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Abstract

The rare decays B → K��� represent a class of flavor-changing neutral current processes that are highly
suppressed in the Standard Model and thus serve as sensitive probes for new physics. These decays are
theoretically clean, with uncertainties primarily stemming from hadronic form factors, and their branching
fractions are predicted with high precision. However, their experimental study poses significant challenges
due to the presence of two undetectable neutrinos in the final state, necessitating sophisticated reconstruc-
tion techniques and robust background suppression.
This thesis investigates the decays B+ → K+��� and B0 → K�0��� using data corresponding to 365 fb�1

collected at the �(4S) resonance within the Belle II experiment. The analyses employ the inclusive tagging
method, in which the companion B meson is reconstructed inclusively to infer the kinematics of the signal-
side decay. This approach provides substantial gains in signal efficiency compared to exclusive tagging, albeit
at the cost of increased background complexity.
The branching fraction of B+ → K+��� is extracted from a maximum likelihood fit, yielding [2:7±0:5(stat)±
0:5(syst)] × 10�5, which corresponds to a significance of 2.9 standard deviations from the Standard Model
expectation. This measurement establishes the experimental viability of the inclusive tagging technique
and has already prompted refinements of theoretical predictions, motivating renewed investigations into
potential new physics effects.
Building upon this framework, the analysis of B0 → K�0��� is currently in the pre-unblinding stage. This
channel poses additional challenges due to the more complex form-factor structure of the K�0 meson and
the higher track multiplicity of its final states. Nevertheless, the analysis follows a similar strategy to the
B+ → K+��� case, with dedicated improvements in background modeling and event selection tailored to
the K�0 topology. While no results are presented at this stage, the B0 → K�0��� study is expected to provide
complementary sensitivity to new physics through its unique helicity structure and kinematic features.
In addition, this thesis includes a complementary study on a background filter in the central drift chamber,
aimed at improving Belle II tracking performance under high-background conditions. While independent of
the B → K(�)��� analyses, this work constitutes an independent contribution to optimization of the detector
performance.



Zusammenfassung

Die seltenen Zerfälle B → K��� gehören zur Klasse der flavor-wechselnden neutralen Ströme, die im Stan-
dardmodell stark unterdrückt sind und daher empfindliche Sonden für neue Physik darstellen. Diese Zerfälle
sind theoretisch besonders sauber, da die Unsicherheiten hauptsächlich aus hadronischen Formfaktoren
stammen, und ihre Verzweigungsverhältnisse mit hoher Präzision vorhergesagt werden können. Ihre ex-
perimentelle Untersuchung ist jedoch äußerst anspruchsvoll, da zwei nicht nachweisbare Neutrinos im
Endzustand auftreten. Dies erfordert ausgefeilte Rekonstruktionstechniken und eine robuste Unterdrückung
von Untergrundprozessen.
Diese Dissertation untersucht die Zerfälle B+ → K+��� und B0 → K�0��� anhand von Daten mit einer inte-
grierten Luminosität von 365 fb�1, die bei der �(4S)-Resonanz im Belle-II-Experiment aufgezeichnet wurden.
Die Analysen verwenden die inklusive Tagging-Methode, bei der das Begleit-B-Meson inklusiv rekonstruiert
wird, um die Kinematik des Signalzerfalls zu erschließen. Dieser Ansatz ermöglicht deutliche Gewinne in der
Signaleffizienz im Vergleich zum exklusiven Tagging, geht jedoch mit einer erhöhten Untergrundkomplexität
einher.
Das Verzweigungsverhältnis von B+ → K+��� wird aus einem Maximum-Likelihood-Fit bestimmt und
ergibt [2:7 ± 0:5(stat) ± 0:5(syst)] × 10�5, was einer Signifikanz von 2.9 Standardabweichungen gegenüber
der Standardmodell-Erwartung entspricht. Dieses Ergebnis belegt die experimentelle Realisierbarkeit der
inklusiven Tagging-Technik und hat bereits zu einer Verfeinerung theoretischer Vorhersagen geführt, die
neue Untersuchungen möglicher Effekte jenseits des Standardmodells motivieren.
Aufbauend auf diesem Rahmen befindet sich die Analyse des Zerfalls B0 → K�0��� derzeit in der Vor-
Unblinding-Phase. Dieser Kanal stellt zusätzliche Herausforderungen dar, da die Formfaktoren des K�0 kom-
plexer sind und seine Endzustände eine höhere Spurenmultiplizität aufweisen. Dennoch folgt die Analyse
einer ähnlichen Strategie wie im Fall von B+ → K+���, ergänzt durch gezielte Verbesserungen in der Un-
tergrundmodellierung und Ereignisselektion, die speziell an die Topologie des K�0 angepasst sind. Obwohl
zum jetzigen Zeitpunkt keine Ergebnisse präsentiert werden, verspricht die Untersuchung von B0 → K�0���
eine komplementäre Sensitivität gegenüber neuer Physik durch ihre einzigartige Helizitätsstruktur und
kinematischen Eigenschaften.
Darüber hinaus beinhaltet diese Dissertation eine ergänzende Studie zu einem Untergrundfilter in der zen-
tralen Driftkammer, der die Leistungsfähigkeit der Spurrekonstruktion von Belle II unter Hochuntergrund-
Bedingungen verbessern soll. Unabhängig von den B → K(�)���-Analysen stellt diese Arbeit einen eigen-
ständigen Beitrag zur Optimierung der Detektorleistung dar.
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Part I

Introduction
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This chapter establishes the theoretical and experimental foundations for the study of rareb ! s� �� tran-
sitions, which constitute some of the cleanest probes of �avor-changing neutral currents in the Standard
Model. The �rst part provides the theoretical motivation, beginning with an overview of the Standard Model
and its �avor sector, followed by the effective Hamiltonian formalism for b ! s transitions. Special empha-
sis is placed on the Standard Model predictions for exclusiveB ! K ( � ) � �� decays, together with possible
contributions from physics beyond the Standard Model that could alter these channels.
The second part introduces the experimental framework, focusing on the Belle II experiment at the Su-
perKEKB collider. The accelerator design, detector subsystems, and trigger and data acquisition systems are
described, along with the simulation and event reconstruction chain that enables precision studies of rare
B -meson decays.
Finally, the chapter outlines the data analysis strategies and techniques employed in later sections of this
thesis. These include inclusive tagging algorithms, signal-from-background discriminating topological ob-
servables used in multivariate classi�ers for background suppression, and maximum likelihood estimation
methods. Together, these discussions provide the theoretical motivation, experimental context, and method-
ological basis for the results presented in the next chapters.
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Chapter 1

Theoretical Framework

1.1 Standard Model

The central aim of particle physics is to uncover the most elementary constituents of matter and the laws
that govern their interactions. Over the past century, progress has been driven by repeatedly asking: What
lies inside? Atoms were revealed to contain nuclei and electrons, nuclei were shown to consist of protons
and neutrons; and protons and neutrons themselves turned out to be made of quarks, bound together by
hadronic interaction. Along the way, leptons (the electron, muon, tau, and their neutrinos), photons, W and
Z bosons, gluons, and most recently the Higgs boson were added to the catalogue of fundamental particles
of nature. Together, these entities and their interactions are described by the Standard Model of particle
physics (SM), the most successful and precise framework we currently possess [2–4].
The Standard Model encompasses three essential components: matter �elds, gauge bosons, and the Higgs
boson:

• Matter �elds: These comprise twelve spin-12 fermions arranged into three families. Each family
contains two quarks and two leptons, distinguished by their electric charge and masses. Quarks
(u; d; c; s; t; b) carry fractional charges and participate in the strong interaction through their color
charge, while leptons (e; �; � and their associated neutrinos) are colorless. The fermionic nature of
these particles has been experimentally con�rmed through angular distribution measurements in
scattering processes [5,6].

• Gauge bosons: These spin-1 particles mediate the fundamental forces of the SM, their existence
and properties dictated by the underlying gauge symmetries. The photon mediates electromagnetism
and is massless. Eight gluons mediate the strong interaction and, although massless, are con�ned
within hadrons. The gluon was independently con�rmed in three-jet events observed at PETRA in
1979 [7]. The W � and Z bosons mediate the weak interaction and are massive, with their discovery
at CERN [8,9] providing direct con�rmation of the electroweak gauge structure.

• Higgs boson: The only fundamental scalar in the theory, the Higgs boson arises from the mechanism
of electroweak symmetry breaking, which endows fermions and weak gauge bosons with mass. Its
discovery at the LHC in 2012 completed the SM particle spectrum [10,11].

In addition to its particle content, the SM is characterized by a set of free parameters, comprising the coupling
couplings, fermion masses, Cabibbo–Kobayashi–Maskawa (CKM) mixing angles, and CP-violating phases.
These parameters are determined experimentally. The predictive power of the SM is extraordinary. Precision
tests performed at LEP and SLC con�rm its validity at the per-mille level [12], which global electroweak
�ts successfully anticipated the mass of the top quark and constrained the Higgs boson mass prior to their
experimental discoveries. The anomalous magnetic moment of the electron, measured to one part in1012,
provides a further striking demonstration of its accuracy.
The guiding principle of the SM is gauge symmetry, the requirement that the laws of physics remain invariant
under certain local transformations. In quantum mechanics, multiplying the wavefunction by a constant
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phase leaves physical predictions unchanged, corresponding to a global U(1) symmetry. By Noether's the-
orem, such symmetries imply conserved quantities, in this case, electric charge [13]. The principle gains
greater power when the symmetry is required to hold locally, for instance, when the transformation may vary
from point to point in spacetime. To maintain invariance in this case, compensating �elds - gauge bosons -
must be introduced, with dynamics dictated by the symmetry itself. Thus, interactions among particles arise
directly from the demand of local gauge invariance [14,15].
The Standard Model is constructed on the gauge groupSU(3)C � SU(2)L � U(1)Y . The SU(3)C sector
describes the strong interaction. Quarks are observed to carry color charge, and the existence of their
bound states (for instance, mesons and baryons) con�rms the presence of an underlyingSU(3) symmetry.
Experiments at SLAC and DESY �rst revealed point-like quark constituents in deep inelastic scattering
(DIS), providing direct evidence for quarks and gluons [6]. The electroweak interaction is described by the
SU(2)L � U(1)Y sector. Left-handed fermions transform asSU(2) doublets, while right-handed fermions are
singlets. The discovery of theW and Z bosons at CERN in 1983 [8,9] con�rmed this structure, with their
measured massesM W � 80:379� 0:012GeV andM Z � 91:1876� 0:0021GeV [12]. The gauge structure is
highly constrained: It is the minimal anomaly-free group consistent with observed particle properties. Once
speci�ed, the symmetry �xes the form of the interactions, leaving only a �nite set of measurable parameters.
Gauge symmetry forbids explicit mass terms for fermions and gauge bosons, yet all observed particles except
the photon and gluons are massive. The Higgs mechanism resolves this by introducing a complex scalar
doublet with a nonzero vacuum expectation value (VEV), the electroweak symmetrySU(2)L � U(1)Y !
U(1)em is spontaneously broken. In this process, three of the scalar degrees of freedom are absorbed as
the longitudinal components of the W � and Z bosons, thereby giving them mass while leaving the photon
massless. The remaining scalar degree of freedom manifests as the physical Higgs boson. Fermion masses
arise through Yukawa interactions, in which left- and right-handed fermion �elds couple to the Higgs
doublet. Once the Higgs acquires its VEV, these interactions generate fermion mass terms proportional
to their Yukawa couplings. This explains why the SM accommodates massive quarks and leptons while
retaining gauge invariance. However, the Yukawa couplings span over twelve orders of magnitude-from the
electron to the top quark-without explanation, re�ecting an unresolved �avor puzzle of the SM.
The Higgs boson itself was discovered at the LHC in 2012 [16,17], con�rming this mechanism experimentally.
Its mass is now precisely measure,M � 125 GeV/c2 [10,11], and its couplings to other particles has been
tested to be within 5-15% [18,19], all consistent with SM predictions. The Higgs VEV is determined from the
Fermi constant measured in muon decay, givingv = 246:22� 0:06 GeV[4], which set the electroweak scale.

Yet, when compared to the Planck scale,M Pl =
q

~c
GN

� 1:22 � 1019 GeV[20], a striking tension appears.

In quantum �eld theory, loop corrections to the Higgs boson mass are quadratically sensitive to the highest
energy scale up to which the theory is valid. If the SM is treated as an effective �eld theory with a cutoff
at M Pl, quantum corrections would naturally push the Higgs mass toward that enormous scale. The fact
that the observed Higgs mass remains near the electroweak scale, therefore, requires an extreme �ne-tuning
between the bare mass and the quantum corrections. Explaining this stability of the weak scale against
Planck-scale corrections is known as the hierarchy problem, and it represents one of the most profound open
questions in particle physics.
Despite these achievements, the SM is manifestly incomplete. It does not explain dark matter or dark energy.
Neutrino oscillations have conclusively demonstrated that neutrinos possess nonzero masses, which requires
an extension of the minimal model [21]. Furthermore, the observed baryon–antibaryon asymmetry of the
universe cannot be explained by the level of CP violation encoded in the CKM matrix [22,23]. Finally, the
values of the fundamental parameters such as fermion masses, mixing angles, and gauge couplings remain
unexplained: they enter the theory only as empirical inputs.
Thus, the SM stands as both a triumph of modern physics and a signpost pointing beyond itself. It provides
a framework that explains a vast array of observations with exquisite precision, yet leaves many of the most
profound questions in particle physics unresolved.
One of the most intriguing aspects of the SM is its treatment of �avor. The theory accommodates three
generations of quarks and leptons, but does not explain the replication of families, the large hierarchies in
fermion masses, or the observed pattern of mixing between quark �avors [24, 25]. These open questions
point to �avor physics as a promising sector in which to search for phenomena beyond the SM. In particular,
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rare processes in which quark �avors change without altering electric charge, known as �avor-changing
neutral currents (FCNCs), are especially valuable. Within the SM such transitions are forbidden at tree
level by the Glashow–Iliopoulos–Maiani (GIM) mechanism [26] and occur only through higher-order loops,
making them both highly suppressed and theoretically well controlled [27,27]. This dual property — rarity
and precision — renders FCNCs an excellent probe of potential new dynamics, and placesb ! s transitions
at the forefront of �avor physics studies [28,29].

1.2 b ! s Transition

The transition b ! s is a classic example of FCNCs. The underlying amplitudes involve all up-type quarks
circulating in loops with W bosons, with the top quark giving the numerically dominant contribution [30].
To describe such processes at scales relevant forB decays, one integrates out the heavy �eldsW; Z; t; H at
� ' mW using the operator product expansion. This procedure yields a local effective Hamiltonian [27,31]

H e� = �
4GFp

2

"
X

q= u;c;t

VqbV �
qs

�
C1 Oq

1 + C2 Oq
2

�
+ Vtb V �

ts

10X

i =3

Ci Oi

#

+ h.c. ; (1.1)

The operators Oi are local combinations of quark, lepton, and gluon �elds that encode the possible low-
energy interaction structures. The Wilson coef�cients Ci (� ) are short-distance quantities which incorporate
the effects of heavy particles and higher-order corrections. In practice, they are obtained by matching the
full SM onto the effective theory at the electroweak scale and subsequently evolved down to theb-quark
scale using renormalization-group techniques [27]. In this way, the Wilson coef�cients act as numerical
weights for the various operators, quantifying the relative importance of different interaction channels.

The operator basis includes several distinct classes. The current-current operatorOc
1;2 contains four-quark

structures with internal charm �elds, and although they originate at tree level, they in�uence rare processes
indirectly via operator mixing. The quantum chromodynamics (QCD) penguin operators O3 –O6 describe
gluonic four-quark interactions relevant to hadronic decays of the type b ! sq�q. Electromagnetic and
chromomagnetic dipole operatorsO7
 and O8g, mediate b ! s
 and gluonic penguin effects, respectively. In
the semileptonic sector, the operatorsO9 and O10 describe vector and axial-vector interactions with charged
leptons, governing processes such asb ! s`+ ` � .

Finally, the neutrino operator O�
L mediates the b ! s� �� transition, which, though experimentally chal-

lenging, is theoretically very clean. After renormalization group running to the scale of the b-quark mass,
typical SM values for the Wilson coef�cients are approximately Ce�

7 � � 0:3; Ce�
9 � +4 :1; Ce�

10 � � 4:3 [32].
These numbers encapsulate the relative strength of dipole, vector, and axial-vector contributions inb ! s
transitions.

The phenomenology of these operators is well illustrated by the inclusive decay channels. The radiative decay
b ! s
 is dominated by the electromagnetic dipole operator O7
 and has a branching fraction BSM(B !
X s 
 ) = (3 :40� 0:17)� 10� 4 [32], in excellent agreement with the world average Bexp = (3 :49� 0:19)� 10� 4

[33]. The semileptonic process b ! s`+ ` � ( ` = e; � ) involves interference among O7, O9, and O10, yielding
a branching fraction at the level of BSM(B ! X s`+ ` � ) ' (4 � 6) � 10� 6 [34]. Finally, the invisible decay
b ! s� �� is the cleanest theoretically, since it is described by a single left-handed operator with a coef�cient
C �

L = � X t =sin2 � W . The resulting spectrum has the simple formd� =dŝ / j C �
L j2(1 � ŝ)2(1 + 2 ŝ) with three

neutrino �avours, yielding an integrated branching fraction BSM(B ! X s � �� ) ' (3 � 4) � 10� 5 [35].

Unlike the radiative or charged-lepton modes, b ! s� �� is free from long-distance electromagnetic effects,
making it exceptionally clean from a theoretical perspective. Although experimentally challenging due to
the invisibility of neutrinos, the decay offers a unique and precise probe of �avor-changing neutral currents.
In the following, we discuss the b ! s� �� transition within the SM framework and explore its sensitivity to
potential new physics contributions.
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Figure 1.1: Lowest-order diagrams for theb ! s� �� decay in the SM are of the penguin or box type.

1.3 b ! s� �� Transitions in the Standard Model

The rare decayb ! s� �� is among the cleanest FCNCs in the SM. At the weak scale they arise from the
electroweak box andZ -penguin diagrams, as shown in Fig. 1.1. The corresponding effective Hamiltonian is
particularly clean, as only a single left-handed operator contributes:

H e� = �
4GFp

2
Vtb V �

ts
� e

4�s 2
W

CL OL ; O�
L = (�s
 � PL b)(��
 � PL � ); (1.2)

The Wilson coef�cient is given in the SM by CSM
L = � X t , where the short-distance function X t includes next-

to-leading QCD and full two-loop electroweak corrections, yielding percent-level theoretical precision [36].
The momentum transfer to the neutrino pair is de�ned as

q� = ( p� + p�� ) � ; (1.3)

which represents the invariant mass squared of the di-neutrino system. Since neutrinos are massless in SM,
the leptonic current is conserved,q� ��
 � PL � = 0 . This property eliminates hadronic contributions propor-
tional to q� , leaving only the transverse components of the hadronic current. As a result, the pseudoscalar
and vector �nal states, K + and K � 0, exhibit distinct but constrained structures.

1.3.1 Decay Rate of B + ! K + � ��

Exclusive b ! s� �� decays are governed by hadronic matrix elements of the quark current�s
 � b, which
encode the non-perturbative QCD dynamics of theB meson transitioning to a light pseudoscalar or vector
meson. These matrix elements are parameterized by Lorentz-invariant form factors that depend only on the
momentum transfer 1.3.
For the pseudoscalar �nal state, the most general decomposition of the vector current is

hK (pK )j �s
 � bjB (pB )i = f + (q2)
h
(pB + pK ) � �

m2
B � m2

K

q2 q�

i
+ f 0(q2)

m2
B � m2

K

q2 q� : (1.4)

As a result, the contributions proportional to q� vanish, and only the vector form factor f + (q2) survives,
while the scalar form factor f 0(q2) enters only through the constraint

f + (0) = f 0(0): (1.5)
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The differential decay rate is then given by

d�( B ! K� �� )
dq2 =

G2
F � 2

e

256� 5

jVtb V �
ts j2

s4
W

jX t j2
� 3=2(m2

B ; m2
K ; q2)

m3
B

jf + (q2)j2 � 3; (1.6)

where � (a; b; c) = ( a + b� c)2 � 4ab, and the factor of 3 accounts for the neutrino �avors. The form factor
f + (q2) describes the overlap between theB meson and the recoiling K meson, as probed by the conserved
vector current. It determines both the normalization and shape of the differential spectrum.
The High Precision Lattice QCD collaboration (HPQCD) provides high-precision lattice QCD results for
f + ;0(q2) using the Bourrely-Caprini-Lellouch (BCL) z-expansion [37]. The conformal variable is de�ned as

z(q2; t0) =

p
t+ � q2 �

p
t+ � t0p

t+ � q2 +
p

t+ � t0
; t � = ( mB � mK )2; (1.7)

with t0 chosen neart � = ( mB � mK )2 to minimize jzj in the physical region. The form factors are then
expanded as

f + (q2) =
1

1 � q2=m2
B �

s

KX

k=0

b(+)
k z(q2; t0)k ; (1.8)

f 0(q2) =
KX

k=0

b(0)
k z(q2; t0)k ; (1.9)

with the kinematic constraint f + (0) = f 0(0). The coef�cients b(+ ;0)
k and their covariance matrices are

provided by HPQCD.
The most recent SM prediction from HPQCD gives [37]

B(B + ! K + � �� )total
SM = (5 :58� 0:37) � 10� 6; (1.10)

where (0:61 � 0:06) � 10� 6 arises from the long-distance cascadeB + ! � + � , � + ! K + �� . This tree-level
cascade contribution, as shown in Fig. 1.2, though not part of the genuine FCNCs amplitude, mimics the
same �nal state and therefore can be separated from the short-distance signal.b ! s� �� contribution. A
complementary analysis [38] �nds

B(B + ! K + � �� )SM = (5 :22� 0:15� 0:28) � 10� 6; (1.11)

based on updated lattice and light-cone sum-rule (LCSR) form factors. The two determinations are fully
consistent, with the small difference traceable to the explicit treatment of the � -mediated contribution and
the choice of form-factor inputs.

1.3.2 Decay Rate of B 0 ! K � 0� ��

The case of the vector mesonK � is more intricate, since both vector and axial-vector form factors contribute.
The hadronic current is parameterized as [38]

hK � (p; � )j �s
 � (1 � 
 5)bjB (pB )i = � ���� � � � p�
B p� 2V(q2)

mB + mK �
� i� �

� (mB + mK � )A1(q2)

+ i (� � � q)
(pB + p) �

mB + mK �
A2(q2)

+ i (� � � q)
2mK �

q2 q�
�
A3(q2) � A0(q2)

�
; (1.12)

with the auxiliary form factor de�ned by

A3(q2) =
mB + mK �

2mK �
A1(q2) �

mB � mK �

2mK �
A2(q2): (1.13)
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Figure 1.2: The long-distance double-charged-current diagram arising at tree level in the SM also contributes
to the B + ! K + � �� decay.

In the limit of massless neutrinos, the helicity amplitudes depend only on the form factors V (q2), A1(q2),
and A2(q2), while the pseudoscalar form factor A0(q2) does not contribute.
The relevant helicity amplitudes of B ! K � � �� are

H � (q2) = ( mB + mK � ) A1(q2) �

p
� �

mB + mK �
V(q2); (1.14)

H0(q2) =
1

2mK �

p
q2

h
(m2

B � m2
K � � q2)(mB + mK � )A1(q2) �

� �

mB + mK �
A2(q2)

i
; (1.15)

with � � = � (m2
B ; m2

K � ; q2). At �rst glance H0 where V(q2) governs transverse singular asq2 ! 0. This is
avoided by the condition A3(0) = A0(0), which enforces a cancellation in the numerator of H0. Thus, the
longitudinal helicity amplitude remains �nite. In practice, it is convenient to introduce the combination
A12(q2) [38], which is constructed precisely to guarantee the proper behavior of H0(q2) near q2 = 0 .
The helicity amplitudes H � (q2) and H0(q2) capture the hadronic dynamics. The full angular dependence
of the decay enters when considering the angle� between the K � momentum in the B rest frame and the
direction of one neutrino in the � �� rest frame. The double-differential rate is

d�( B ! K � � �� )
dq2dcos�

= N (q2)[
3
4

(1 + cos2� )( jH+ j2 + jH� j2) +
3
2

sin2� jH0j2] (1.16)

with

N (q2) =
G2

F � 2
e

256� 5

jVtb V �
ts j2

s4
W

jX t j2
p

� � q2

m3
B

� 3: (1.17)

Integration over cos� recovers the single-differential rate. The differential decay rate takes the form

d�( B ! K � � �� )
dq2 = N (q2)( jH0j2 + jH+ j2 + jH � j2): (1.18)

A particularly clean observable is the longitudinal polarization fraction

FL (q2) =
jH0j2

jH0j2 + jH+ j2 + jH � j2
; (1.19)

which depends almost entirely on the hadronic form factors and is largely insensitive to short-distance
physics [39].
Each form factor is expressed in a pole-dominatedz-expanded form:

F (q2) =
1

1 � q2=m2
pole

KX

k=0

aF
k z(q2; t0)k ; F 2 f V; A1; A2g: (1.20)
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The coef�cients aF
k are �tted to LCSR results at low q2 and constrained by lattice data at higher q2.

Using this form-factor treatment and two-loop–electroweak improved short distance, the SM expectation
is [38]

B(B 0 ! K � 0� �� )SM =
�
9:47� 1:28FF � 0:57param

�
� 10� 6: (1.21)

where FFdenotes the uncertainty from the form factors, and paramdenotes parametric uncertainties such
as CKM elements and quark masses.
The B ! K channel depends on the single form factorf + (q2), known to high precision from lattice QCD with
a BCL parametrization. TheB ! K � � �� channel requires three independent form factorsV; A1; A2, obtained
from LCSR and lattice-informed �ts, with A12 ensuring proper kinematics. Together, these parametrizations
provide the essential non-perturbative input for reliable SM predictions of branching ratios and polarization
observables inb ! s� �� transitions.

1.4 New Physics Scenarios in b ! s� ��

The SM predicts that the decaysB ! K ( � ) � �� proceed via electroweakZ -penguin and W -box diagrams 1.1.
The amplitudes are doubly suppressed by the loop factor and by the small CKM combinationVtb V �

ts , leading
to branching fractions of order O(10� 6) [37, 38]. Moreover, the effective Hamiltonian is dominated by a
single left-handed operator

O�
L = (�s
 � PL b)(��
 � PL � ); O�

R ' 0 (1.22)

Any signi�cant deviation from this structure would be a sensitive probe of new physics beyond the SM.
Broadly, new physics scenarios that can enhance the rates fall into three categories, depending on the nature
of the mediator and �nal state: tree-level FCNCs mediators, invisible mediator scenarios, and sterile-neutrino
extensions. The central mechanism is to remove the loop and CKM suppression that makes the SM process so
rare, allowing sizeable enhancements of the branching fractions or the appearance of right-handed operators.

Tree-level FCNCs mediators. The �rst class of new-physics scenarios involves mediators that couple only
to SM �elds and generate tree-level FCNCs without requiring a dark sector. A canonical example is a heavy
neutral Z 0 boson with �avour-violating couplings to quarks and couplings to neutrinos. Such a state induces
direct contributions to the effective operators O�

L or O�
R [40 –42], as shown in Fig. 1.3 (left). The relevant

interaction Lagrangian can be written as

L �
�
gL

bs �s
 � PL b+ gR
bs �s
 � PR b

�
Z 0� + g� ��
 � PL � Z 0� ; (1.23)

where the new couplings gL;R
bs act as direct �avour-changing parameters, in contrast to the CKM-suppressed

loop structure of the SM.
Leptoquark models achieve a similar effect by exchanging scalar or vector particles that link quarks and
leptons, producing b ! s� �� at tree level through Yukawa-type couplings [43–46], as shown in Fig. 1.3
(right). For instance, a scalar triplet S3 and a vector singlet U1 couple via

L � yij �Qc
i i� 2(~� � ~S3) L j + x ij

L
�Qi 
 � L j U �

1 ; (1.24)

so that off-diagonal entries in yij or x ij
L directly induce FCNCs with neutrinos in the �nal state.

A further example is provided by R-parity-violating supersymmetry. Squark exchange induced by the� 0LQD c

superpotential operator generates a tree-level four-fermion interaction between quarks and neutrinos [47].
The effective interaction arises from

L � � 0
i 2k

~d�
Rk �� i PL s + � 0

i 3k
~d�
Rk �� i PL b; (1.25)

which, after integrating out the squark, leads to effective operators of the form (�s
 � PR b)(�� i 
 � PL � i ).
In all of these cases, the SM suppression is lifted because the new mediator provides a direct, tree-level
FCNCs involving only SM neutrinos. As a result, the Wilson coef�cientsC �

L;R can receive large additional
contributions, and the branching fractions of B ! K ( � ) � �� may be substantially enhanced.
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Figure 1.3: The beyond SM diagrams for theb ! s� �� decay via new mediators,Z 0 (left) and leptoquark
(right), in the tree-level.

Invisible-mediator scenarios. The second class of models introduces new mediators that couple to theb� s
current and decay invisibly, either into SM neutrinos or into dark-sector states � . In these models, the severe
loop and CKM suppression of the SM is replaced by tree-level couplings, potentially leading to order-one
enhancements of the rate. A light mediator typically produces a distortion or or excess in the low-q2 region
of the missing-mass spectrum, while heavy mediators lead to an overall rescaling of the rate.
A prototypical example is the Higgs-portal scalar S (HS), which mixes with the SM Higgs and couples
directly to �sb [48–50]. The relevant interactions are

L � ybs �sPR b S+ y� S ��� + � HS S2jH j2 + � S jH j2; (1.26)

Here b ! sS occurs at tree level, and the invisible decayS ! �� or �� mimics the SM signature.
Another realization is provided by dark photons or new U(1)D gauge bosons [51,52], with interactions

L � gA 0

bs �s
 � PL;R b A0
� + gD ��
 � � A 0

� �
�
2

F 0
�� B �� ; (1.27)

where gA 0

bs is an effective �avour-changing coupling, gD is the dark gauge coupling, and � parameterizes
kinetic mixing with hypercharge. In this case, a vector mediator replaces the SM penguin, inducing the
(�s
 � b)( ��
 � � ) at tree level.
Axion-like particles or Majorons a can also mediate invisible channels through derivatives interactions [53,
54]

L �
@� a
f a

�s
 � �
csb

V + csb
A 
 5

�
b; (1.28)

if a decays invisibly, the �nal state is again indistinguishable from � �� .
Extended Higgs sectors such as two-Higgs-doublet models can permit tree-level �avour-changing couplings
of a neutral Higgs boson [51,55]. A generic structure is

L � Ybs �sPR b H0 + y� H 0 ���; (1.29)

so that b ! sH 0 occurs directly, followed by the invisible decay H 0 ! �� .
Finally, a more model-independent SM effective �eld theory approach extended with dark-sector currents
(dark-standard-model-effective-�eld-theory). [41,42]. The leading operator takes the form

L �
cL

� 2 (�s
 � PL b)( ��
 � � ); (1.30)

capture the low-energy effects of integrating out a heavy invisible mediator.
In all of these invisible mediator scenarios, the essential feature is that a new scalar or vector boson mediates
b ! s transitions at tree level and subsequently decays invisibly. As a result, the suppression character-
istic of the SM loop is removed, and the branching fractions can receive order-one enhancements, often
accompanied by distinctive low-q2 distortions in the missing-mass spectrum.
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Sterile-neutrino extensions. The third class enlarges the neutrino sector by introducing sterile neutrinos,
often referred to as heavy neutral leptons (HNLs). These are gauge-singlet fermions that mix with the active
neutrinos and thus can appear as invisible �nal states in B decays. The minimal interaction takes the form

L � � yN �L ~HN � 1
2 M N �N cN; (1.31)

where yN is a Yukawa coupling, M N is the Majorana mass of the sterile state, and ~H = i� 2H � is the
conjugate Higgs doublet. After electroweak symmetry breaking, this generates an active-sterile mixing angle
U`N � yN v=MN , which allows the sterile neutrino N to participate in weak processes.
In this framework, the decays such asb ! s�N or b ! sNN occur at tree level, opening new invisible
channels that add to the SM b ! s�� rate [56]. Consequently, B(B ! K ( � ) + invisible) need not be
saturated by SM neutrinos alone, but could also include contributions from sterile states. In contrast to
the invisible mediator scenarios, the enhancement here is directly tied to the mechanism of neutrino mass
generation through Yukawa couplings and Majorana terms. Characteristic signatures include modi�cations
of the missing-mass spectrum and, if the sterile neutrino is suf�ciently long-lived, displaced vertices that
could be observable in dedicated searches.
It should be emphasized that, although some of these scenarios have recently attracted renewed attention
in light of the published B + ! K + � �� result [1] (to be discussed in Part 2), the purpose of the present
discussion is broader: to outline the possible theoretical scenarios that can contribute toB ! K ( � ) � �� decays,
thereby providing a comprehensive picture of the landscape beyond the SM.

1.5 Overview of the Previous Searches

The search forB ! K ( � ) � �� decays is strongly motivated theoretically, but presents signi�cant experimental
challenges because the two neutrinos escape detection. Consequently, the signal must be reconstructed
indirectly from the missing energy and momentum in the event. The previous generation of B factories
enabled the Belle and BaBar experiments to perform dedicated searches for these decays. No signal has been
observed so far, and only upper limits on the branching fractions have been reported.
All previous searches employed either the hadronic tagging analysis (HTA), the semileptonic tagging analysis
(STA), or the inclusive tagging analysis (ITA) (see Sec. 3.1). Table 1.1 summarizes the experimental results
of previous searches forB + ! K + � �� and B 0 ! K � 0� �� decays, including the collaboration, integrated
luminosity, analysis technique, and the resulting upper limits on the branching fractions at 90% con�dence
level. For B 0 ! K � 0� �� decays, the reconstructed decay modes ofK � 0 are listed explicitly.

Experiment Luminosity Technique Decay Channel(s) Limits(90% CL)� 10� 5

Belle II 63 fb� 1 ITA B + ! K + � �� 4.1 [57]
Belle 711 fb� 1 HTA B + ! K + � �� 5.5 [58]

B 0 ! K � 0� �� , K � 0 ! K + � � 5.5 [58]
Belle 711 fb� 1 STA B + ! K + � �� 1.9 [59]
Belle 711 fb� 1 STA B 0 ! K � 0� �� , K � 0 ! K + � � 1.8 [59]

BABAR 429 fb� 1 HTA B + ! K + � �� 3.7 [60]
B 0 ! K � 0� �� , K � 0 ! K + � � ; K 0

S � 0 9.3 [60]
BABAR 418 fb� 1 STA B + ! K + � �� 1.3 [61]

Table 1.1: Experimental results of previous searches forB + ! K + � �� and B 0 ! K � 0� �� decays with
collaboration name, luminosity of data, measured technique and measured upper limit on the branching
fraction at 90% con�dence level.
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Chapter 2

The Belle II experiment

The Belle II experiment is a next-generation facility dedicated to precision studies of the �avor sector of the
SM and to the search for physics beyond it through indirect signatures [62]. Situated at the interaction point
of the SuperKEKB collider in Tsukuba, Japan, Belle II builds upon the legacy of its predecessor, Belle, and
forms the core of what is known as a B factory—a facility engineered for the proli�c production and precise
study of B mesons, as well as other heavy �avor states. The primary physics motivation for Belle II lies in
the rich phenomenology of the heavy quark �avor sector, particularly processes involving bottom and charm
quarks, and in complementary precision studies of the charged lepton sector. These areas provide sensitive
probes of the SM through over-constrained tests of the CKM matrix, searches for CP violation (CPV) beyond
the Standard Model paradigm, and measurements of rare or forbidden decays that could reveal virtual
effects of new particles or interactions. Belle II operates at the�(4 S) resonance, a bottomonium state just
above the kinematic threshold for B �B pair production. The electron–positron ( e+ e� ) collision environment
provides a uniquely clean setting for studying such decays, free from the complexities of hadronic initial
states. An essential feature of theB factory design is the use of asymmetric beam energies—the electron
and positron beams have unequal momenta—resulting in a net boost to the center-of-mass frame. At the
�(4 S), this corresponds to�
 � 0:28, allowing reconstruction of proper-time differences between B meson
decays [62]. This asymmetry is essential for time-dependent analyses of neutralB meson decays, where
precise measurements of decay time differences enable detailed studies of CP-violating phenomena arising
from the interference between mixing and decay. Beyond CPV, Belle II addresses a broad program at the
intensity frontier, where the unprecedented luminosity of SuperKEKB allow for precision tests of the SM
and enhances sensitivity to rare processes. These include searches for lepton �avor violation, measurements
of CKM matrix elements such asjVub j and jVcb, tests of lepton universality, and the exploration of potential
contributions from new physics scenarios such as supersymmetry, leptoquarks, or dark sector mediators.
In this context, Belle II represents a major advancement in �avor physics, leveraging both technological
upgrades in detection and dramatic increases in luminosity provided by the SuperKEKB accelerator. Together,
they enable Belle II to perform high-precision measurements and sensitive searches that complement the
energy frontier probed by hadron colliders, offering a unique window into phenomena that may lie beyond
the reach of direct production. Table 2.1 summarizes representative cross sections for various physics
processes ine+ e� collisions at

p
s = 10:58 GeV, near the�(4 S) resonance. The highest cross section arises

from QED processes such as Bhabha scattering and multi-lepton �nal states, while hadronic processes like
q�q(
 ) and �(4 S) ! B �B occur at the nanobarn level. These values guide event generation and background
estimation in Belle II analyses. The following sections describe the detector subsystems in detail, followed
by the trigger, data acquisition, and reconstruction frameworks that enable the Belle II physics program.

2.1 SuperKEKB

SuperKEKB is a next-generation electron–positron collider developed at KEK in Tsukuba, Japan, as a high-
luminosity upgrade of the earlier KEKB facility. Engineered to deliver a 40-fold increase in instantaneous lumi-
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Table 2.1: The presentative cross sections for physics processes ine+ e� collisions at
p

s = 10:58 GeV, near
the �(4 S) resonance [62].

Physics Process Cross Section[nb] Generator
e+ e� ! �(4 S) 1.11 Pythia8 [63], EvtGen [64]
e+ e� ! u�u(
 ) 1.61 KKMC [65]
e+ e� ! d �d(
 ) 0.40 KKMC
e+ e� ! s�s(
 ) 0.38 KKMC
e+ e� ! c�c(
 ) 1.30 KKMC
e+ e� ! e+ e� (
 ) 300 BABAYAGA.NLO [66]
e+ e� ! � + � � (
 ) 1.15 KKMC
e+ e� ! � + � � (
 ) 0.92 KKMC
e+ e� ! e+ e� e+ e� 39.7 AAFH [67]
e+ e� ! e+ e� � + � � 18.9 AAFH
e+ e� ! 

 (
 ) 3.30 BABAYAGA.NLO
e+ e� ! � �� (
 ) 0.25� 10� 3 KKMC

nosity over its predecessor, SuperKEKB provides the intense beam environment necessary for the Belle II ex-
periment's precision measurements in �avor physics. The collider with a design goal of 8� 1035 cm� 2s� 1 [68],
and as of December 2024 has achieved a peak luminosity 5.1� 1034 cm� 2s� 1 corresponding to an integrated
dataset of 575 fb� 1.
The structural layout of SuperKEKB is shown in Figure 2.1 of the design reference [68], which provides a
schematic overview of the entire accelerator complex. SuperKEKB is composed of two independent storage
rings: the High Energy Ring (HER) for 7 GeV electrons and the Low Energy Ring (LER) for 4 GeV positrons.
These rings share a 3-km tunnel and intersect at a single interaction point (IP) within the Belle II detector.
The schematic highlights not only the storage rings but also essential infrastructure such as the injector linear
accelerator, the positron damping ring, and beam transport lines. A notable feature of the interaction region
is the integration of advanced superconducting quadrupole magnets, �nal-focus systems, and specialized
beam optics designed to handle high-current, low-emittance beams.

Figure 2.1: Schematic layout of the SuperKEKB accelerator complex [68], showing the HER (7 GeVe� ) and
LER (4 GeVe+ ) storage rings, the interaction point (IP), and supporting infrastructure such as the injector
linac, damping ring, and beam transport lines.

A central innovation of SuperKEKB is the adoption of the nanobeam collision scheme [68,69], depicted in
Figure 2.2. This scheme employs a large horizontal crossing angle—83 mrad in total—so that the beams
intersect at a shallow angle rather than head-on. The geometry increases the Piwinski angle, which in turn
allows a dramatic reduction in the vertical beta function at the interaction point ( � �

y ) to approximately 1 mm.
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As a result, the vertical beam size is compressed to the sub-micrometer scale (� �
y � 250 nm), signi�cantly

enhancing the probability of particle collisions per bunch crossing. Importantly, the crossing angle also
suppresses the hourglass effect by reducing the longitudinal overlap of the bunches, enabling strong focusing
without requiring ultrashort bunch lengths. SuperKEKB employs asymmetric beam energies (7 GeVe� , 4
GeVe+ ), inherited from KEKB and maintained to preserve compatibility with the existing tunnel and detector
geometry. This asymmetric beam energies yield a Lorentz boost of�
 � 0:28, which is essential for time-
dependent CPV studies. Accelerator optimization instead concentrates on sustaining ultra-low emittance,
minimizing beam–beam effects, and preserving collision precision under high-current operation.

Figure 2.2: Illustration of the nanobeam collision scheme implemented at SuperKEKB. The upper panel
shows the reduction of the vertical beam size compared to KEKB, achieved by squeezing the vertical beta
function at the interaction point. The lower panel depicts the bunches colliding in the horizontal plane
with a total crossing angle of 83 mrad, which enhances the Piwinski angle and suppresses the hourglass
effect [68].

SuperKEKB achieves its performance through a combination of high stored beam currents, tight focusing,
and precise orbit control. The table 2.2 below summarizes its key numerical features. These design innova-
tions enable SuperKEKB to sustain ultra-low emittance beams under high current operation, realizing the
luminosity required by Belle II.

Parameter HER ( e� ) LER (e+ )
Beam energies 7(8) GeV 4(3.5) GeV
Beam current 2.6(1.19)A 3.6(1.64)A
Horizontal crossing angle 41.5(0, 11) mrad 41.5(0, 11) mrad
Vertical beta function at IP � �

y 0.30(5.9) mm 0.27(5.9) mm
Vertical beam size at IP� �

y 62(940) nm 48(940) nm
Piwinski angle 19.3(0) rad 24.6(0) rad

Table 2.2: Key design parameters of the SuperKEKB collider for the High Energy Ring (HER,e� ) and Low
Energy Ring (LER,e+ ). Values in parentheses indicate the corresponding parameters of the predecessor
KEKB machine [68].
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2.2 Detector

The Belle II detector [70], as shown in Fig 2.3, is a general-purpose spectrometer optimized for high-precision
studies of heavy �avor physics at the SuperKEKB collider. It is designed to operate in a high-luminositye+ e�

environment, offering excellent vertex resolution, tracking, particle identi�cation, and muon detection. At
its core, a 0.6 mm thick beryllium beam pipe with a 10 mm inner radius minimizes multiple scattering and
enables precise vertex measurements near the interaction point. Surrounding this is the Vertex Detector
(VXD), composed of the Pixel Detector (PXD) and Silicon Vertex Detector (SVD), providing high-resolution
vertexing for time-dependent CPV studies. Surrounding the VXD is the Central Drift Chamber (CDC), respon-
sible for tracking and measuring the momentum of charged particles via curvature in the magnetic �eld. The
Electromagnetic Calorimeter (ECL) detects and measures the energy of photons and electrons usingCsI (T l )
crystals. Particle identi�cation is handled by two systems: the Time-of-Propagation (TOP) counter in the
barrel and the Aerogel Ring Imaging Cherenkov (ARICH) detector in the forward endcap. These distinguish
between charged hadrons over a wide momentum range using Cherenkov light detection. The tracking
and particle identi�cation (PID) systems are enclosed within a 1.5 T superconducting solenoid magnet,
which provides the magnetic �eld for momentum analysis. Outside the magnet is the KLM system (K 0

L and
� detector), consisting of resistive plate chambers interleaved with iron plates, used to detect muons and
long-lived neutral hadrons. A multi-level trigger system, combining hardware and software, ensures ef�cient
event selection under high background and collision rates. Together, these subsystems provide Belle II with
comprehensive capabilities for tracking, vertexing, particle identi�cation, and calorimetry, enabling precision
studies of rare processes and stringent tests of the Standard Model.

Figure 2.3: Schematic view of the Belle II detector, showing its major subsystems: beam pipe, vertex detector
(PXD and SVD), central drift chamber, particle identi�cation devices (TOP and ARICH), electromagnetic
calorimeter, superconducting solenoid, and the KLM system [70].

2.2.1 Tracking: VXD

The VXD comprises two subsystems: the PXD and the SVD. Together, they provide six layers of precisely
position-sensitive detectors closely surrounding the interaction point. The PXD consists of two cylindrical
layers positioned at radii of 14 mm and 22 mm from the beam axis. Each layer comprises 8 and 12 ladders,
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respectively (or 16 and 24 modules when accounting for both sides of the interaction region) [71]. The
sensitive thickness of the Depleted P-channel Field Effect Transistor (DEPFET) sensors is 75� m, offering
an excellent compromise between mechanical robustness and material budget. The DEPFET matrices are
operated at 50 kHz frame rate with a 10 MHz row readout speed, matching the high background conditions
expected at SuperKEKB.
Surrounding the PXD is the SVD [72], composed of four layers of double-sided silicon strip detectors (DSSDs),
placed at radii from 38 mm to 135 mm. Strip pitch ranges from 50–75 � m (p-side) and 160 � m (n-side),
balancing resolution and occupancy. The SVD provides additional tracking redundancy and improves pattern
recognition and momentum resolution, particularly for low-momentum tracks. The combined VXD achieves
a typical impact parameter resolution of approximately

• � 15 � m in the transverse plane

• � 20-30 � m along the beam (z) direction for charged tracks with momenta above a few hundred
MeV/c

Fig 2.4 shows the xy-plane views of the Pixel Detector (left) and the Silicon Vertex Detector (right), illustrat-
ing their geometry around the beam pipe. This high-resolution vertexing capability is essential for precise
reconstruction of decay time differences in neutral B 0- �B 0 mixing and for identifying displaced vertices from
charm or tau decays in a dense event environment.

Figure 2.4: xy-plane layout of the two subsystems of the Belle II Vertex Detector. Left (Anselm Baur): PXD,
consisting of two cylindrical DEPFET layers at radii of 14 mm and 22 mm. Right [72]: the four-layer SVD
composed of double-sided strip sensors, extending the radial coverage to 135 mm. Combined, the PXD and
SVD deliver high-resolution vertexing close to the interaction point,

2.2.2 Tracking: CDC

The CDC is the principal tracking device outside the Vertex Detector in Belle II. It serves to measure
the trajectories and momenta of charged particles, determine their ionization energy loss (dE=dx), and
contribute to particle identi�cation.
The CDC covers a polar angle range of17� < � < 150� , and consists of 56 concentric wire layers, arranged
into alternating axial and stereo layers, further grouped into 9 superlayers. The axial layers have sense
wires aligned parallel to the beam axis, providing precise measurements in the transverse plane (r -� ). The
stereo layers are tilted at small angles, allowing for the determination of the longitudinal ( z) coordinate
and enabling full 3D track reconstruction. To accommodate the high-luminosity environment of SuperKEKB,
the CDC adopts a small-cell structure in its innermost layers, reducing the drift distance and improving
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occupancy handling. The drift cells are �lled with a gas mixture of 50% helium and 50% ethane ( C2H6,
chosen to minimize multiple scattering while maintaining good spatial resolution.
The CDC achieves a typical spatial resolution of approximately 100� m per hit, and a momentum resolution
of �p T =pT � 0:3% for tracks with high transverse momentum. Its large outer radius (1.13 m) and length
(2.3 m) provide excellent coverage over a wide solid angle, and its integration with the VXD ensures ef�cient
track matching and pattern recognition. Fig 2.5 shows an overview of the CDC in x-y plane geometry and
arrangement of axial and stereo wire layers.

Figure 2.5: Views of the Belle II CDC. Left: xy-plane geometry of the cylindrical detector [73]. Right:
arrangement of axial and stereo wire layers, enabling 3D tracking [74].

2.2.3 Particle Identi�cation

Belle II employs two advanced Cherenkov detectors for charged hadron identi�cation, crucial for discrimi-
nating kaons and pions with high accuracy over a wide momentum range.
The ARICH, positioned in the forward endcap, uses multilayer silica aerogel radiators to generate Cherenkov
light rings [70]. These are imaged by Hybrid Avalanche Photo-Detectors (HAPDs), which is radiation-
tolerant, high-gain photon detectors developed speci�cally for Belle II, to reconstruct the Cherenkov angle,
allowing ef�cient kaon/pion separation up to momenta around 4 GeV/ c. Figure 2.6 (left) illustrates the
working principle of the proximity-focusing ARICH detector. Charged particles passing through the aerogel
radiator emit Cherenkov photons at an angle� c relative to their trajectory. These photons propagate through
a small gap (the proximity gap) without focusing optics and are detected on a photodetector plane, forming
a ring image.
The radius of the Cherenkov ring on the detector plane directly relates to the Cherenkov angle� c, which
depends on the particle velocity and the aerogel's refractive index. By measuring this ring radius and
combining it with momentum information from tracking, the ARICH identi�es particle species, effectively
distinguishing kaons from pions in the forward region of Belle II.
In the barrel region, the TOP utilizes internally re�ected Cherenkov photons within quartz bars, combining
precise timing ( � 50 ps) and photon hit pattern measurements to identify particle species [75]. Figure 2.6
(right) depicts the TOP counter's side view, where charged particles emit Cherenkov photons inside a quartz
bar at the Cherenkov angle� c. These photons internally re�ect along the bar and reach photodetectors at the
end. By measuring their arrival times and positions, the detector reconstructs� c, allowing particle identi�ca-
tion through velocity-dependent Cherenkov light patterns. The pattern recognition relies on likelihood �ts
comparing observed photon hit distributions to templates for different mass hypotheses. Together, the ARICH
and TOP achieve kaon identi�cation ef�ciencies of about 90% with pion misidenti�cation probabilities of
5-10%, depending on momentum and polar angle.
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Figure 2.6: Illustration of the Belle II Cherenkov-based PID detectors. Left: proximity-focusing ARICH,
where charged particles produce Cherenkov rings detected by HAPDs [70]. Right: TOP counter, in which
Cherenkov photons propagate by internal re�ection inside quartz bars, with their arrival times and hit
positions measured at the bar end to reconstruct the Cherenkov angle [70].

2.2.4 ECL

The Electromagnetic Calorimeter of the Belle II detector is a key subdetector responsible for measuring the
energy and position of electrons, positrons, and photons. It plays a central role in electromagnetic particle
identi�cation and in reconstructing neutral particles such as � 0 and � mesons [70]. The ECL is composed of
8736 thallium-doped cesium iodide crystals arranged in a barrel (6624 crystals) and two endcap sections
(1152 crystals each), providing hermetic coverage over a polar angular range of approximately 12� to 155� .
EachCsI (T l ) crystal has dimensions of approximately 6� 6 � 30 cm3, corresponding to about 16 radiation
lengths, which is suf�cient to contain the full electromagnetic shower. The scintillation light generated
by particle interactions is read out via silicon PIN photodiodes coupled to waveform-sampling front-end
electronics. These electronics provide both fast and slow signal shaping (typically around 0.2� s, and 1
�s , respectively), and are capable of time-resolved signal extraction for pile-up rejection and pulse-shape
discrimination. The energy measurement in the ECL is based on the total scintillation light yield produced
by the electromagnetic shower. The light output is proportional to the energy deposited, with a typical light
yield of 50,000 photoelectrons per MeV, but only a fraction is collected. The signals are digitized and
calibrated to reconstruct the deposited energy. The upgraded Belle II readout system enables high precision
under high-luminosity conditions and improved timing resolution, essential for background suppression.
The performance of the ECL has been validated both in test beam campaigns and using Belle II collision data.
The achieved energy resolution is approximately 1.8% at 1 GeV and 4% at 100 MeV. The spatial resolution
for photon and electron showers is of the order of 5 mm=

p
E(GeV). The timing resolution is approximate

2–3 ns for 1 GeV showers, enabling effective discrimination against beam-related backgrounds.
In summary, the Belle II ECL achieves high-resolution, high-ef�ciency detection of electromagnetic particles,
with excellent energy and spatial resolution. Its upgraded design ensures robust operation in the high-
luminosity environment of SuperKEKB.

2.2.5 KLM

The K 0
L and Muon Detector constitutes the outermost subsystem of the Belle II spectrometer and plays a

critical role in the identi�cation of muons and long-lived neutral kaons ( K 0
L ). It is embedded in the iron �ux

return yoke of the superconducting solenoid and covers the polar angle range from approximately 20� to
155� , providing nearly hermetic coverage for penetrating and weakly interacting particles [70].
The primary detection principle relies on the different interactions of muons and K 0

L mesons with the
detector material. Muons, being minimum ionizing particles, penetrate deeply through multiple layers of
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iron absorber and leave aligned hits in the active detection modules. In contrast,K 0
L mesons are detected

via hadronic interactions within the iron, resulting in secondary particle showers that produce spatially
localized hit clusters.
The KLM is segmented into alternating layers of iron plates (� 4.7 cm thick) and active detector modules.
In the Belle II upgrade, the active layers in the two innermost barrel regions and in the forward and
backward endcaps were replaced with plastic scintillator strips coupled to wavelength-shifting �bers and
silicon photomultipliers (SiPMs). This upgrade was required to cope with the high background conditions
at SuperKEKB, which exceeded the rate capability of the resistive plate chambers (RPCs) used in Belle. The
remaining outer barrel layers continue to utilize RPCs due to their robustness and cost-effectiveness.
Each scintillator layer provides both spatial and timing information. The strip geometry yields a spatial
resolution of a few centimeters, while the timing information enhances the ability to suppress background
and correctly associate hits with the interaction vertex.
The KLM exhibits excellent performance with muon identi�cation ef�ciencies above 90% for momenta
above a few GeV/c, and pion misidenti�cation rates at the level of 2–3%. The K 0

L detection ef�ciency is
approximately 60–70%, as expected from the stochastic nature of hadronic interactions in dense absorbers.
This capability is essential for reconstructing missing energy signatures and neutral particle decays in �nal
states involving neutrinos or invisible particles.
In summary, the KLM provides essential information for muon identi�cation and K 0

L detection. Its hybrid
design, combining scintillator modules and RPCs, ensures robust performance in the challenging high-
luminosity environment of SuperKEKB, making it a vital component of the Belle II physics program.

2.3 Trigger and Data Acquisition System of Belle II

The Belle II experiment at SuperKEKB employs a sophisticated Trigger and Data Acquisition (DAQ) system to
ef�ciently manage the high event rates generated by an instantaneous luminosity exceeding 5� 1034 cm� 2s� 1.
This system is designed to selectively record events of interest while controlling data volume and maintaining
high operational ef�ciency.

2.3.1 Trigger System

The trigger system is structured as a two-level hierarchy:

• Level-1 (L1) Trigger: A hardware-based system with a latency of approximately 5� s, processing
inputs primarily from the TOP, CDC, ECL, and KLM. It reduces the raw event rate from the 250 MHz
bunch crossing frequency to about 30 kHz. The L1 trigger achieves an ef�ciency exceeding 90% across
a broad range of physics channels, including low-momentum tracks and missing energy events critical
for rare decay analyses [70].

• High-Level Trigger (HLT): A software-based trigger running on a large computing farm that performs
full event reconstruction with detailed data from all sub-detectors. The HLT further reduces the input
rate to a sustainable� 5 kHz for permanent storage, in line with bandwidth and storage constraints.

2.3.2 Data Acquisition System

Post L1 acceptance, the DAQ system handles the digitized data streams from over a million detector channels,
achieving an aggregate throughput of several gigabytes per second [76]. The modular front-end electronics
utilize high-speed optical links to transmit data to event builders that synchronize detector fragments and
assemble complete event records with sub-microsecond precision.
The system maintains a minimal dead time below 1%, enabling near-continuous data taking with nearly
100% live-time. Integration with online monitoring and calibration tools ensures data quality and detector
stability throughout operations. This process is shown in diagram 2.7
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Together, the Belle II trigger and DAQ systems ef�ciently select and record physics events in the challenging
high-luminosity environment of SuperKEKB, maximizing sensitivity to rare processes and precision measure-
ments in �avor physics.

SuperKEKB
Collisions

(250 MHz)

Detector
Subsystems
(CDC, ECL,
KLM, etc.)

L1
(5 µs

latency)
HLT

DAQ
& Event
Building

Permanent
Data

Storage

30 kHz 5 kHz

Figure 2.7: Schematic of the Belle II trigger and DAQ chain. Collision events at 250 MHz are processed by
the detector subsystems and passed through the two-level trigger hierarchy (L1 hardware and HLT software)
before �nal assembly in the DAQ system and transfer to permanent storage.

2.4 Simulation and Beam-Induced Background in the Belle II Experi-
ment

2.4.1 Analysis Software Framework

The Belle II Analysis Software Framework 2 (basf2 ) is a modular, object-oriented software platform de-
veloped for the full chain of data processing in the Belle II experiment [77]. Written primarily in C + +
with Python bindings, basf2 supports event generation, detector simulation, reconstruction, calibration, and
user-level physics analysis. Its modular design enables �exible pipeline con�guration, allowing researchers
to tailor processing sequences for different stages of data analysis. Integration with conditions databases
and support for parallel processing makebasf2 both scalable and adaptable to evolving computing needs.
The framework is also essential for large-scale Monte Carlo campaigns and real-time processing during
data-taking periods.
Beam-induced backgrounds represent a signi�cant challenge for the Belle II experiment operating at the
high luminosity and beam currents of the SuperKEKB collider. These backgrounds originate from various
sources, each contributing to increased detector occupancy and potential radiation damage [78].

2.4.2 Main Background Types

Beam-induced backgrounds [70,78] at Belle II arise from several key processes intrinsic to high-luminosity
e+ e� collisions at SuperKEKB. The principal sources include:

• Single-Beam Backgrounds: These arise from individual beams circulating in the collider and include:

– Touschek scattering: Intra-beam scattering causing particle losses and secondary radiation.

– Beam-gas interactions: Collisions between beam particles and residual gas molecules in the beam
pipe, producing secondary particles.

– Synchrotron radiation: Emission of photons by charged particles traveling in curved trajectories.

• Collision-Induced Backgrounds: Resulting from interactions between the two beams at the interac-
tion point, leading to:

– Pile-up: Overlapping events from multiple bunch crossings.

– Low-energy secondary particles: Produced in hard scatterings, including radiative Bhabha scat-
tering ( e+ e� ! e+ e� 
 ), which generates abundant low-energy particles that can mimic signal
events.
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Given the varied origins and complex nature of these backgrounds, a multifaceted mitigation strategy is
essential to preserve detector performance and longevity. These include the installation of beam collimators
to intercept scattered particles before they reach the detector, implementation of radiation shielding around
sensitive components, and the use of fast front-end electronics capable of handling high hit rates. The design
also anticipates higher-than-nominal background rates by incorporating safety margins into subsystem
tolerances. Key mitigation techniques include:

• Implementation of collimation systems to absorb off-axis particles.

• Optimized beam pipe design to reduce residual gas and synchrotron radiation effects.

• Use of detector shielding to protect sensitive components.

• Optimization of beam optics and currents to adjust optics and currents, minimizing background pro-
duction.

To ensure safe and ef�cient operation of the detector, extensive efforts have been made to quantify and miti-
gate beam-induced backgrounds through a combination of simulation and empirical studies. Measurements
indicate:

• For single-beam backgrounds, detectors such as the TOP counter and the CDC experience hit rates
approximately half of their maximum tolerable levels.

• Collision-induced backgrounds are expected to remain manageable up to a luminosity of2:8 �
1035 cm� 2s� 1 with a vertical beta function � �

y = 0 :6 mm.

2.4.3 Simulation in Belle II

Monte Carlo (MC) simulation plays a central role in the Belle II experiment, enabling realistic modeling
of both physics processes and detector responses. The MC framework integrates several specialized event
generators to simulate different types of events, providing high-�delity input for performance studies and
physics analyses.
The simulation of B �B events, which are produced at the�(4 S) resonance, is primarily handled byEvtGen[64],
a dedicated generator for heavy �avor physics that includes detailed models ofB meson decays andCP
violation effects. For continuum e+ e� ! q�q (q = u; d; s; c) events, the Pythia [63] generator is employed, of-
fering a comprehensive treatment of parton showering and hadronization. EvtGenis interfaced with Pythia
for fragmentation and hadronization.
The main physics processes and their primary event generators are summarized in Table 2.1. In addition,
dedicated generators such asTAUOLA[79] (for � decays),PHOTOS[80, 81] (for quantum electrodynamics
(QED) radiative corrections), and BGGEN[70] (for two-photon and radiative Bhabha processes) are employed
in the simulation framework. Leptonic processes such ase+ e� ! � + � � or e+ e� ! � + � � are simulated
using KKMC, which includes full O(� 2) radiative corrections and spin correlations. Two-photon processes and
radiative Bhabha scattering, which contribute to backgrounds and luminosity measurements, are modeled
with BabayagaNLO, TREPS[82] and BGGEN.
The detector response is simulated withGeant4, which propagates generated particles through a detailed
geometrical and material description of the Belle II detector. This includes interactions with detector compo-
nents, energy deposition, scattering, and secondary particle production. The output is digitized to match the
real data acquisition format, enabling seamless integration with the basf2 reconstruction framework. This
layered simulation approach ensures high precision in reproducing both physics signatures and background
conditions under realistic operational settings at SuperKEKB.

2.5 Event Reconstruction in Belle II

Event reconstruction in the Belle II experiment involves the transformation of raw detector data into high-
level physics objects, such as particle tracks, vertices, and decay candidates. This process is essential for
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interpreting collision events and extracting meaningful physics results. The reconstruction is implemented
within the basf2, a modular system designed for scalability, �exibility, and integration with calibration and
simulation work�ows.
The process begins with converting raw digitized signals from sub-detectors into reconstructed hits. For
example, signals from the PXD, SVD, and CDC are converted into space points representing the passage
of charged particles. Similarly, energy deposits in the ECL and hits in the KLM system are digitized and
recorded as preliminary inputs for clustering and PID.

2.5.1 Tracking

Charged-particle tracking in Belle II is a multi-stage process designed to robustly reconstruct particle tra-
jectories within the complex geometry and high-background environment of the SuperKEKB collider. The
tracking system integrates measurements from the CDC and the VXD. An overview of the complete tracking
chain is shown in Figure 2.8 (left).

2.5.1.1 Track Finding and Fitting

The reconstruction begins in the CDC, where two complementary algorithms—the global and local �nd-
ers—identify track candidates. The global �nder [83] employs a Legendre transformation in conformal space,
mapping curved trajectories into straight lines to simplify pattern recognition and detect tracks with small
curvature. In contrast, the local �nder uses a cellular automaton to link segments, enabling the recovery of
displaced or non-prompt tracks. Candidate tracks from both algorithms are merged and initially �tted using
a Deterministic Annealing Filter (DAF), producing preliminary estimates of the track parameters.
From the earliest stages of reconstruction, each track candidate is represented using the perigee parametriza-
tion, a �ve-parameter helical model de�ned at the point of closest approach (POCA) to the beamline. As
illustrated in Figure 2.8 (right), the parameters include the signed transverse impact parameter d0, the
azimuthal angle � 0 of the momentum at POCA, the signed curvature! (inverse transverse momentum), the
longitudinal impact parameter z0, and the dip angle tan� . This representation not only provides a compact
and analytical model of the track geometry but is also central to all �tting and extrapolation procedures
throughout the tracking chain.
After CDC track seeds are formed, they are propagated inward into the VXD using a Combinatorial Kalman
Filter (CKF), which predicts hit positions using the perigee parameters and updates them iteratively with
silicon measurements. A multivariate classi�er is applied to suppress accidental hit combinations arising
from the background. Simultaneously, a standalone VXD tracking algorithm reconstructs low-momentum or
tightly curved tracks that do not reach the CDC. Finally, all track candidates are merged and re�tted under
various mass hypotheses to account for multiple scattering and energy loss in the detector material. The
resulting tracks, described entirely by their perigee parameters and associated covariances, are ready for use
in vertex �tting, particle identi�cation, and high-level physics analysis.

2.5.1.2 Vertex Reconstruction

Tracks are extrapolated to identify interaction and decay vertices, a critical step for reconstructing secondary
vertices from B and D meson decays. Vertex �ts minimize spatial distances between extrapolated track
helices and help discriminate signal from background [83,84].
A typical example is the decay of a neutralB 0 meson into a J= and a K 0

S , where the J= subsequently
decays into a pair of oppositely charged leptons (J= ! � + � � ; e+ e� ), and the K 0

S decays into two charged
pions (K 0

S ! � + � � ). Each charged track is described by perigee parameters and associated covariance
matrices. The reconstruction proceeds in two stages:

• The J= vertex is determined by �tting the two muon tracks to a common origin, with an additional
mass constraint applied to improve precision.

• The K 0
S vertex is obtained by �tting the two pion tracks, typically displaced from the interaction point

by several centimeters due to theK 0
S lifetime.
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Figure 2.8: Left: Overview of the steps performed for track reconstruction at Belle II [83]. Right: The perigee
parametrisation of the track helix [84].

To accurately reconstruct the full decay chain, Belle II employs a global decay chain vertex �tting algorithm,
which simultaneously �ts all vertices and intermediate resonances under both kinematic and geometric con-
straints. The �t incorporates the known invariant masses of intermediate states (for instance, J= , K 0

S ), the
spatial positions of calorimeter clusters, and the beam interaction point pro�le. The J= vertex is determined
from the intersection of the lepton tracks, while the K 0

S decay vertex—composed exclusively of neutral par-
ticles—is inferred using the reconstructed charged pions. This illustrates how Belle II combines prompt
vertexing with displaced-vertex reconstruction, a capability central to time-dependent CPV measurements.

2.5.2 Particle Identi�cation and Clustering

Charged PID in Belle II is a crucial step in event reconstruction. It utilizes information from various subde-
tectors—such as the TOP counter, ARICH, CDC, ECL, and the KLM system—to distinguish among particle
hypotheses.

2.5.2.1 Charged Likelihood-Based Approach

The traditional PID method employs a likelihood function for each particle hypothesis h, conditioned on
observablesx from the detectors:

L h = P(x j h) (2.1)

The observablesx may include:

• Cherenkov angle or hit time from TOP and ARICH

• Speci�c ionization dE=dx in the CDC

• Energy deposit E and ratio E=p in the ECL

• Penetration depth in the KLM

Instead of a binary likelihood ratio, Belle II uses a global likelihood-based probability de�ned as:

P(h j x) =
L hP

j
L j

(2.2)
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where the sum in the denominator runs over all considered hypothesesj . For example, the kaon identi�cation
score is:

P(K j x) =
L K

L e + L � + L � + L K + L p + L d
(2.3)

where d denotes a deuteron. This formulation allows for probabilistic classi�cation, enabling more �exible
and accurate decision-making during analysis. Selection cuts on these probabilities can be optimized for
different working points, balancing ef�ciency and misidenti�cation rates. Typically, kaon (pion) identi�cation
ef�ciencies are above 90% with misidenti�cation rates around 5–10 %, depending on the momentum and
detector region.

2.5.2.2 Neural Network-Based Approach

To account for nonlinear correlations among detector observables and achieve higher classi�cation perfor-
mance, Belle II employs multivariate classi�ers, particularly neural networks (NNs). These are trained to
approximate the posterior probability: P(h j x) = NN h (x) where x is the feature vector consisting of:

• Cherenkov angle and hit timing (TOP, ARICH)

• dE=dx from the CDC

• E=p ratio from the ECL

• Track kinematics and angles

• Penetration depth and hit pattern in the KLM

The neural networks are implemented using TMVA, TensorFlow, or PyTorch within the basf2 framework.
These classi�ers offer improved performance, particularly in complex or high-background environments, and
can be used standalone or in combination with likelihood ratios. While charged PID relies on sub-detector
responses, neutral reconstruction begins with calorimetric clustering.
In calorimetric detectors such as the ECL, adjacent energy deposits are grouped into clusters, which are
used to reconstruct the position and energy of neutral particles like photons and neutral pions. Clustering
contributes to PID by providing shower-shape variables that help discriminate photons and electrons from
hadrons.
Neutral particles are reconstructed by analyzing clusters in the ECL (for instance, photons) and hits in the
KLM (for instance, K 0

L ). Timing, spatial distributions, and energy deposition patterns are used to distinguish
signal clusters from beam backgrounds and pile-up effects.
The combination of likelihood and neural network approaches enables Belle II to achieve high-�delity
PID, essential for �avor tagging, rare decay searches, and precision Standard Model tests. Together, these
reconstruction procedures transform raw detector signals into high-level objects suitable for physics analysis,
ensuring optimal ef�ciency and precision in the challenging environment of SuperKEKB.
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Chapter 3

Data Analysis Strategy and Technique

In the study of rare decay processes, precise measurement of branching fractions requires careful control of
statistical and systematic uncertainties, particularly when signal yields are expected to be small. To mitigate
potential analysis bias, a blinding strategy is employed during the development phase of the analysis. This
approach prevents researchers from unintentionally adjusting selection criteria or modeling choices in
response to features in the data that may mimic a signal. Blinding typically involves concealing the signal
region of a key observable while optimizing event selection and validating background models using control
regions and simulated samples. By excluding the signal region from view until all analysis procedures
are �nalized, the blinding strategy ensures that decisions are made independently of any possible signal
�uctuations, thereby preserving the objectivity of the result. This practice is especially important in rare
decay searches, where the signal-to-background ratio is often low and small adjustments to the analysis can
signi�cantly affect the outcome.
After the selection strategy is established, including the use of multivariate techniques to suppress back-
ground, the signal region is unblinded. Statistical �tting methods are then applied to extract the signal yield.
In the absence of a signi�cant excess over the expected background, an upper limit on the branching fraction
is determined. This overall strategy re�ects a standard and robust framework employed in high-energy
physics to ensure unbiased and statistically sound results in searches for rare processes.

3.1 Inclusive Tagging at Belle II

Belle II employs several tagging strategies to reconstruct one of the twoB � mesons in each�(4 S) !
B tag Bsig event. The way the tag-side (B tag ) is reconstructed de�nes the tagging method, and three principal
approaches are used:

• Hadronic Tagging [85]. The tagging side is fully reconstructed in a set of exclusive hadronic �nal states.
The hadronic tagging method offers a very pure sample with excellent knowledge ofBsig kinematics
but suffers from low ef�ciency ( � 0.1%-0.3%) since only a small fraction of all B decays can be fully
reconstructed.

• Semileptonic Tagging [85]. The tagging side is partially reconstructed through semileptonic decays. It
offers higher ef�ciency than hadronic tagging but loses some kinematic precision due to the missing
neutrino.

• Inclusive Tagging [62]. Reconstructs only the signal-side decay explicitly. All remaining detected
particles are assigned collectively toB tag . This strategy bene�ts from high ef�ciency and minimal
requirements on tag-side decay details, making it well-suited for rare or invisible-mode decays. The
drawback, however, is reduced purity—i.e., a higher rate of misassigned tag-side components.

Figure 3.1 shows an illustration of three tagging methods with signal B � ! K � � �� .
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Figure 3.1: Illustration of the three tagging methods using B + ! K + � �� as the signal: (left) hadronic
tagging, where the tagging B meson is fully reconstructed from hadronic tracks; (middle) semileptonic
tagging, where the tagging B is reconstructed in semileptonic decays with one neutrino missing; and (right)
inclusive tagging, where the remaining particles in the event are used to infer the taggingB
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3.2 Classi�ers

In modern high-energy physics analyses, the separation of signal from background processes often requires
sophisticated multivariate methods due to the high dimensionality and complex correlations among input
features. Multivariate classi�ers are algorithms that learn to map a set of input variables, such as kinematic
or topological observables, to a discriminant output, which represents the likelihood that an event belongs
to a signal or background class. One of the most widely used multivariate methods in particle physics is the
tree-based methods, particularly boosted decision trees (BDT), which have been the standard approach for
signal–background classi�cation tasks for over a decade [86]. They are favored for their robustness, speed,
and interpretability, and are especially effective on tabular, low- to moderate-dimensional datasets, which
are typical in collider analyses.

3.2.1 Decision Tree

Decision Trees [87] are supervised learning algorithms that partition the input space into regions associated
with target predictions. Each internal node applies a binary decision rule based on a feature threshold, and
each terminal node (leaf) assigns an output value, as illustrated in Fig. 3.2.
Given a datasetD = f (x i ; yi )gN

i =1 with input features x i 2 R d and targets yi , the tree recursively splits the
data at each node using decision rules of the form:

x j � �; (3.1)

where x j is the j -th feature and � is the threshold chosen to optimize a splitting criterion.
The optimal split at each node is determined by maximizing the reduction in impurity. For classi�cation,
common impurity measures include:

• Gini impurity:

G(S) = 1 �
KX

k=1

p2
k ; pk =

1
jSj

X

i 2 S

1 (yi = k);

where S is the set of samples at a node andK is the number of classes.

• Entropy (Information Gain):

H (S) = �
KX

k=1

pk log2 pk :

The impurity reduction (gain) from a split into subsets SL and SR is:

� I = I (S) �
�

jSL j
jSj

I (SL ) +
jSR j
jSj

I (SR )
�

;

where I (�) is either G or H .
Decision Trees are intuitive and interpretable, and can naturally handle both categorical and numerical data.
However, they are prone to over�tting and high variance. Ensemble methods like BDT address these issues
by aggregating multiple trees.

3.2.2 Gradient Boosted Decision Trees: Foundations and Advances in FastBDT and
XGBoost

BDTs are ensemble models that combine multiple weak learners—typically shallow decision trees—to form
a strong predictor. The key idea is to sequentially add trees that correct the errors of the existing ensemble.
Given training data D = f (x i ; yi )gN

i =1 , the model prediction after m trees is:

Fm (x) =
mX

t =1

f t (x); (3.2)
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Figure 3.2: Example of a three-layer decision tree. At the root node (Layer 1), the sample is split according to
the feature x<3. In Layer 2, further branching occurs using the feature y<1 ( z<4). In Layer 3, the decision
rules involve conditions on x and z (y). Each terminal node represents a region of feature space, where
events are classi�ed according to the distribution of training labels that fall into that node [88].

where each f t is a regression tree. Trees are added to minimize a differentiable loss functionL (y; F (x))
using gradient descent in function space.
At each iteration, a new tree f m is trained to predict the negative gradient:

gi = �
@L(yi ; F (x i ))

@F(x i )

�
�
�
�
F = Fm � 1

: (3.3)

Each tree is trained on pseudo-residuals (gradients), and a learning rate� controls update size:

Fm (x) = Fm � 1(x) + �f m (x): (3.4)

Regularization techniques such as limiting tree depth, shrinkage, and sub-sampling are used to prevent
over�tting. BDTs are highly �exible and perform well on structured data. They can approximate complex
functions, handle feature interactions, and are robust to different data distributions. Their effectiveness
makes them widely used in scienti�c applications, including high-energy physics.
Despite performance enhancements, FastBDT [88] adheres to the core gradient boosting framework. The
differences lie primarily in data preprocessing and split evaluation. The optimization target remains the
same: minimizing the overall loss via sequential, additive tree �tting. FastBDT introduces several innovations
to accelerate training:

• Equal-frequency binning: Each feature is transformed into integer-valued bins based on quantiles. This
discretization enables fast, cache-friendly histogram construction.

• Integer-based histogramming: Tree splits are computed using cumulative histograms over binned data
rather than scanning raw �oat values, dramatically reducing computation time.

• Branchless training: Avoids conditional branching (if statements) inside hot loops to maintain CPU
pipeline ef�ciency.

• Structure of Arrays (SoA) memory layout: Enhances cache locality and vectorization by storing features
column-wise.

XGBoost (Extreme Gradient Boosting) is a general-purpose gradient boosting library that builds upon
the standard framework by introducing second-order optimization, regularization, and distributed training
capabilities [89].
XGBoost optimizes an objective function combining a differentiable loss and a regularization term to control
model complexity. Formally, the objective at iteration t is:

J ( t ) =
NX

i =1

J
�
yi ; ŷ( t � 1)

i + f t (x i )
�

+ 
( f t ); (3.5)

where
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• ŷ( t � 1)
i is the prediction of the ensemble up to iteration t � 1,

• f t 2 F is the newly added regression tree,

• 
( f ) = 
T + 1
2 �

P T
j =1 w2

j is the regularization term,

• T is the number of leaves in treef ,

• wj is the weight of leaf j ,

• 
 and � are regularization parameters.

To ef�ciently optimize this objective, XGBoost applies a second-order Taylor expansion of the loss around
current predictions:

J ( t ) �
NX

i =1

�
gi f t (x i ) +

1
2

hi f 2
t (x i )

�
+ 
( f t ); (3.6)

where gi and hi are the �rst and second derivatives of the loss; the algorithm derives optimal leaf weights:

w�
j = �

P
i 2 I j

gi
P

i 2 I j
hi + �

; (3.7)

and the corresponding loss reduction to choose the best splits.
XGBoost incorporates second-order gradient optimization, �exible regularization terms (L1 and L2), and
supports distributed computing, making it both powerful and robust for a wide range of problems.
The contribution of each input variable to the classi�cation is quanti�ed with the normalized feature im-
portance . Let f j denote the j -th feature, and consider an ensemble ofT decision trees. The un-normalized
importance of f j is computed as the sum of the improvements in the splitting criterion (FastBDT) or the
gain (XGBoost) over all nodes wheref j is used:

~I (f j ) =
TX

t =1

X

n 2N t ( f j )

� Cn (FastBDT); ~I (f j ) =
TX

t =1

X

n 2N t ( f j )

Gainn (XGBoost); (3.8)

where N t (f j ) is the set of nodes in treet where feature f j is used, and� Cn or Gainn is the improvement at
node n.
The normalized feature importance is then de�ned as

I (f j ) =
~I (f j )

P
k

~I (f k )
; (3.9)

so that the total importance of all input features sums to 1. This normalization facilitates comparison
between features and clearly identi�es the most in�uential variables in the classi�er.

3.3 Maximum Likelihood Estimation

In particle physics, when analyzing experimental data, we often want to estimate parameters by comparing
observed event counts in different bins (ranges of an observable) to predicted counts. A binned maximum
likelihood �t is a statistical method to extract these parameters by maximizing the probability (likelihood)
of observing the data given a model [90]. The signal strength � is de�ned as

� =
B(B ! K ( � ) � �� )

B(B ! K ( � ) � �� )SM
; (3.10)

which compares the branching ratio of a rare decay observed in data to the SM prediction. The binned
maximum likelihood �t is a powerful method to extract this parameter from experimental data. Suppose
our data is divided into N bins indexed by i = 1 ; : : : ; N .
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• ni : observed number of events in bini .

• si (� ): expected signal events in bini according to the SM prediction, potentially dependent on nuisance
parameters � .

• bi (� ): expected background events in bini , also potentially dependent on nuisance parameters.

• � : signal strength parameter scaling the expected signal.

In this case,� rescales the signal part of the expected events, representing how the branching ratio of a rare
decay compares to the SM prediction. The expected number of events in bini is modeled as

� i (�; � ) = � s i (� ) + bi (� ): (3.11)

Assuming each bin countni follows a Poisson distribution, the likelihood function for the entire dataset is

L (�; � ) =
NY

i =1

[� i (�; � )]n i e� � i ( �; � )

ni !
: (3.12)

Systematic uncertainties are encoded by nuisance parameters� = f � 1; � 2; : : :g, which affect both signal and
background predictions: si (� ); bi (� ): Prior knowledge about these uncertainties is introduced through
constraint terms, often Gaussian:

� (� j ) =
1

p
2�� j

exp

"

�
(� j � � j; 0)2

2� 2
j

#

; (3.13)

and � (� ) =
Q

j � (� j ), where � j; 0 and � j are the nominal values and uncertainties of the nuisance parameters.
The full likelihood becomes

L (�; � ) = L(�; � ) � � (� ): (3.14)

To estimate � , we maximize the likelihood over nuisance parameters for �xed � :

�̂ (� ) = arg max
�

L (�; � ): (3.15)

The pro�le likelihood is
L p(� ) = L (�; �̂ (� )) : (3.16)

The maximum likelihood estimate �̂ is the value of � maximizing L p(� ).

3.4 Upper Limits

When searching for rare processes or new particles, the observed data may not show a statistically signi�cant
deviation from SM expectations. In such cases, the result is quoted as an upper limit on the relevant physical
quantity, e.g., a branching fraction B, at a chosen con�dence level (CL) [91]. This section outlines the
general frequentist framework. The statistical framework uses the same likelihood construction as in the
signal extraction �ts:

L (�; � ) =
Y

i

f (x i j � s i (� ) + bi (� )) �
Y

j

� j (� j ): (3.17)

where si (� ), bi (� ) and � j (� j ) are the expected signal yields, expected background yields and constraint term
in bin i , separately, � are nuisance parameters for systematic uncertainties. The test statistic is the pro�le
likelihood ratio, which compares the likelihood for a �xed � to the globally best-�t value. To set limits, the
CLs method is used. It is de�ned as:

CLs(� ) =
CLs+b (� )

CLb
(3.18)

where CLs+b and CLb denote the probabilities, under the signal-plus-background and background-only
hypotheses, of obtaining a test statistic at least as extreme as observed. The 95% con�dence level upper
limit � up is the smallest value of� for which CLs(� up ) = 0.05. Finally, this limit is expressed as a branching
fraction: Bup = � up � B SM .
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Figure 3.3: Comparison of event topologies in e+ e� collisions: (left) isotropic distribution characteristic
of B �B decays; (right) back-to-back jet-like structure typical of continuum q�q events. The dashed arrows
represent particle trajectories.

3.5 Topological Variables in the Analysis

In high-energy e+ e� collisions at B factories, understanding the global structure of particle �nal states is
essential for distinguishing signal processes, such asB �B decays, from dominant background sources like
continuum q�q production. Event shape variables quantify the geometrical and dynamical topology of events
based on the momenta of �nal-state particles. These variables capture differences in spatial distributions,
jet-like behavior, and isotropy, offering valuable tools for signal-background separation. Such observables are
widely used in event classi�cation and selection, forming a foundational component of precision B physics
measurements. Fig 3.3 illustrate event shape of aB �B event and aq�q event.

3.5.1 Sphericity and Thrust

Sphericity and thrust are classical event-shape variables sensitive to isotropy and jet-like topology. Sphericity
S is de�ned in terms of the momentum tensor S�� , constructed from the momenta of the �nal-state particles
as:

S�� =
P

i p�
i p�

iP
i j~pi j2

(3.19)

where �; � 2 f x; y; zg, and ~pi are the three-momenta of the particles in the event. The sphericityS and
aplanarity are given in terms of the eigenvalues� 1, � 2, � 3 of the sphericity tensor [92]:

S =
3
2

(� 2 + � 3)

A =
3
2

(� 3)
(3.20)

with the constraint:
� 1 + � 2 + � 3 = 1 ; and � 1 � � 2 � � 3 (3.21)

� 1 corresponds to the direction along which the majority of the momentum is concentrated, while � 2 is
orthogonal to � 1, captures the spread of momentum within the event plane. � 3 quanti�es the component of
momentum perpendicular to this plane, representing the out-of-plane momentum. S 2 [0; 1], where S = 0
for perfectly jet-like events and S = 1 for sotropic events. B �B events tend to have higher sphericity and
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aplanarity, due to the more random distribution of decay products from near-rest B mesons, whileq�q events
tend to have lower sphericity and near-zero aplanarity, re�ecting their jet-like topology.
The thrust T is an event shape variable that quanti�es how collimated the momenta of �nal-state particles
are along a single axis. The thrust is de�ned as:

T = max
~n

� P
i j~pi � ~nj

P
i j~pi j

�
(3.22)

where ~pi is the momentum vector of the i -th �nal-state particle, ~n is a unit vector (the thrust axis) along
which the scalar sum of projected momenta is maximized. Thrust emphasizes the dominant direction of
momentum �ow, making it complementary to sphericity, which captures the overall angular isotropy of the
event. T 2 [0:5; 1], where T = 1 indicates perfectly collimated two-jet events. Particles are collimated along
one or two directions in jet-like e+ e� ! q�q events, whereas they are emitted isotropically in all directions
in more spherical B �B events.

3.5.2 Harmonic Moments and Fox-Wolfram Moments

Harmonic moments probe single-particle angular distributions relative to a �xed axis, while Fox-Wolfram
moments extend this to two-particle correlations, providing rotationally invariant measures of event shape.
Harmonic moments are global event-shape observables that characterize the angular distribution of �nal-
state particles with respect to a chosen reference axis, typically the thrust axis or the beam (collision) axis.
In Belle II, they are denoted asB l , and de�ned as:

B l =
X

i

j ~pi jp
s

Pl (cos � i ) (3.23)

where Pl is the Legendre polynomial of order l, ~pi is the momentum of the i -th particle,
p

s is the center-
of-mass energy, and� i is the angle between ~pi and the chosen axis. harmonic moments are not rotationally
invariant, making them sensitive to the event geometry relative to the selected axis.
While harmonic moments probe the angular distribution of individual particles with respect to a �xed axis,
a more comprehensive approach involves examining correlations between all particle pairs, leading to the
de�nition of the Fox-Wolfram moments. The l-th Fox–Wolfram moment H l is de�ned as [93,94]:

H l =
X

i;j

j~pi jj~pj j
s

Pl (cos� ij )

Pl (cos � ij ) =
4�

2l + 1

lX

m = � l

Y �
lm (p̂i )Ylm (p̂j )

(3.24)

where cos � ij = p̂i � p̂j is the angle between the momentum directions ~pi and ~pj . Low l values (like l=1,
2) are sensitive to broad patterns, like whether most particles are back-to-back (for instance,e+ e� !
q�q), while higher l values capture �ne angular details, like subtle clustering. Fox–Wolfram moments are
fully rotationally invariant because they involve pairwise correlations projected over the entire solid angle.
Normalizing the H l by H0, Rl = H l

H 0
, ensures thatRl is dimensionless and typically constrained within a

�nite range, making it easier to compare across events with different energies or multiplicities.
The Kakuno-Super Fox-Wolfram (KSFW) moments are a generalized form of the traditional Fox-Wolfram
moments by incorporating particle types, charge information, and event topology, offering enhanced dis-
crimination power in B -factory analyses [95]. The KSFW moments introduce more re�ned correlations
by:

• Separating particles into signal-side and rest-of-event (ROE) categories;

• Treating ROE particles by type (charged, neutral, missing).
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Take an example of inclusive taggingB ! K � � �� , the signal-ROE(so) KSFW moments of degreel 2 N and
� 2 charged(c), neutral( n), missing(m) is de�ned as

H so
�;l =

1
Z

X

i = K;�

N �X

j � =1

C l
ij� pj � Pl (cos � ij � ) (3.25)

where i denotes signal-side paritcles(K and � ), and j � refers to ROE particles of type� (c, n, or m). The
angle � i;j � is the angle between~pi and ~pj � . The weighting factor Cij � 2-1, 0, 1 is given by the product of
the charges of candidatei and candidate j � if l is odd and Cij � =1 if l is even (The missing momentum
is treated as a neutral charge). The normalization factor Z ensures consistent scaling across events. The
ROE–ROE(oo) moment of order l is de�ned as

Roo
l =

1
Z

N �X

j � =1

N �X

j 0
� =1

C l
j�j 0

�
pj � pj 0

�
Pl (cos � j � j 0

�
) (3.26)

Roo
l captures the structure or collimates the ROE by evaluating angular correlations among ROE particles

only.
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Part II

Searches for the B+ ! K + � �� and
B0 ! K � 0� �� decays using an inclusive

tagging method
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In this chapter, I present the two analyses in which I was directly involved, following their chronological
order. The �rst concerns the study of the decay B + ! K + � �� , on which I worked for the summer of 2022
until its publication in November 2023. Following that, I contributed to the inclusive tagging analysis of
B 0 ! K � (892)0� �� , which I begin in the early Summer 2024 and continue to pursue. For convenience, in
the remainder of this chapter, I will use the notation K � 0 to denote K � (892)0.
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Chapter 4

Search for B + ! K + � ��

This chapter reports searches for the rare decaysB + ! K + � �� [1] using the inclusive-tagging technique in
Belle II experiment. The B 0 ! K � 0� �� is treated as the background.
It begins by describing the data sample and corresponding simulated Monte Carlo datasets, followed by the
application of data–simulation corrections to improve agreement between simulation and experiment. The
main background suppression is achieved using two multivariate classi�ers, and the signal region is de�ned
based on the classi�er output. The signal selection ef�ciency is validated with dedicated control samples.
After BDT selection, the remaining background is studied in detail, separating continuum (e+ e� ! q�q) and
B -decay contributions, and the background estimation is validated against sideband data. Consistency checks
are performed before opening the signal region. Systematic uncertainties affecting both signal ef�ciency and
background estimation are then evaluated. Finally, the chapter presents the unblinded results, including the
measured branching fraction (or upper limit) and the associated statistical signi�cance.

4.1 Samples and B + ! K + � �� Reconstruction

4.1.1 Data sample

We usee+ e� collision data collected with the SuperKEKB collider between 2019 and 2022. The primary
dataset contains 362 fb� 1 recorded at a center-of-mass energy of

p
s = 10:58 GeV [96], corresponding

to the �(4 S) resonance, and includes(387 � 6) � 106 B �B pairs. To study backgrounds from continuum
processes, includinge+ e� ! � + � � and light-quark e+ e� ! q�q (u; d; s; c) production, we also analyze a
42 fb� 1 off-resonance sample taken60 MeV below the �(4 S) mass.

4.1.2 Simulation Sample

This analysis makes use of the Belle II Monte Carlo framework described in Sec. 2.4.3, with full detector
simulation and reconstruction. In this section we summarize the speci�c simulated samples employed,
together with their effective luminosities.

Signal samples. The B + ! K + � �� signal is generated using1� 106 B �B pairs, where at least oneB meson
decays to theK� �� �nal state according to a phase-space model, which differs from the SM expectation.
To correct for this, the events are reweighted to match the SM form factor calculations [37]. A consistent
weighting scheme is applied to B ! K � � �� background decays. The long-distance contributions from
B + ! � + � with � + ! K + �� is modeled separately, normalized to its branching fraction, and incorporated
into the B + B � background sample. Fig. 4.1 shows the SM expectation ofB + ! K + � �� for the squared
di-neutrino mass distribution obtained in the simulated signal sample.
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Figure 4.1: Distribution of the q2 obtained in the simulated B + ! K + � �� sample generated according to the
SM prediction in [37].

Generic samples. The run-independent production corresponds to an effective luminosity of 2.8 ab� 1 of
integrated luminosity for B �B events at the�(4 S) resonance, 1 ab� 1 for continuum q�q events (q = u; d; s; c),
and 1 ab� 1 for � + � � events. These samples serve multiple purposes, including the evaluation of signal-
selection ef�ciencies, the characterization of background processes, and the modeling of �t components in
the data analysis. Furthermore, an off-resonance simulation corresponding to 50 fb� 1 is used as an auxiliary
check.

Dedicated background samples. Certain background processes are insuf�ciently modeled in generic MC
due to limited experimental knowledge. Since their kinematic properties can mimic signal events, dedicated
samples are used to replace these components, with the corresponding generic contributions removed to
avoid double-counting. The second row in Tab. 4.1 shows the dedicated samples that we updated based on
the relevant studies, which will be discussed in 4.2.

dedicated sample model
B ! K � � �� SM formfactor [37]

B + ! K + p�p To model isospin counterpart of B + ! K + n�n
B + ! K + K 0

L K 0
L Dalitz B + ! K + K 0

SK 0
S

B + ! K + K 0
SK 0

L B + ! K + � (! K 0
SK 0

L ) and B 0 ! K 0
SK + K �

Table 4.1: Dedicated simulation samples used to model speci�c background processes not well described by
generic simulation
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4.1.3 B + ! K + � �� Reconstruction

This analysis employs an inclusive tagging method 3.1. In this approach, a charged kaon is reconstructed
and the remaining tracks and energy deposits are classi�ed as the rest-of-event(ROE). The online event
selection (trigger) systems used in this analysis rely on either the number of charged-particle trajectories
reconstructed in the CDC or the total energy deposits measured in the ECL, achieving an ef�ciency close to
100% for signal decays.

4.1.3.1 Charged Tracks and Neutral Clusters Selection

The reconstruction begins with the selection of charged tracks and neutral clusters, which are then identi�ed
and combined to reconstruct signal candidates. To suppress nonphysical candidates arising from detector
mis-reconstruction or cosmic-ray muons, each charged particle and photon is required to have an energy
less than 5.5 GeV. Both charged tracks and photon candidates are required to lie within the polar-angle
acceptance of the CDC,17� � � CDC � 150� , ensuring they fall within regions of reliable detector coverage
and high reconstruction �delity.
Charged tracks at Belle II predominantly originate from pions, kaons, electrons, muons, and protons. For each
track, likelihoods for the different particle hypotheses are calculated by combining particle identi�cation
(PID) information from all relevant Belle II sub-detectors. The most probable hypothesis is then assigned,
using prior probabilities obtained from simulated e+ e� ! �(4 S); �(4 S) ! B �B events. Charged tracks are
required to satisfy a transverse momentum constraint ofpT > 0:1 GeV=c, ensuring that only well-measured
tracks are selected and suppressing low-momentum background from beam interactions or soft particles.
To differentiate tracks originating from the primary vertex (prompt tracks) from those stemming from
displaced decays such asK 0

S , the following criteria are applied:

• Primary-vertex tracks: Prompt tracks must satisfy impact-parameter requirementsjdz j < 3:0 cm and
dr < 0:5 cm. Here, dr denotes the transverse impact parameter, de�ned as the distance of closest
approach of the reconstructed track to the average interaction point (IP) in the plane perpendicular to
the beam axis, while dz denotes the longitudinal impact parameter, de�ned as the separation between
the track and the IP along the beam axis. The requirementsdr < 0:5 cm and jdz j < 3:0 cm sup-
press charged particles originating from regions displaced from the IP, thereby preferentially selecting
prompt tracks from B -meson decays.

• Secondary tracks from K 0
S decays: are identi�ed using the following criteria: Secondary tracks

consistent with K 0
S ! � + � � are identi�ed using a mass window of 0:495 < M �� < 0:500GeV/c2, a

vertex �t p-value > 0.001, a minimum decay length corresponding to t > 0:007 ns, and directional
alignment cos� 
ight > 0:98. These criteria ensure that the two tracks form a displaced vertex consistent
with the known properties K 0

S .

These selection criteria reliably tagK 0
S decay products, excluding them from prompt track reconstruction

and ensuring that only genuine signal-candidate tracks are retained.
Photon (Neutral Cluster) Selection: Photon candidates are reconstructed from clusters in the ECL. The
selection is designed to retain genuine photons while suppressing residual electronic noise and misassociated
energy deposits:

• Energy threshold: E > 0:1 GeV , The minimum energy threshold suppresses clusters from beam-
related background and low-energy deposits from charged hadrons that fail track matching.

• Angular acceptance: restricted to the �ducial volume of the ECL, corresponding to the polar-angle
coverage of the CDC, ensuring reliable reconstruction.

• Track-matching veto: photon candidates must not be associated with any reconstructed charged track,
thereby avoiding double counting and ensuring the neutral origin of the cluster.
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4.1.3.2 Charged Kaon Track Selection

Signal Kaon candidates are selected from charged tracks that are not associated with reconstructedK 0
S !

� + � � decays. Tracks are required to have at least 20 associated CDC hits to ensure good tracking quality and
momentum resolution. Additionally, tracks must have at least one hit in the PXD, providing precise vertex
resolution and improved impact-parameter determination. Kaon candidates are then selected by applying a
tight particle-identi�cation requirement with a KaonID likelihood ratio greater than 0.9 based on CDC, ECL,
TOP, and ARICH information. These criteria collectively ensure that the selected signal Kaon candidates are
well-reconstructed, clean, and highly reliable for use in subsequentB or D meson reconstruction.

Figure 4.2: Composition of reconstructed charged particles at Belle II, adapted from [83]

4.1.3.3 Signal Event Reconstruction

After selecting high-quality signal tracks, events are further required to contain between four and ten recon-
structed charged tracks. This suppresses backgrounds from both very low-multiplicity processes and high-
multiplicity continuum processes, while maintaining more than 90% signal ef�ciencies. Low-multiplicity
backgrounds, such as those from two-photon collisions, are further suppressed by requirements on the
event's total visible energy and the polar angle of the missing momentum. The total energy from all recon-
structed particles in the event is required to be at least 4 GeV, ensuring that the event is suf�ciently energetic
and well-measured. The polar angle of the missing momentum, calculated in the center-of-mass frame from
the total reconstructed momentum, is restricted to (17� ; 160� ), ensuring that the missing momentum points
into the instrumented detector volume.
To account for the presence of the two undetected neutrinos, the momentum transfer squared to the neutrino
pair ( q2 ) is computed as follows:

q2 = ( p�
B � p�

K )2

= ( E �
B � E �

K )2=c2 � j ~p�
B � ~p�

K j2

= M 2
B c4 + M 2

K c4 � 2
�
E �

B E �
K � c2~p�

B � ~p�
K

�
:

(4.1)

where p�
B � (E �

B ; ~p�
B ) and p�

K � (E �
K ; ~p�

K ) is the four-momentum of B meson and the kaon in the center-of-
mass (c.m.) frame. The on-shell conditionsE � 2

B � j ~p�
B cj2 = M 2

B c4 and E � 2
K � j ~p�

K cj2 = M 2
K c4 are applied.

Since the four-momentum of the B meson is not directly measurable in the experiment, the momentum
transfer to the neutrino pair must be reconstructed using the observable kaon kinematics. In thee+ e� c.m.
frame, the B meson is nearly at rest, the four-momentum is approximated as(

p
s=2; 0) and ~p�

B � ~p�
K 0 � 0.

The reconstructed momentum transfer squared to the neutrino pair q2
rec is calculated as

q2
rec =

s
4c4 + M 2

K �
p

sE �
K

c4 (4.2)

When multiple signal-kaon candidates are present in an event, the candidate with the lowest reconstructed
q2

rec is chosen, since overestimates inq2
rec come from mis-reconstructed candidates, so the lowest is more
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physical. After the best signal-kaon candidate is selected, all remaining reconstructed particles in the event
are assigned to the ROE. The ROE is formed by �tting the remaining charged tracks to a common vertex
and combining them with all reconstructed photons and K 0

S candidates not used in the signal candidate.
For signal events, the ROE corresponds to the decay products of the accompanyingB meson. Table 4.2
summarizes the step-by-step selections.

charged tracks pt > = 0 :1GeV=c, E<5.5 GeV, 17� < � CDC < 150�

tracks 2 K 0
S : 0:495< M �� < 0:500 GeV=c2,

p-value > 0:001, proper decay time > 0:007 ns, cos� 
ight > 0:98.
tracks =2 K 0

S : jdz j < 3:0 cm, dr < 0:5 cm
neutral clusters E>0.1 GeV, E<5.5 GeV, 17� < � CDC < 150� , not matched to tracks

K + =2 K 0
S , KaonID>0.9, nCDCHits>=20, nPXDHits>=1

signal event Ntracks2[4, 10], visible energy larger than 4 GeV, � missing 2(17� ; 160� )
best signal candidate lowest-q2

rec

Table 4.2: Summary of event reconstruction and selection criteria for B + ! K + � �� analysis.

4.1.4 Corrections to Simulated Sample

Detector simulation is validated against dedicated data control samples. Residual mismodeling is corrected
with scale factors or event weights, and the associated systematic uncertainties are propagated to the signal
ef�ciency and background estimates.
Charged particle reconstruction is studied usinge+ e� ! � + � � events. Data and simulation agree well,
with a residual 0.9% per-track systematic uncertainty is assigned. This ef�ciency, determined before any
analysis-speci�c selection, accounts for detector acceptance and reconstruction performance.
Kaon identi�cation ef�ciency and pion-to-kaon misidenti�cation rates are measured using D � + ! � + D 0; D 0 !
K � � + . These correction factors are applied per candidate as a function of momentum and polar angle, en-
suring consistency between data and simulation.
Neutral particles in Belle II, primarily photons and neutral hadrons ( K 0

L ), are reconstructed in the ECL.
Their detection and energy reconstruction are treated with dedicated studies:

• Real photons : The photon detection ef�ciency and energy calibration are determined using e+ e� !
� + � � 
 events. Ef�ciency is de�ned as the fraction of expected photons that are reconstructed with
the correct kinematics. The associated uncertainty on the photon energy is 0.5%, with the effect on
signal yields evaluated by varying photon energies in simulated events.

• Fake photons : Neutral hadron deposits are studied using the control channelB + ! K + J= . A scale
factor f h � 1:05 (with 0.9-1.1 at 68% CL) is applied, and the hadronic-energy correction is varied by
� 10% to estimate a conservative 100% relative systematics.

• K 0
L ef�ciency : Detection of high-energy K 0

L (larger than 1.6 GeV) in the ECL is studied using radiative-
return e+ e� ! 
� (! K 0

SK 0
L ). The K 0

L momentum is inferred from the reconstructed high-energy
photons and K 0

s , and the trajectory of K 0
L is extrapolated to the ECL to match clusters. Simulation is

found to overestimate the ef�ciency by 17%, and a correction with an associated� 8.5% systematic is
applied. For lower-energy K 0

L , where cluster identi�cation is less reliable, the effect is absorbed within
the hadronic-energy systematic derived from unmatched photon studies.

Corrections for continuum mismodeling and signal-like B �B backgrounds are derived from regions adjacent
to the signal region and will be discussed in Sec. 4.4. Together, these corrections ensure that the simulated
samples reproduce the detector performance observed in data. The associated systematic uncertainties are
included in the likelihood �t and contribute to the total uncertainty on the branching fraction measurement.
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4.1.5 De�nition of Discriminating Variables

After event selection, we construct a set of kinematic and topological variables designed to discriminate
between signal and background. These variables form the input feature set for the boosted decision trees
(BDTs) used in the analysis.
For a given track, the POCA is de�ned as the point minimizing the distance to a line passing through the
average IP and parallel to the solenoid symmetry axis (z-axis). The transverse impact parameterdr is this
minimal distance, while the longitudinal impact parameter dz is the z-coordinate of the POCA relative to
the IP.

4.1.5.1 Signal-Kaon-related Observables

• dr (K + ) Radial distance between the POCA of theK + candidate track and the IP. (Fig. 4.3 (left))

• cos(thrust B ; z) Cosine of the angle between the thrust axis of the signalB candidate and the z
axis.(Fig. 4.3 (right))

Signal kaons originate near the IP, givingdr (K + ) � 0, while background tracks from secondary decays yield
broader distributions. Fig. 4.3 shows the distributions of dr(K + ) and cos(thrustB ;z ) in data and simulation.

Figure 4.3: Distribution of signal-Kaon-related observables,dr (K + ) and cos(thrustB ;z ) in data (points with
error bars) and simulation(stacked �lled histograms) for B 0 �B 0, B + B � , and the �ve continuum categories.
The B + ! K + � �� signal is shown as an overlaid line histogram, and is not included in the stack. 1% of the
total �(4 S) data luminosity ( � 3:62 fb� 1 ) is used.

4.1.5.2 ROE-related Observables

• � EROE Difference between the ROE energy in the c.m. and the energy of one beam of c.m. (
p

s=2)

• pROE Magnitude of the ROE momentum

• � (pROE ) Polar angle of the ROE momentum

• Modi�ed Fox-Wolfram Roo
0 , Roo

2 Moment of the oo type (i.e. ROE-ROE), calculated in the c.m. frame

• Var( pi
T ji 2 ROE) Variance of the transverse momentum of the ROE tracks

• dx (TagVertex) , dz (TagVertex) Two variables corresponding to thex, z components of the vector from
the average interaction point to the ROE vertex.
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• p-value(ROE) p-value of the ROE vertex �t

The variables derived from the ROE provide strong discrimination between signal events and background
events, especially continuumq�q background. Kinematic properties of the ROE, such as the energy difference
� EROE , the momentum magnitude pROE, the angle � p(ROE), and the variance of the transverse momentum
of ROE tracks, are largely determined by the momentum distribution of ROE particles. In signal events,
these quantities re�ect the well-de�ned kinematics of the tag-side B decay, leading to characteristic peaks
or narrow distributions. In contrast, for the continuum background, the ROE often collects particles from
jet-like fragmentation, resulting in broader or shifted distributions. In signal events, � EROE peaks slightly
below zero due to the missing neutrinos, whereas in continuum q�q events, jet fragmentation leads to an
excess of reconstructed energy, making it one of the most discriminative variables.
In addition to kinematics, the global event shape of the ROE provides further discrimination. Modi�ed
Fox–Wolfram moments of the oo type, Roo

0 and Roo
2 , capture the isotropy of the ROE in the center-of-mass

frame. Signal B �B events are nearly spherical, yielding smallerRoo
2 and more uniform Roo

0 , whereas contin-
uum q�q events are jet-like, producing larger and more anisotropic moments. Together, the ROE kinematics
and event-shape variables form a complementary set of inputs that effectively separate signal from back-
ground.
Fig. 4.4 and 4.5 show the distributions of nine ROE-related variables in data and simulation.

4.1.5.3 Missing-energy-related Observables

• M 2
missing Square of the missing invariant mass

• � (pmissing ) Polar angle of the missing three-momentum in the c.m. frame

The missing mass squared,M 2
missing , and the polar angle of the missing momentum, � missing , provide com-

plementary information about the unobserved neutrinos in the signal. For signal events,M 2
missing is broadly

distributed, re�ecting the two missing neutrinos and detector resolution effects. In contrast, continuum
q�q background peaks, as most particles are detected and only a small apparent missing momentum arises,
with a long tail extending to higher values due to occasional mis-reconstruction. For the continuum q�q
background, the polar angle of the missing momentum, � miss , shows no preferred direction. This is because
the missing momentum in such events typically arises from mis-measured or undetected particles, which
are distributed randomly in space. Fig. 4.6 shows the distributions of M 2

missing and � (pmissing ) in data and
simulation.

4.1.5.4 Entire-event-related Observables

• Fox-Wolfram R1, R2, R3 First, second, and third normalized Fox-Wolfram moment in the c.m. frame

• Sphericity Event sphericity in the c.m. frame

• Harmonic Moment B0, B2 Zeroth-order and second-order harmonic moment with respect to the
thrust axis in the c.m. frame

• Modi�ed Fox-Wolfram H so
c;2 Second-order modi�ed Fox-Wolfram moment related to charged particles

in the ROE calculated in the c.m. frame

• Modi�ed Fox-Wolfram H so
n; 2 Second-order modi�ed Fox-Wolfram moment related to neutral particles

calculated in the c.m. frame

• Modi�ed Fox-Wolfram H so
m; 2, H so

m; 4 Second-order and fourth-order modi�ed Fox-Wolfram moment
related to missing momentum calculated in the c.m. frame

• dr (K + ; Tag Vertex) , dz (K + ; Tag Vertex) Radial and longitudinal distance between the POCA of the
K + candidate track and the tag vertex
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