidate momentum
the embedding sample. Pcand in the embedding sample.

Figure 5.11: Distributions of additional observables for the signal embedding sample.
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employing off-resonance data, and allow us to evaluate the modeling of key
discriminating variables after all corrections are applied.
We consider four sideband regions:

o Egd2 sideband: EE® > 500 MeV, used to validate the modeling of high
extra energy events, where the signal yield is negligible due to the signal

region being restricted to low Eg&r2.

e M,. sideband: M;. < 5.26GeV /c?, targeting events with poor beam-
constrained mass, outside the typical signal region.

e M2. sideband (leptonic channels only): M2. < 4GeV? /c?, selecting

miss miss
low missing mass events for the lepton channels.

® Pcand Sideband (hadronic channels only): p.ng < 1.2GeV /c, corre-
sponding to candidate momentum values below the signal region for
hadronic modes.

For each region, we assess the agreement between data and MC simulations
in the fit variables, E&@ and M2, .. The goodness of agreement is evaluated
visually and through statistical metrics, such as x? tests on one-dimensional
distributions. The validation demonstrates satisfactory modeling in all regions,
with one exception discussed in Sec. 5.12, where a small excess is observed in

the muon channel.

5. VALIDATION WITH OFF-RESONANCE DATA

Off-resonance data, collected below the Y(4S) resonance, contain no BB events
and thus provide a clean sample for validating the continuum background
component. The selection criteria described in Chap. 3 are applied consistently
to both data and MC.

Figure 5.12 display the comparison of ES{? and M2 . distributions across the
four signal channels. The agreement between data and continuum MC is found
to be satisfactory, confirming the reliability of the background shape after the

reweighting explained in Sec. 3.6.
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Figure 5.12: Comparison of ES#? and M2, distributions in off-resonance data for the

miss
four signal channels.

510 EFC[** SIDEBAND VALIDATION

The control region defined by E5&? > 500 MeV ensures negligible signal con-
tamination, as the signal selection requires low ES&?. This sideband is partic-
ularly sensitive to the modeling of residual calorimetric energy from particles
not associated with the signal candidate (500 < Eg&® < 1000 MeV is part of
the final fit).

Figure 5.13 show the E&{® and M2, . distributions for all four signal channels
after applying all corrections. The level of agreement between data and MC
validates the modeling of events with large additional energy deposits in the

calorimeter.

5.11  Mp. SIDEBAND VALIDATION

The M, sideband is defined by selecting events with M, < 5.26GeV /c?,
which lie outside the nominal signal window and are thus in correctly recon-
structed BB events. This region provides a cross-check of background model-
ing in a region enriched in combinatorial background.
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Distributions of Eg{? and MIZnlSS in this sideband, shown in Fig. 5.14, are con-

sistent with the 51mulat10n within uncertainties

2
512 MZ. . SIDEBAND VALIDATION FOR LEPTONIC

CHANNELS

For the lepton channels (¢ and p), we define a control region by selecting
M2, < 4GeV? /c*, corresponding to events with low missing mass, where
the signal contribution is suppressed. This region probes the modeling of the
Egdta distribution in events where missing energy from neutrinos is minimal.
Figure 5.15 shows the resulting ES? distributions. In the electron channel, the
agreement is satisfactory. In the muon channel, however, a small discrepancy
is observed in the region 0.8 < Eg{® < 1.0GeV, where data exhibit a ~ 30
excess over the simulation. This excess is traced to specific Biag decay modes,
namely D 7= 7%, D 7= 7" 7~ and D° 7= n™ m~ 7, which are slightly
mismodeled in the MC. A systematic uncertainty is assigned to account for
this discrepancy.
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In the hadronic channels (7t and p), we perform a validation using the pcang
sideband defined by pcang < 1.2GeV /c. As with other sidebands, the signal
yield in this region is negligible, and it provides sensitivity to the modeling of
low-momentum candidates.

Figure 5.16 presents the E{? distributions in this sideband. The observed
agreement between data and MC supports the accurate simulation of ES&® in

hadronic events with low momentum.



6 BRANCHING RATIO EXTRACTION

The extraction of the Bt — 77v; branching fraction is performed through a
2D simultaneous maximum likelihood fit. The branching fraction is treated as
a global floating parameter common to all four reconstructed T decay modes:
et Ve Vg, ut vy Vr, ™ Uy, and p* V7. In addition to the signal branching frac-
tion, four independent background yields, one for each 7% decay mode, are
allowed to float freely in the fit. The Probability Density Functions (PDFs) for
both signal and background components are taken from MC simulations, with
their shapes being corrected and validated according to the methodologies de-
tailed in Chap. 5. This procedure allows to estimate all the 5 free parameters
and their relative statistical uncertainties. Moreover, all systematic uncertain-
ties are evaluated and incorporated separately, as elaborated in Chap. 7. The
overall likelihood function for the simultaneous fit is the product of the indi-
vidual likelihoods corresponding to each of the four " decay modes, as for
the optimization procedure, that is described in Chap. 4. The framework used
is RooF1T [63], a data modeling and fitting package created at Stanford Linear
Accelerator Center, integrated within the Root analysis framework.

The final 2D templates for ESI? and M2, obtained from simulation for signal
and background in the four channels are shown in Fig. 6.1, respectively.

6.1 SENSITIVITY STUDY WITH TOY MONTE CARLO SIM-
ULATIONS

To check the sensitivity of the fit and also to search for potential biases in the
measurement, a Toy Monte Carlo (Toy MC) study was performed. This is done
by generating 10000 pseudo-experiments based on the expected signal and
background distributions. Each pseudo-experiment was constructed by sam-
pling from the 2D PDFs of Eg’gia and Mrzniss, which were derived from the MC
simulations, and rescaled according to the data luminosity and the number of
the signal is set to be the PDG mean value [22], Binpyt = 1.09 X 10~%. For each

of the 10000 pseudo-experiments, a B and a relative statistical uncertainties is

77



6.1 SENSITIVITY STUDY WITH TOY MONTE CARLO SIMULATIONS | 78

Belle II Simulation

B/ cdt = 365 ! 0.30 0.16
0.14
0.25
0.12
N 020 %
:3 :8 0.10
> >
() [
< 015 2 0.08
«E ~E 0.06
0.10
0.04
0.05 -5
0.02
-10
0.4 0.6 . o 000 0.2 0.4 0.6 . 1o 000
EZ* (GeV) EEE® (GeV)
(a) Signal in e™ channel (b) Background in e channel
Belle II Simulation T —pt oD, Belle II Simulation T —pt v,
0.30 0.16
0.14
0.25
0.12
o 020 %
N N 0.10
> >
() (o3
e 015 2 0.08
~E ~E 0.06
0.10
0.04
- 0.05 -
0.02
=10 -10
0.4 0.6 . 10 000 0.2 0.4 0.6 . 1o 000
EgY (GeV) EE4® (GeV)
(c) Signal in u " channel (d) Background in p* channel
Belle II Simulation Tt -t D, Belle II Simulation
0.20
9 015 4
= =
() (o3
e e
2 010 g
~E g
0.05
-5
=10
0.4 0.6 . 10 000 0.4 X
EZ4* (GeV) EEEr (GeV)
(e) Signal in 7t* channel (f) Background in 7t* channel

Belle II Simulation Tt —=p*D,

2
M2, (GeV2/c?)
I
—- I
5 &
S S S S =
2 2 = S ¥
3 5 5 3 &
2 204
2 (GeV/ct)
Lo
5 &
I |
S o o S S
o 2 o S S
g s & 8 5

0.4 0.6 } 1o 000 0.2 0.4 0.6 1o 000
EZS® (GeV) ES (GeV)
(g) Signal in p™ channel (h) Background in p* channel

Figure 6.1: 2D distributions of ES#? and M2, for the four 7% decay channels. The

left column shows the signal distributions, while the right column displays
the background distributions.
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Figure 6.2: Distribution of the fitted branching ratios from the Toy MC ensemble (left)
and the corresponding pull distribution (right). The pull distribution, de-
fined as (Bt — Binput) / i, provides a valuable diagnostic for assessing the
quality and consistency of the uncertainty estimation

estimated. The mean of the fitted B values provides an estimate of the cen-
tral value, while the mean of the uncertainties reflects the expected statistical
uncertainty (if the number of the signal event is equal to the PDG expectation
value).

The Toy MC study yielded a mean fitted branching ratio of Broys = (1.09 £
0.45) x 10~%. This result indicates an expected statistical uncertainty of 41%,
with no significant bias observed in the measurement. Figure 6.2 shows the
result of the study.

We also performed a linearity test to search any other source of signal extrac-
tion bias. This involved repeating the Toy MC study (10000 pseudo-experiments)
for 15 different input signal branching fraction values, ranging from o.5 to 2
times the nominal PDG value. The results, presented in Fig. 6.3, demonstrate
a linear and highly stable slope, with the observed bias remaining within 2%
across the entire tested range of input branching fractions. This confirms the re-
liability of the fitting procedure over a wide range of possible signal strengths.
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6.2 FINAL FIT AND RESULT

Following the methodology described before, the branching fraction B(B* — 77 vy)
is finally extracted from Run1 data. The result of the fit is:

B(B* — tTv;) = (1.24 4 0.41(stat) & 0.19(syst)) x 10~* (6.1)

where the first uncertainty quantifies the statistical uncertainty arising from the
finite data sample, and the second uncertainty represents the total systematic
uncertainty. The discussion of the systematic uncertainties and their evaluation
is provided in Chap. 7.

Figure 6.4 shows the projections of the post-fit distributions for E§{® and
M2 . for each of the four T+ decay categories. To enhance the visibility of
the signal component, it has been scaled by a factor of 40 for the leptonic chan-
nels (¢™ and u™) and 20 for the hadronic channels (71 and p™). Furthermore,
Fig. 6.5 presents the post-fit projections of the ES{® distribution in the signal-
enriched region, specifically for M2. . > 10GeV? /c* for leptonic channels and
M2, > 0.8GeV? /c* for hadronic channels. This emphasizes the signal contri-
bution in the region where it is most abundant.

The comparison of the fitted background yields to their corresponding Monte
Carlo expectations for an integrated luminosity of 365fb™! is summarized in
Tab. 6.1, while Tab. 6.2 presents the extracted values of B(B™ — t1v;) both
from the simultaneous fit across all four 7" categories and from independent
fits performed for each individual category.

The signal strength is observed with a significance of 3.0c with respect to a
background only hypothesis. This significance is determined through the CL;
procedure [64]. The test statistic used is given by t = —2log Q = —2log(L/Ly),
where L represents the maximum likelihood value obtained when the signal
yield is allowed to vary freely, and £y corresponds to the maximum likelihood
value obtained when the signal yield is constrained to zero (background-only
hypothesis). One million pseudo-datasets were generated in under both the
hypotheses. The significance of the result is given by the ratio

Ps+b
CLy = —— 6.2
L—=ps (62)
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Figure 6.4: Post-fit projections of ES&? (left column) and M2 (right column) for the
four T decay channels. The signal component is scaled by a factor of 40
for leptonic channels and 20 for hadronic channels to enhance visibility.
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Table 6.1: Observed and expected (for 365 fb~') values of the background yields ob-
tained from the fit to the experimental data.

Parameter Observed value Expected value

My ot 4907 + 71 4846 + 24
o 4620 + 69 4493 + 24
My ot 454 4+ 22 461 +9
Ty, 772 + 28 811411

Table 6.2: Observed values of the signal yields (1) and branching fractions (B) for
Bt — 1Ty, obtained from independent fits for each T+ decay mode and
from the global simultaneous fit.

Decay mode Mg B(107%)

Simultaneous 94 +16 1.24+0.41
et 13+£16 0.51+0.63
‘u+ 40+20 1.67+0.83
i 31+£13 228 +0.93
p+ 6t25 042+1.82

6.3 DISCUSSION ON THE RESULT

84

This thesis presents the first measurement of the branching fraction B(B™ — tHvy)

by the Belle II experiment. The Belle II result is shown in Fig. 6.6 along with
past measurements and the two SM expectation values, one calculated using
the exclusive value |V,;| = (3.43 £0.12) x 1073 and the other with the inclu-
sive one |V,;| = (4.06 +0.12 £ 0.11) x 1073 [27]. The Belle Il measurement is
consistent with the previous measurements and the SM expectations, provid-
ing a competitive result to the others.

Assuming the SM, and using fg = (190.0 + 1.3) MeV [65], we extract a mea-
surement of the CKM matrix element

Vib g+ _y ¢4y, = [4417575] x 1072, (6.3)

Even though we use a smaller data sample, the statistical uncertainty of this
measurement is comparable to the previous hadronic (and semileptonic) tag
analysis from BABAR (426 b1 [23, 26] and Belle (711fb~ 1) [24, 25]. This im-
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Figure 6.6: Branching fraction B(B™ — 71v;) measured by Belle Il compared with the
past measurements and the two SM expectation values, one calculated
using the exclusive value |V,;| = (3.75 £ 0.06 & 0.19) x 1073 and the other
with the inclusive one |V,;| = (4.06 £0.124-0.11) x 1073.
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proved sensitivity is due to the use of a new B tagging algorithm and an opti-
mized selection.



7 SYSTEMATIC UNCERTAINTIES

In this chapter, we present an evaluation of the systematic uncertainties affect-
ing the measurement of the branching fraction B(B* — 7" vz). Each source of
systematic uncertainty is identified, its impact on the final result is quantified,
and the methodology used for its evaluation is described.

The sources of systematic uncertainty are assessed by varying the relevant pa-
rameters within their estimated uncertainties and propagating these changes
through the full analysis chain. This is done by repeating the toy Monte Carlo
studies: pseudo-experiments are generated according to the modified proba-

bility density functions (PDFs), and the two-dimensional fit to Eg’gia and M?2

miss
is repeated under these altered assumptions on data. The resulting variation
in the extracted branching fraction distribution is then interpreted as the sys-
tematic uncertainty.

For systematic effects that do not directly affect the shape or normalization of
the signal PDFs, such as the total number of Y (4S) events, the fraction of BYB~
pairs produced, and the tracking efficiency, the corresponding uncertainties are
propagated directly to the branching fraction.

The full systematic set is described in Tab. 7.1. All the considered sources and

the procedures adopted to evaluate their effects are described below:

e Simulation Statistics: the limited size of the MC samples introduces
statistical fluctuations in the PDF shapes used in the fit. To assess this
uncertainty, we fluctuate each bin of the 2D histograms used in the fit
according to a Poisson distribution and repeat the full fitting procedure
using pseudo-experiments.

e PDF Corrections for Fit Variables: corrections to the modeling of fit vari-
ables, i.e. the multiplicity of neutral clusters (11extra), are derived from the
different control samples for signal and background explained in Chap. 5
and applied to the MC simulation. The associated uncertainty is esti-
mated by varying each bin of the correction map according to a Gaussian
distribution with width given by the control-sample statistics. The impact
on the fitted branching fraction is then evaluated.
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Table 7.1: Summary of relative systematic uncertainties on the fitted branching frac-
tion. The impact of each source is evaluated from the simultaneous fit of
the four T decay modes. The last three contributions affect only the normal-
ization and not the signal yield.

Source Relative Uncertainty (%)
Simulation statistics 13.3
Fit variable PDF corrections 5.5
Branching fractions in MC 4.1
Tag-side B reconstruction efficiency 2.2
Continuum reweighting 1.9
7¥ reconstruction efficiency 0.9
Continuum normalization 0.7
Particle identification 0.6
Number of BB pairs 1.5
Fraction of BYB™ pairs 2.1
Tracking efficiency 0.2
Total 15.5

e Branching Fractions in the Simulation: the decay branching fractions
of B and D mesons in the simulation are varied within the uncertainties
reported by the Particle Data Group (PDG) [22]. These variations are
propagated through the generation of alternative MC PDFs, and the fit is
repeated to determine the resulting change in the signal yield.

e Tag-side Reconstruction Efficiency: the reconstruction efficiency of the
hadronic tag side is calibrated using Bt — X/*v, and Bt — D)zt
decays. We derive a covariance matrix from the calibration and gener-
ate alternative efficiency correction maps to estimate the corresponding
systematic uncertainty.

e Continuum Reweighting: the limited statistics of the off-resonance dataset
used to train the FastBDT classifier for continuum suppression introduces
uncertainty in the reweighting procedure. A bootstrapping method is em-
ployed to resample the training and test datasets multiple times, thereby
generating different sets of reweighting weights. The observed spread in
the fitted branching fraction is used to quantify the uncertainty.
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7¥ Reconstruction Efficiency: for ™ — p* v;, mismodeling of the 7"
reconstruction efficiency in simulation can affect the signal yield. We
study this effect using control samples of D* — D° 7%, with DY — K~
nt (nY), in different momentum regions. Correction factors are derived
and applied to the simulation. To quantify the residual uncertainty, a 77
removal procedure is implemented, in which 7° candidates are proba-
bilistically removed according to their efficiency correction uncertainties,
and moved to T — 7" VU; category, and the impact on the branching
fraction is assessed.

Continuum Normalization: the overall normalization of the continuum
background is varied within the statistical uncertainty of the off-resonance
dataset. This is implemented by fluctuating the continuum component
using a Poisson distribution and repeating the fit.

Particle Identification Efficiency: systematic uncertainties related to the
efficiency and misidentification rates of particle identification (PID) algo-
rithms are estimated using high-purity control samples such as D** —
DY (—» K~ n")nt, A - pn, K - nt 7, and J/p — €74, PID
efficiencies and fake rates are varied within their uncertainties, and the
resulting changes in selection efficiencies and fit PDFs are propagated to
the final result.

Number of BB Pairs: the total number of Y(4S) decays is determined
through a dedicated Y(4S) counting analysis. In this procedure, the
number of events collected at the Y (4S) resonance is measured by remov-
ing the non-resonant contribution using data collected below the Y(4S)
threshold (off-resonance data), properly scaled by luminosity and cross-
section ratios. The associated uncertainty is treated as a global normal-
ization uncertainty and propagated directly to the branching fraction.

Fraction of BTB~ Pairs: the fraction of BB~ events produced at the
Y (4S) is taken from the latest HFLAV report [27]. Its uncertainty is prop-
agated directly to the final result.

Tracking Efficiency: the uncertainty in the track reconstruction efficiency
is assessed using control samples and propagated as a global normaliza-
tion uncertainty, based on the number of tracks in the signal final state (1
track).
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CONCLUSIONS

Semi-leptonic and purely leptonic decays of B mesons provide a powerful lab-
oratory for testing the flavour structure of the standard models. Among these,
purely leptonic decays such as Bt — v v offer a clean probe of the charged-
current interaction mediated by the weak force. These processes occur via the
annihilation of the constituent quarks in the B meson, specifically through the
b — u transition, and are directly sensitive to the product of the Cabibbo-
Kobayashi-Maskawa (CKM) matrix element |V,;| and the B-meson decay con-
stant fp.

Despite being helicity suppressed in the SM, the decay Bt — T v is the most
experimentally accessible among the purely leptonic B decays due to the com-
paratively large mass of the T lepton, which partially compensates for the sup-
pression. Importantly, this decay provides a complementary approach to the
extraction of |V,;,| with respect to semi-leptonic decays, with a negligible the-
oretical uncertainty (only fp contributes). It is also sensitive to potential con-
tributions from physics beyond the standard model, such as charged Higgs
bosons in Two-Higgs-Doublet Model (2zHDM).

From a theoretical standpoint, the decay rate prediction within the SM is rela-
tively clean, as it depends on well-defined quantities such as |Vl fB, and the
BT lifetime, allowing a direct confrontation between experimental results and
SM expectations.

The SM prediction for the branching fraction reads:

2

2

G2mpgm m2

B(B* = rvr) = S (1 i —5> AlValew, G
U

where Gr is the Fermi constant, mp and m; are the masses of the B™ meson
and the 7 lepton, respectively, fp is the B-meson decay constant, |V,;| is the
CKM matrix element, and 15+ is the B™ lifetime.

The measurement of the branching fraction of the decay BT — T vz is a chal-
lenging task due to the presence of large backgrounds and the need for precise
event reconstruction. The Belle II experiment, with its high luminosity and ad-
vanced detector technology, provides an excellent environment for such mea-
surements. The analysis presented in this thesis focuses on the extraction of
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the branching fraction of this decay using data collected by the Belle II detector
at the SuperKEKB accelerator.

The analysis is based on a dataset corresponding to an integrated luminosity of
approximately 365 fb~?1, collected at the Y(45) resonance. The event selection
strategy involves a combination of kinematic and topological criteria to isolate
the signal from the background. The signal is identified by tagging the events
with the Full Event Interpretation (FEI), which selects all the hadronic B decay
and then search all the 1-prong event in the decay products of the other B me-
son.

The branching fraction is extracted using a simultaneous fit to ES? vs. M2,
template, calibrated and validated on the simulation. The systematic uncertain-
ties associated with the measurement are evaluated, including contributions
from the modeling of the background, the uncertainties in the statistics of sim-
ulation, and any others source.

The results of this analysis is:

B(B* — tv;) = (1.24 4 0.41(stat) & 0.19(syst)) x 10~* (7.2)

This kind of measurement are part of the European Strategy for Particle Physics,
both for Belle II [66] and FCC—ee [67].

The result was reported in Ref. [68], and it was presented at the 2025 Moriond
electroweak conference [69] for the first time.
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A THE FULL EVENT

INTERPRETATION

In eTe~ collider experiments such as Belle and Belle II, the full reconstruction
of Y(4S) events is a key technique for studying B-meson decays. Two comple-
mentary strategies are commonly employed: tagged and untagged analyses.
In both cases the well-known initial state provided by the tuned beam energies
allows one to exploit overall four-momentum conservation to constrain the sig-
nal decay. The following appendix summarise these approaches and give an
overview of the Full Event Interpretation (FEI) [70], the machine-learning based
hadronic tagger used at Belle II, which is an update of the Full Reconstruction
(FR) algorithm developed for Belle.

A1 RECONSTRUCTION METHODS

A.1.1  Untagged analysis

Untagged analyses reconstruct only the By, candidate and treat all remaining
reconstructed objects as originating from the other B meson. Selections on
these remaining particles suppress background and favour event topologies
consistent with B decays. Without an explicit Biag reconstruction one normally
assumes that any neutrinos in the event belong to the signal decay; this allows
an estimate of the signal-neutrino four-momentum, but generally with poorer
resolution than in the tagged case.

A.1.2 Tagged analysis

In a tagged analysis both the signal-side B meson (Bsjg) and the accompanying
B meson (Btag) are reconstructed. The Btag is reconstructed in exclusive decay
channels, either hadronic or semileptonic. The chosen tag mode strongly influ-
ences how missing momentum is interpreted. Neutrinos escape detection and
therefore remove undetectable four-momentum from the visible final state. If
the Biag is reconstructed hadronically, neutrino only comes from the signal side,
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Figure A.1: Schematics examples of Y(4S) event reconstruction in tagged analyses.
Dashed lines represent undetected neutrinos. Dotted lines represent non
stable particles.

so all the missing momentum can be attributed to it. If the Bag is semileptonic,
neutrinos may be present on both sides of the event and the signal neutrino
momentum cannot be determined uniquely from kinematics alone. Schematic
tagged topologies for hadronic and semileptonic tags are shown in Figs. A.1a
and A.1b, respectively.

Beyond kinematic constraints, these kind of reconstruction approaches differ in
their tagging efficiency (the fraction of Y (4S) events that can be tagged), their
tag-side efficiency (the fraction of Y(4S) events with a correctly reconstructed
tag), and the quality of the recovered information, which determines the pu-
rity (the fraction of tagged Y (4S) events with a correct tag-side reconstruction).
These three quantities serve as key performance indicators for tagging algo-
rithms. They directly impact critical aspects of any analysis: the tagging effi-
ciency determines the disk-space requirements for skimmed datasets (i.e. the
number of events that must be retained for analysis); the tag-side efficiency
influences the effective statistical power of the measurement; and the purity is
related to the signal-to-background ratio. The relative advantages and trade-
offs of these complementary approaches are illustrated in Fig. A.2.

A.2 OVERVIEW OF THE FULL EVENT INTERPRETATION

The FEl is the standard tagging algorithm in basf2; it applies multivariate clas-
sifiers to distinguish correctly reconstructed decay chains from combinatorial
background, building on the original Full Reconstruction (FR) method used at
Belle, while introducing algorithmic and performance improvements.

The FEI employs a hierarchical, staged training strategy. Detector-level objects
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Figure A.2: Overview of the three tagging algorithms, which were used in the past to
infer information about the Bsig meson using the other Biag meson in the
event

(tracks, electromagnetic and KLM clusters) are first combined into final-state
particle candidates. A dedicated multivariate classifier (MVC) is trained for
each particle type using inputs appropriate for that particle; the classifier out-
put (SignalProbability) quantifies the likelihood that a candidate is correctly re-
constructed and is propagated as an input to higher-level classifiers. Final-state
candidates are combined into intermediate resonances, which in turn are com-
bined into B-meson candidates, with channel-specific classifiers at each stage.
Training proceeds stage by stage so that the probability and other lower-level
information improve the quality of higher-level candidates. The hierarchical
structure of the FEI is illustrated in Fig. A.3. All FEI classifiers are implemented
as boosted decision trees and trained with the FastBDT framework [62] using
large simulated samples with MC truth labels.

A.2.1 Input variables for classifier training

The following variables are used as inputs to the FEI multivariate classifiers.
Variables are given for final-state particles (FSPs) and for typical intermediate
particles; in many cases both kinematic and quality variables are used, and
lower-level probability are included to exploit the hierarchical training.
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Figure A.3: Schematic overview of the hierarchical structure of the FEI algorithm. B-
meson candidates are reconstructed bottom-up from detector-level objects:
final-state particles are formed from tracks and clusters, combined into
intermediate resonances, and ultimately assembled into B candidates. At
each stage, a dedicated multivariate classifier assigns a probability that
quantifies the likelihood of correct reconstruction. These probabilities are
propagated as input features to subsequent stages, thereby enhancing dis-
crimination power at higher levels of the decay hierarchy.
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Final-state particles

For charged particles (electrons, muons, pions, kaons, protons), the FEI uses
particle identification likelihood or likelihood-ratio scores (e.g. electronID, muonID,
kaonID, protonID), with pion candidates typically identified by small values of
the other PID scores. Kinematic variables include total momentum p, trans-
verse momentum pr, and longitudinal momentum p,. Impact parameters, ra-
dial and longitudinal distances (dr, dz) to the interaction point, discriminate
promptly produced tracks from displaced daughters, and the track x> proba-
bility quantifies fit quality. After pre-selection, candidates are ranked (e.g. by
PID score) and only the top entries are retained.

For photons, cluster properties such as the number of crystals hit, cluster
region (forward/barrel/backward), cluster timing, and shape variables (e.g.
E9/Eys) in the electromagnetic calorimeter (ECL) are used alongside energy
and momentum (E, pt, p,). After pre-selection by energy, the best candidates
are retained. For K? candidates, energy-like estimators and KLM cluster timing
discriminate true K signals from background.

Intermediate particles

For 7 mesons, the FEI uses the invariant mass M and mass deviation |[dM| =
|M — M|, the opening angle between the two daughter photons, daughter
photon output probability, and kinematic variables such as energy E, trans-
verse momentum pr, and longitudinal momentum p,. The best candidates are
retained after pre-selection.

For long-lived neutral hadrons (K2, A, ¥), vertex displacement variables such
as decay distance, dr, dz, and their significances are crucial. The vertex fit
quality is quantified by the x? probability for the decay-vertex fit, and angular
consistency is assessed via the angle between the momentum vector and the
vector from the interaction point to the decay vertex. Invariant mass and |dM]|
relative to the nominal mass, together with daughter kinematics, distance vari-
ables, and output probability.

For charm hadrons and quarkonia (A, [/, Dg’i, ...), the classifiers exploit in-
dividual daughter probability and their product, vertex fit x> probabilities for
the parent and daughters (where applicable), invariant mass deviations (|dM]|),
and, where relevant, released energy Q. Decay kinematics such as decay an-
gles and daughter momenta in the parent rest frame are included, along with
a decay-mode identifier (decayModeID) when multiple channels are supported.
After pre-selection, typically the top 20 candidates are retained.
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B mesons

For BY and BT candidates, the FEI classifiers combine the daughter probabil-
ity values, both individually and as their product, with vertex and kinematic
information to distinguish correctly reconstructed B mesons from combinato-
rial background. The vertex fit quality is quantified by the x? probability of
the B-meson decay vertex and by the x? probabilities of the daughter track fits
or secondary decay vertices where applicable. Kinematic inputs include the
magnitudes of the rest-frame momentum vectors for each daughter, as well as
distance variables that characterise the displacement of the B vertex: the magni-
tude of the distance vector together with its radial component dr and Cartesian
components dx, dy, and dz, all accompanied by their respective significances.
The angle between the vertex position vector and the B-meson momentum vec-
tor provides additional consistency information, while decay angles between
the B meson and each daughter, as well as between pairs of daughters, capture
correlations in the decay topology.

A particularly important discriminating variable is the energy difference AE,
defined as the difference between the energy Ep of the B-meson candidate
in the Y(4S) centre-of-mass frame and the beam energy Epeam, i.e. AE =
Ep — Epeam- The beam energy corresponds to half of the available energy in
the centre-of-mass system. Since the Y(4S) decays to two B mesons of equal
mass, correctly reconstructed B candidates should exhibit values of AE close
to zero. This strong kinematic constraint makes AE one of the most power-
ful inputs for separating signal from background, and it is therefore a central
feature in the training of the B-meson classifiers. In addition, the decay-mode
identifiers (decayModeID) of each daughter are included to allow the classifier
to learn mode-specific response patterns. To manage combinatorics, B-meson
candidates are ranked according to the product of their daughters” Oggy val-
ues, and only the top 20 are retained and passed to the classifier; this ranking
information is also provided as an input feature to the training algorithm.

A.2.2 Comparison with Belle Full Reconstruction

The Belle Full Reconstruction (FR) algorithm is the conceptual predecessor to
the FEI, sharing the hierarchical reconstruction strategy and stage-wise clas-
sifier training. However, the FEI introduces several key algorithmic improve-
ments and performance enhancements.

The FR algorithm relied on the external NeuroBayes package [71] for multivari-
ate classification, whereas the FEI employs the FastBDT framework [62], which
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implements stochastic gradient-boosted decision trees. This transition has sub-
stantially reduced the training time from weeks to days, while maintaining or
improving classification performance. The FEI provides a fully automated and
user-configurable training pipeline: analysts specify the desired configuration,
and the algorithm executes the complete training procedure without further
manual intervention, significantly improving usability and reproducibility.

A major advancement of the FEI is its support for both hadronic and semilep-
tonic B-meson decay modes, whereas the FR was restricted to hadronic tags
only. This dual-mode capability expands the range of physics analyses acces-
sible with tagged methods. Users may optionally disable either hadronic or
semileptonic modes during training to reduce computational overhead when
only one tagging category is required.

The FEI substantially increases the number of exclusive decay channels relative
to the FR. At the time of this study, the FEI incorporated 36 hadronic charged
and 31 hadronic neutral B-meson decay modes, compared to 17 and 15, re-
spectively, in the FR. Including 42 charged and 39 neutral semileptonic modes,
the FEI reconstructs over 4000 exclusive decay chains, compared to approxi-
mately 1000 for the FR.

The full hadronic charged B decay-mode coverage of the FEI is summarised in
Tab. A.2, and the neutral B modes are listed in Tab. A.1. All the intermediate
particle decay modes supported by the hadronic FEI algorithm are detailed in
Tab. A.3.

The increased decay-mode coverage directly translates into substantial improve-
ments in tag-side efficiency. While untagged analyses trivially achieve 100%
tag-side efficiency, since no explicit Biag reconstruction is required, tagged anal-
yses typically exhibit much lower values: approximately 0.1% for hadronic tags
and 1% for semileptonic tags. Performance studies [70] demonstrate that the
FEI more than doubles the hadronic tag-side efficiency achieved by the FR:
from 0.28% to 0.76% for B tags, and from 0.18% to 0.46% for BY tags. For
semileptonic tagging, the FEI achieves maximum tag-side efficiencies of 1.80%
and 2.04% for charged and neutral tags, respectively. These efficiency gains di-
rectly enhance the statistical power of Belle II analyses employing the tagging
method.
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Table A.1: Hadronic neutral B-meson decay channels supported by the FEI algorithm,
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with their decayModeID (dmID) flags.
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Table A.2: Hadronic charged B-meson decay channels supported by the FEI algorithm,
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with their decayModeID (dmID) flags.
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101

Table A.3: Decay modes of intermediate particles supported by the hadronic FEI algo-
rithm, with their decayModeID (dmID) flags.
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A.3 FEI FOR ANALYSTS

The FEI serves as a practical tool for reconstructing complete Y(4S) decay
events. Its implementation consists of two distinct phases: training on sim-
ulated data and subsequent application to independent datasets.

Training is performed centrally by the Belle II collaboration using large samples
of simulated Y(4S) decays,approximately 100 million events for both charged
and neutral B-meson pairs. The process builds both hadronic and semileptonic
tag candidates across multiple decay channels, applying classifier cuts at each
stage of the reconstruction hierarchy. The output consists of trained weight
files and four ParticlelLists accessible to users: B0:hadronic, B+:hadronic,
BO:semi-leptonic, and B+:semi-leptonic. Individual analysts do not perform
their own training; instead, centrally produced versions are maintained and up-
dated as the software evolves.

Rather than applying the FEI individually, analysts are encouraged to use of-
ticial FEI skims,centrally produced datasets where the FEI has been applied
with loose selections. This approach substantially reduces file sizes by discard-
ing events without viable Bi,g candidates, thus saving computational resources.
The skim selections are intentionally permissive to avoid excessive signal loss
while providing basic background suppression. Event-level requirements in-
clude at least three charged tracks and three ECL clusters satisfying quality
criteria, plus a minimum visible energy of 4 GeV in the centre-of-mass frame.
For Biag candidates, selections include Mj,. > 5.2 GeV / c?, |AE| < 0.3 GeV, and
Orgg > 0.001 (except for certain J/¢ decay modes where classifier training was
unsuccessful, where the cut is looser). These cuts, summarised in Table A .4,
retain most signal events while removing clear background. Additional back-
ground rejection is left to individual analyses.

Table A.4: Summary of the FEI skim selection criteria applied to Big candidates in
official Belle II FEI skims.

Variable Selection
Beam-constrained mass My, > 52 GeV /c?
Energy difference |AE| < 0.3 GeV

Tagging probability Opg; > 0.001 (except for certain J/ip modes)
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A.3.1 Calibrating the FEI Algorithm

The FEI tagging efficiency differs between MC and experimental data, and this
difference must be corrected through specific calibration.

Calibration of the tagging algorithm is performed by reconstructing a signal B
meson decay with a high branching fraction recoiling against a tagged B me-
son in Y(4S) — BB events. Calibration factors are determined by comparing
the number of reconstructed signal events in data and MC, and these factors
are subsequently used to weight MC events in independent analyses to correct
the FEI efficiency. It is essential that the selection applied to the B meson tag
probability matches that used in the calibration, as the calibration factors are
highly dependent on this value. The Belle II collaboration provides calibration
results for several different Opgy thresholds relevant to other analyses.

For the Belle experiment, the Full Reconstruction (FR) algorithm was cali-
brated using the complete dataset, corresponding to an integrated luminosity
of 711 fb~! [72]. The calibration used the semileptonic decays B — D) v, (¢ =
e, it), which have a combined branching fraction of 6.26% for B~ — D*)0/~7,
and 5.31% for B — D*)*/~7,. The large branching fractions and dataset size
allowed calibration to be performed separately for each hadronic tag decay
channel.

For Belle II, to maximize statistics in the 365fb~' Run1 dataset, the inclusive
semileptonic decays BT — X%/*v, and BY — X~ ¢*v, were used for calibration,
where X" and X~ denote any neutral or charged hadronic system, respectively.
A second calibration method employed a purer signal-side decay, with the sig-
nal B meson decaying to a D or D* meson and a 77, B — D*)7t. In this study,
after hadronic B-tagging via the FEI, a single pion was reconstructed on the
signal side. The momenta of the By and pion were used to determine the
mass of the recoiling particle (either the D or D* meson). In this way, the D(*)
meson was not required to be explicitly reconstructed on the signal side.
Hadronic signal-side decays offer a strong advantage for calibration studies
due to the low backgrounds associated with fully reconstructing the event.
However, the high purity comes at the cost of a low reconstruction efficiency,
which, together with the low branching fractions characteristic of individual
hadronic B meson decays, results in sample sizes that are statistically limited.
As a result, the two independent calibration studies complemented one another
well, representing signal-side decays with both high efficiency (B — X/v,) and
high purity (B — D®*)7r). The calibration factors resulting from both studies
were then combined to produce a final set of official calibration factors for all
the Belle II analyses, which uses FEIL
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Both studies performed the calibration for individual Big decay modes (or
subsets of modes), which are listed in Tab. A.2. A total of 10 neutral and 11
charged hadronic Big decay modes were individually calibrated, with a single
factor determined as a weighted average over all of the remaining modes. The
calibration factors are provided for all the analyses, including the B™ — v,
analysis, and are used to correct the FEI efficiency in the MC simulation. The
uncertainties on the calibration factors are propagated to the final results, en-
suring that the systematic uncertainties associated with the FEI efficiency are
properly accounted for. The factors oscillates between 0.6 and 1.0, depending
on the OFg; threshold and the specific Brag decay mode considered.
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B.1 DATA PRODUCTION WORKFLOW

The data production workflow at Belle II is a multi-stage process designed to
ensure accurate reconstruction and calibration of the raw data collected by the
experiment. This process begins with the transfer of raw data from the on-
line data acquisition system to the KEK Central Computing system (KEKCC),
located at the KEK laboratory in Tsukuba, Japan. Once the data is archived
at KEKCC, the Belle II core computing team registers the dataset to the dis-
tributed computing infrastructure supported by the Belle II Grid.
Subsequently, the data production team initiates the reconstruction of specific
subsets of raw data, particularly the High-Level Trigger (HLT) skimmed sam-
ples, which are primarily employed for detector calibration. Among these, spe-
cial calibration streams are produced, including the so-called “delayed Bhabha”
samples. These samples consist of events recorded shortly after a Bhabha scat-
tering event and are stored at a reduced rate of approximately 5 Hz. This low
rate is necessitated by the computational cost associated with preserving full
waveform information from the electromagnetic calorimeter (ECL), which is
both data-intensive and time-consuming to process.

The calibration of real data begins with a rapid, initial procedure referred to as
prompt calibration. This step requires expert input on the detector configuration
and operating conditions relevant to the given run. The corresponding cali-
bration constants, known as payloads, are compiled and stored in the Belle II
conditions database. Following the completion of the prompt calibration step,
the processing of the HLT "hadron" stream commences, leading to the full re-
construction of the complete dataset.

As soon as the reconstructed data is available, analysis-level datasets (com-
monly referred to as skims) are produced with high priority. These datasets are
tailored to specific physics analyses and are accompanied by the generation of
corresponding Monte Carlo samples.

Tipically, the Belle II experiment organizes one major Monte Carlo (MC) pro-
duction campaign per year, in alignment with the software release cycles that
follow a similar cadence. Currently, two main types of MC simulations are
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generated: run-independent (MCri) and run-dependent (MCrd).

The MCri samples are generated using an idealized, time-averaged configu-
ration of the Belle II detector. Detector responses and beam backgrounds in
these samples are simulated based on the best knowledge obtained from ded-
icated simulation studies and background modeling, independently of actual
data-taking conditions. While this approach is computationally efficient and
well-suited for general-purpose studies, it does not fully account for time-
dependent variations in detector performance or environmental conditions.
Consequently, analyses relying solely on MCri may suffer from discrepancies
between data and simulation, particularly in precision measurements.

In contrast, the MCrd samples are designed to provide a much more faithful
representation of the real experimental environment. These simulations incor-
porate run-specific detector configurations and background conditions derived
directly from data. Background contributions are modeled using real-time
measurements from each sub-detector system, and the geometry and align-
ment of the detector components are matched to those observed during specific
data-taking periods. This high level of realism is essential for analyses requir-
ing stringent control of systematic uncertainties, particularly in cases where
background suppression and signal extraction must be performed with high
precision.

Due to the inclusion of detailed, run-dependent information and the need to
simulate realistic background overlays, MCrd samples are significantly more
resource-intensive to produce. As of the current production cycle, the MCrd
dataset corresponds to approximately four times the integrated luminosity of
the recorded data, reaching a total equivalent of about 2ab™! (with the actual
luminosity).

By contrast, MCri samples are produced independently of the accumulated
data statistics, with a total simulated luminosity reaching up to 3ab~'. These
samples constituted the primary source of simulation prior to the start of ac-
tual data-taking and continue to serve as a useful benchmark for many types
of studies.

The generation of MCrd samples on the distributed Grid infrastructure poses
significant computational and logistical challenges, given the scale and com-
plexity of the task. Nonetheless, it represents a critical step toward enabling
the full exploitation of the Belle II dataset for high-precision physics measure-
ments. A schematic overview of the Belle II Grid computing model is shown
in Fig. B.1.
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Figure B.1: Schematic overview of the Belle II Grid computing model, illustrating the
flow of data from raw data acquisition to the analyses dataset for the users.

B.2 MC RUN-DEPENDENT PRODUCTION

The production of MCrd samples is significantly more complex and time-
consuming than the generation of conventional run-independent simulations.
This complexity arises from the need to faithfully reproduce the evolving de-
tector and accelerator conditions that characterized each period of real data
taking. At Belle II, each data-taking phase is identified through a combination
of experiment and run numbers. A change in experimental configuration, such
as a detector upgrade, modification in beam conditions, or a change in trigger
settings, corresponds to a new experiment number. Within each experiment,
multiple runs are recorded, each of varying duration and event statistics. Runs
are the minimal unit where conditions of data taking is the same, and can last
up to 8 hours.

The MCrd production process mirrors this structure and proceeds through
several distinct steps: background overlay preparation, detector configuration
retrieval, and job submission to the Belle II Grid infrastructure. Each of these
steps is described in the following subsections.

B.2.1 Physics channels

MCrd samples are categorized into two broad classes: generic and signal. Generic
samples include processes such as eTe™ — gg, T7t~, BB, low-multiplicity
events (with fewer than five reconstructed tracks), and dlmuon or Bhabha scat-
tering events. The production of these samples is scaled according to a target
integrated luminosity. A summary of the channels produced in the current
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Table B.1: Summary of generic samples produced in MCrd campaigns at Belle II. 1T1XX
and hhISR include multi-lepton and hadronic with a 7sg final states, re-

spectively.

Channel cross section o [nb] MC/data scale
qq 3.68 4
(O 0.919 4
BB 1.05 4
utu~ 1.148 4
ete” 295.8 0.1
ete  ete 39.55 1
ete” utu~ 18.83 1
Yy 5.10 2
1IXX 2.01 4
hhISR 0.216 1

campaign, along with their cross sections and luminosities, is presented in
Tab. B.1.

Signal samples, on the other hand, correspond to specific final states of interest
for targeted physics analyses. These are typically produced based on a fixed
number of events, rather than an integrated luminosity. While the number of
signal MC samples is considerably larger than that of the generic ones, their
individual event statistics are smaller, making the production feasible. As of
this writing, approximately 200 signal MC requests have been handled.

B.2.2 Background preparation

The incorporation of realistic beam-related background into MCrd is achieved
through a dedicated data-driven procedure. Background events are selected
using a special trigger configuration, activated shortly after Bhabha scattering
events. This delay ensures that only pure background contributions, unrelated
to primary collisions, are recorded. These background-enriched events are ac-
quired at a low rate and subsequently unpacked to extract the raw digitized
signals from tracking and calorimeter systems.

This digit-level information is then overlaid onto the MC generated sample
events during simulation, ensuring a realistic modeling of background noise
and detector occupancy. The background overlay is prepared separately for
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each experiment number and, although not computationally intensive, is es-
sential for reproducing the time-dependent environment of Belle II operations.

B.2.3 Detector configuration

One of the most resource-intensive phases of the MCrd production is the prepa-
ration of the detector configuration and calibration constants. Each Belle II sub-
detector system must provide run-specific payloads, including but not limited
to alignment constants, dead channel maps, and time-dependent gain calibra-
tions. These payloads are crucial for ensuring the accuracy of the simulated
detector response. The aggregation and validation of these conditions data
constitute a primary bottleneck in the production chain, and ongoing efforts
are being directed at streamlining this process for future campaigns.

The payload can be very stable during the data-taking, like the geometry of
the detector of the dead channel maps, or can change rapidly, like the position
and the energy of the collision.

B.2.4 Submission to the Grid

The final step in the MCrd workflow is the distributed production of simulated
events via the Belle II Grid infrastructure. The job submission system relies on
structured .json files, which define the number of events to be generated for
each run, weighted by the corresponding recorded luminosity, and a steering
tile, which uses the Belle II software package, basf2. As each run requires an
independent simulation job, the total number of jobs submitted to the Grid is
substantial.

Before full-scale production, a series of validation tests are performed on a
dedicated test server to ensure correctness and stability. Once approved, the
jobs are dispatched to the Grid and the resulting MCrd samples are uploaded
and catalogued for use in physics analyses.

B.2.5 Book-keeping

Effective organization and accessibility of MCrd samples constitutes a critical
component of the production workflow, serving two fundamental objectives:
maintaining systematic organization of simulation outputs and ensuring user-
friendly access for the entire collaboration.

The Belle II MC is organized with collections, which group datasets. When ana-
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lysts submit computational jobs to the Belle II Grid infrastructure, they specify
input datasets by referencing these collections for both experimental data and
Monte Carlo samples. This standardized approach ensures consistency across
different analysis workflows and facilitates reproducibility of results.

Each collection includes all Monte Carlo datasets corresponding to a specific
physics process within a defined data-taking period. For example, a collection
can have all dd Monte Carlo sample related to Run1 data. The hierarchical
naming convention follows a structured format that encodes essential meta-
data directly within the collection identifier:

/belle/collection/MC/MC16rd_procl6_ddbar_Runl_4S_v1l

This systematic nomenclature immediately conveys key information including
the Monte Carlo campaign identifier (MC16rd), processing version (proci6),
physics channel (dd), data-taking period (Runzi), collision energy configuration
(Y(4S)), and dataset version (v1).

Beyond the hierarchical naming structure, each collection is accompanied by
metadata that provides analysts information necessary for proper dataset uti-
lization. This metadata includes parameters, such as the integrated luminosity.
A representative example of collection metadata is shown below:

#it###H##HMe tadata of Collection####HH###H#H##IHH

name: /belle/collection/MC/MC16rd_procl6_ddbar_Runl_4S_v1
dataType: mc

datalLevel: mdst

description: Collection for MCl6rd_procl6-Runl-ddbar-4S
int_luminosity: 1429.23/fb

HHBHHARH AR AR R AR H AR H AR AR AR ARF AR H AR AR

In future, a more detailed metadata schema is planned to be implemented,
which will include additional parameters such as the number of events, cross
sections, and other relevant information.

B.3 SUMMARY

The Belle II experiment is acquiring an unprecedented volume of data, making
the accurate and efficient production of Monte Carlo samples a critical com-
ponent of the collaboration’s physics program. To meet the stringent require-
ments of high-precision measurements, a dedicated run-dependent Monte Carlo
production framework has been developed. Although the system is inherently
complex and computationally demanding, it provides the most realistic simu-
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lation environment currently available within the collaboration.

By incorporating run-by-run variations in detector conditions and beam back-
grounds, the MCrd samples enable a significant reduction in discrepancies
between data and simulation. This improved fidelity is essential for control-
ling systematic uncertainties and enhancing the reliability of physics results.
As of today, Belle II has recorded approximately 500 fb ! of data, while the cor-
responding MCrd samples produced for high-multiplicity processes already
amount to an integrated luminosity of about 2000 fb~?, for the high multiplic-
ity samples. This substantial MC production effort underscores the collabora-
tion’s commitment to high-quality simulation and robust data analysis, laying
a strong foundation for future discoveries in flavor physics.

A detailed overview on the Monte Carlo run dependent production at Belle II
was presented at 2025 EPS-HEP conference [73].
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C1 MOTIVATION AND OVERVIEWS

High-precision calorimetry represents an important technology for next-generation

high-energy physics experiments, particularly at proposed electron-positron
colliders such as the Circular Electron Positron Collider (CEPC) [74] and the
Future Circular Collider electron-positron program (FCC-ee) [67]. At these
facilities, accurate reconstruction of jets and complex hadronic final states is
essential for precision measurements of the Higgs boson properties and elec-
troweak parameters. Among the various approaches to enhance calorimet-
ric performance, dual-readout calorimetry stands out as a particularly promis-
ing technique. This method addresses one of the fundamental limitations of
hadronic calorimetry: the event-by-event fluctuations in the electromagnetic
fraction of hadronic showers. By simultaneously measuring both scintillation
and Cerenkov light components from the same shower, dual-readout calorime-
try can correct these fluctuations and significantly improve energy resolution.

Traditional implementations of dual-readout calorimetry [75, 76] rely on sam-
pling structures incorporating alternating layers of scintillating and Cerenkov-
sensitive optical fibers [77, 78, 79, 80, 81, 82]. While this approach has demon-
strated promising results for hadronic energy resolution, it suffers from inher-
ent limitations in electromagnetic performance due to sampling fluctuations
that arise from the discrete nature of the active medium. Conversely, homoge-
neous calorimeters constructed from inorganic scintillating crystals offer excep-
tional electromagnetic energy resolution by providing complete containment
and uniform response throughout the shower development. However, these
systems traditionally lack the dual-readout capability necessary for optimal
hadronic performance.

The IDEA (International Detector for Electron-positron Accelerator) [83] de-
tector concept, proposed for the FCC-ee program, addresses this challenge
through an innovative hybrid calorimeter design. This system combines a ho-
mogeneous crystal-based electromagnetic section with a fiber-based hadronic
compartment, aiming to optimize performance for both electromagnetic and
hadronic showers [84]. A critical requirement for this design is the implemen-
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tation of dual-readout capabilities within the crystal electromagnetic calorime-
ter itself.

This appendix presents a study investigating the feasibility of implementing
dual-readout techniques in homogeneous scintillating crystals. Specifically, we
examine bismuth germanate (BGO) and bismuth silicate (BSO) crystals, uti-
lizing Silicon Photomultipliers (SiPMs) to achieve the discrimination between
scintillation and Cerenkov light components required for dual-readout opera-
tion.

C.2 DUAL-READOUT TECHNIQUES IN CRYSTAL CALORIME-
TERS

For this investigation, bismuth germanate (BGO) and bismuth silicate (BSO)
crystals were selected based on their exceptional properties for calorimetric
applications. Both materials exhibit high density and short radiation length,
which are essential for compact electromagnetic shower containment. Addi-
tionally, they feature high scintillation light yields and elevated refractive in-
dices (approximately 2.15 for BGO and 1.94 for BSO).

The experimental approach involved reading out each crystal from both ends
using pairs of independent Silicon Photomultipliers, with each SiPM optimized
for a specific light component [85, 86]. One channel (designated as the s-
channel) was configured primarily for scintillation light detection, while the
second channel (the c-channel) was optimized for Cerenkov light measure-
ment. This dual-channel architecture enables the simultaneous collection of
both light components from a single crystal volume.

The separation of scintillation and Cerenkov signals exploits the fundamental
physical differences between these two light-generation mechanisms. Scintil-
lation light is characterized by isotropic emission, with characteristic decay
times on the order of tens to hundreds of nanoseconds, and broad spectral
emission typically peaked in the visible range. In contrast, Cerenkov radiation
exhibits prompt emission (sub-nanosecond timing), highly directional propaga-
tion along the particle trajectory, and a characteristic 1/A? spectral dependence
that peaks at ultraviolet wavelengths.

To enhance the discrimination between these components, an optical filtering
strategy was implemented in the c-channel. Specifically, a UG11 ultraviolet-
transmitting optical filter [87] was employed to preferentially transmit short-
wavelength light where the Cerenkov spectrum dominates, while simultane-
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ously suppressing the longer-wavelength scintillation contribution. This spec-
tral filtering, combined with pulse shape discrimination techniques based on
the different temporal characteristics of the two light components, provides the
foundation for effective signal separation.

The crystal used in this study were fabricated by the Shanghai Institute of
Ceramics (SICCAS), following specifications optimized for dual-readout appli-
cations. Each crystal measured 150 mm in length with a square cross-section
of 12 x 12 mm?, dimensions chosen to balance light collection efficiency with
mechanical constraints. Before the test beam, comprehensive optical character-
ization was performed in laboratory conditions to determine key parameters
such as optical transmittance and scintillation decay time constants.
Transmittance measurements confirmed transparency extending down to wave-
lengths of 320 nm, which is crucial for efficient collection of ultraviolet Cerenkov
photons. Scintillation decay profiles were analyzed using double-exponential
tits, revealing characteristic time constants of (50 s, 322 ns) for BGO and (22 ns,
98 ns) for BSO. These temporal signatures provided the basis for the pulse
shape templates used in subsequent signal decomposition analysis.

Figure C.1 presents the normalized emission spectra for both scintillation and
Cerenkov light, overlaid with the measured transmission characteristics of the
crystals and the UG11 optical filter. The scintillation emission peaks at approx-
imately 480 nm, which aligns well with the peak photon detection efficiency of
typical SiPMs, ensuring optimal light collection for the s-channel. The comple-
mentary spectral response achieved through optical filtering enables effective
discrimination between the two light components.

0 10 3} 40 450 500 EEE ]
Wavels

S0 &0
gth [nm]

(a) BGO (b) BSO

Figure C.1: Normalized scintillation and Cherenkov emission spectra, overlaid with
the transmission curves of the crystal and the UGai1 filter. The photon
detection efficiency of the C and S channel SiPMs at nominal over-voltage
is also shown [85, 86].
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C.3 EXPERIMENTAL SETUP

Together with Milano Bicocca and University of Perugia FCC-ee groups, we
conducted the test beam at the H6 beamline of the CERN SPS North Area
to validate the dual-readout approach under realistic conditions on July 2024.
Crystals were exposed to 10 GeV positrons (for electromagnetic showers) and
120 GeV muons (as minimum ionizing particles) for the calibrations. The setup
included a light-tight and thermally monitorated box, a rotating stage for an-
gular scans, and a trigger system of scintillator counters and lead converters.
Signals from SiPMs were read out with high-bandwidth amplifiers and ac-
quired using a Tektronix MSO46B oscilloscope at 6.25Gs/s, 1.5 GHz band-
width, and 14 bit ADC. Data acquisition and slow control were managed
through the MIDAS framework. Angular scans confirmed the expected di-
rectionality of the Cerenkov signal, and data were collected over a range of
5000 to 40000 events per run.

C.4 SIPM CALIBRATION AND SIGNAL RECONSTRUCTION

Calibration of the SiPMs was carried out in a dedicated laboratory setup using
a Hamamatsu PLP-10 pulsed laser emitting at 405nm. Two methods were
employed:

e Peak Identification (Method A) was used for the c-channel, where the
signal amplitude distribution displayed resolved photoelectron peaks. A
linear fit to peak positions provided the single-p.e. calibration factor, yield-
ing 3.33mV /p.e. and 1.25mV /p.e. at 28dB and 18dB amplifier gain, re-
spectively.

e Fluctuation Analysis (Method B) was used for the s-channel, where unre-
solved peaks necessitated a statistical approach. Assuming Poisson fluc-
tuations, the variance of the signal was plotted against its mean for differ-
ent laser intensities, and the slope provided the squared single-p.e. ampli-
tude. Calibration factors of 0.442mV /p.e. (18 dB gain) and 0.0421mV / p.e.
(passive readout) were obtained.

Cross-validation between methods yielded agreement within 12%, which was
included as a systematic uncertainty on the calibration constants. These values
were subsequently used to convert waveforms into photoelectron-equivalent
units for physics analysis.
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C.5 SEPARATION OF SCINTILLATION AND CERENKOV
SIGNALS

A waveform decomposition technique was developed to isolate the scintillation
and Cerenkov components in each event. The method modeled waveforms as
a linear combination of two templates corresponding to the fast and slow com-
ponents, respectively. This enabled event-by-event extraction of both signals
without relying on external tracking or energy information.

The Cerenkov signal exhibited a clear directional peak at oblique angles, while
the scintillation response was largely isotropic. To disentangle the scintillation
and Cerenkov contributions on an event-by-event basis, the recorded wave-
forms were modeled as a linear superposition of two distinct components, each
characterized by a dedicated pulse shape template. These templates T(t) were
obtained by convolving the expected photon arrival time distribution P(t) at
the SiPM surface with the detector’s single-photon response (SPR) function:

T(t) = P(t) * SPR(), (C.1)

where * denotes convolution. The SPR functions were extracted from cali-
bration data acquired with a pulsed laser system, normalized to the single-
photoelectron amplitude. Independent SPR templates were generated for each
SiPM and preamplifier gain configuration used during the test beam campaign.
The photon arrival time distributions P(t) were derived from the scintillation
decay constants measured in laboratory tests using cosmic rays. Separate tem-
plates were constructed for the Cerenkov (T.) and scintillation (T;s) components.
The full fit function used to model each waveform is defined as:

fle,s,tg) =c-Te(t—to) +5- Ts(t — to), (C.2)

where ¢ and s are normalization parameters proportional to the number of
detected Cerenkov and scintillation photons, respectively, and t; represents
the time offset corresponding to the trigger. All three parameters are left free
in the fit. The fitting procedure is based on x> minimization.

Figure C.2 presents an example fit to a waveform from a 10GeV e™ beam
event in BGO, demonstrating excellent agreement between the model and the
observed signal in both channels. To ensure the quality of the waveform fits,
a selection was applied based on the agreement between the total integrated
charge in the data (Qgata) and in the fit result (Qg;). Only events satisfying the
following condition was retained:

075 < Sdata _ 1.25, (C.3)

fit
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Figure C.2: Example of waveform decomposition in BGO for a 10GeV e event. The
black line shows the measured signal, while the total fit (red), Cerenkov
(blue dashed), and scintillation (orange dashed) contributions are overlaid.

where Qgat, is the total charge in the waveform and Qp; is the total charge
predicted by the fit. Additionally, pulses were required to exceed a dynamic
amplitude threshold defined as

A>u+b5o, (C.g)

where y and ¢ are the mean and standard deviation of the pre-signal baseline
region (t < tp). This selection ensures that only well-reconstructed and noise-
free signals are included in the analysis.

Maximum Cerenkov-to-scintillation ratios of 0.15 (BGO) and 0.25 (BSO) were
measured, corresponding to absolute Cerenkov yields of up to 140p.e./ GeV.
These results demonstrated the feasibility of separating Cerenkov light even in
crystals with high scintillation output, validating the proposed dual-readout
method for homogeneous calorimetry.

C.O CONCLUSION AND OUTLOOK

This study aims to provide a proof-of-principle for implementing dual-readout
calorimetry with inorganic scintillating crystals. Using BGO and BSO read out
with fast SiPMs and optimized optical filtering, event-by-event separation of
scintillation and Cerenkov signals was achieved under test beam conditions.

Future R&D will focus on scaling the technology to larger detector modules,
enhancing the timing resolution of photodetectors, and exploring alternative
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crystal materials with favorable light emission characteristics. These efforts
are crucial for the development of next-generation calorimeters tailored to the
demanding requirements of future e* e~ colliders and precision Higgs physics.
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