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Abstract

Violation of the combined charge-conjugation and parity (CP ) symmetry is a necessary
ingredient for explaining the matter–antimatter asymmetry observed in the Universe,
but the amount generated by a single CKM phase in the Standard Model (SM) is far too
small to account for it, motivating searches for additional sources of CP violation (CPV)
from physics beyond the SM. Radiative b → sγ transitions are loop-mediated and thus
highly sensitive to such new physics, particularly right-handed currents that are strongly
suppressed in the SM. The decay B0 → K0

Sπ
0γ is a theoretically clean channel for probing

new physics via a time-dependent CP asymmetry measurement of the mixing-induced (S)
and direct (C) CPV parameters, both predicted to be close to zero in the SM.

This thesis presents several connected pieces of work conducted within the Belle II Col-
laboration: an early calibration (2022–23) of the mistag parameters of the then-current,
BDT-based Flavour Tagger and the decay-time resolution function using hadronic B-
meson control decays; a subsequent refactoring of the Flavour Tagger codebase, carried
out as TDCPV working-group software liaison; and, as the principal result, a measure-
ment of S and C in the B0 → K0

Sπ
0γ decay using the legacy Belle (711 fb−1) and

Belle II (493 fb−1) datasets. This measurement yields S = 0.09 ± 0.16 ± 0.02 and
C = −0.09± 0.08± 0.04 in the K∗(892) resonance region, and S = −0.32± 0.33± 0.09

and C = −0.07 ± 0.17 ± 0.08 in the non-K∗(892) region. It improves the precision on
the world’s best measurement by up to 31% and is consistent with the SM expectation
of vanishing CPV. Finally, the thesis describes an ongoing work that extends the CPV
programme to a complementary decay B0 → K0

Sηγ. My direct contribution is the analy-
sis of the η → π+π−π0 channel on Belle and Belle II data, which, combined with another
analysis of the η → γγ channel, will result in a complementary measurement of CPV in
b→ sγ transitions.
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Chapter 1

Introduction and Motivation

1.1 CP Violation and Matter–Antimatter Asymmetry

One of the most striking features of the observable Universe is that it is made almost
entirely of matter, with negligible traces of primordial antimatter. If the Universe began
in a matter–antimatter symmetric state, some dynamical mechanism must have gener-
ated this asymmetry. In 1967, Sakharov proposed three necessary conditions for such
a baryogenesis to occur dynamically from an initially symmetric state [1]: (i) baryon-
number violation, (ii) violation of both charge conjugation (C) and the combined charge-
conjugation–parity symmetry (CP ), and (iii) departure from thermal equilibrium. The
second condition is essential: without CP violation (CPV), any baryon-number-violating
process would generate equal numbers of baryons and antibaryons, leaving the net asym-
metry unchanged.

The Standard Model (SM) does contain a source for CPV, arising from a single, ir-
reducible phase in the Cabibbo–Kobayashi–Maskawa (CKM) quark-mixing matrix (Sec-
tion 1.2). However, the amount of CPV this phase can generate through the electroweak
baryogenesis mechanism is many orders of magnitude too small to account for the ob-
served baryon-to-photon ratio ηB ≈ 6 × 10−10 [2], even setting aside the fact that this
phase transition is not sufficiently first-order to satisfy the third Sakharov condition [3].
This tension between the observed matter excess and the CPV encoded within the SM
is one of the principal motivations for searching for additional, as-yet-unobserved sources
of CPV associated with physics beyond the SM (BSM).

CP violation was first observed experimentally in 1964, in the decays of neutral
kaons [4]. Since then, the B-meson system has proven to be an especially rich labo-
ratory for CPV studies. The large mass of the B meson permits many competing decay
amplitudes, while its relatively long lifetime allows time-dependent effects arising from
B0–B0 oscillation to be resolved experimentally at asymmetric-energy e+e− colliders op-
erating near the Υ(4S) resonance (“B factories”), as described in Section 1.3. Precision

1
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measurements of CPV observables in B-meson decays, including the time-dependent CPV
measurement in the radiative decay B0 → K0

Sπ
0γ that forms the central result of this

thesis, therefore serve a dual purpose: as stringent, high-precision tests of the SM’s CKM
mechanism, and as sensitive probes for new sources of CPV that might help explain the
cosmological baryon asymmetry.

1.2 The CKM Matrix and Unitarity Triangle

In the SM, the charged-current weak interaction couples the mass eigenstates of the up-
type quarks (u, c, t) to the down-type quarks (d, s, b) through the unitary 3 × 3 CKM
matrix [5, 6],

VCKM =

Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

 . (1.1)

For n quark generations, an arbitrary n × n complex matrix is described by 2n2 real
parameters (the real and imaginary parts of each of its n2 complex entries). Demanding
that the matrix be unitary, V †

CKMVCKM = 1, imposes n2 real constraints which leaves 2n2−
n2 = n2 physical parameters, of which n(n − 1)/2 are mixing angles and the remaining
n2 − n(n− 1)/2 = n(n+ 1)/2 are phases. Not all of these phases are physical, however:
the 2n up and down type quark fields can each be rephased independently, ui → eiαiui

and di → eiβidi, without changing any physical prediction. Each such rephasing removes
one phase from VCKM. Only the 2n−1 relative phases among these 2n redefinitions act on
the matrix, since an overall common phase rotation of all 2n fields leaves VCKM invariant.
Exactly 2n− 1 of the n(n+ 1)/2 phases can therefore be absorbed this way, leaving

n(n+ 1)/2− (2n− 1) = (n− 1)(n− 2)/2 (1.2)

physical, irreducible phases. For two generations (n = 2) this vanishes identically, which is
why CPV is entirely absent from a two-generation CKM matrix. The observation of CPV
in the kaon system in 1964 [4] was in fact part of the original motivation for postulating
a third generation of quarks [6]. For the physical case of three generations (n = 3), the
matrix is described by 4 parameters: n(n − 1)/2 = 3 mixing angles, similar to Euler’s
angles for rotation, and 1 physical phase. It is this single phase that provides the unique
source of CPV in the quark sector of the SM. In the Wolfenstein parametrization [7],
which expands VCKM in powers of a small parameter λ ≡ |Vus| ≃ 0.225,

VCKM ≃

 1− λ2/2 λ Aλ3(ρ− iη)

−λ 1− λ2/2 Aλ2

Aλ3(1− ρ− iη) −Aλ2 1

+O(λ4), (1.3)
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the imaginary parameter η carries the single physical phase. In this parametrization, η
enters Vub and Vtd. These are the smallest CKM elements, of order λ3. The phase carried
by Vtd, for example, governs B0–B0 mixing and gives rise to mixing-induced CP violation.

Unitarity of VCKM implies several relations among its elements. The relation most
relevant to B-meson physics,

VudV
∗
ub + VcdV

∗
cb + VtdV

∗
tb = 0, (1.4)

can be represented as a triangle in the complex plane (the “unitarity triangle”) once
divided by VcdV ∗

cb. Its interior angles,

ϕ1 = arg

(
−VcdV

∗
cb

VtdV ∗
tb

)
, ϕ2 = arg

(
− VtdV

∗
tb

VudV ∗
ub

)
, ϕ3 = arg

(
−VudV

∗
ub

VcdV ∗
cb

)
, (1.5)

are all directly accessible through CPV measurements in B-meson decays. The angle
ϕ1 (equivalently β in an alternative labelling convention) is measured with the highest
precision, primarily through the “golden channel” B0 → J/ψK0

S (Section 6.4.1). Global
fits combining measurements of all three angles and three sides [8, 2] provide a highly
overconstrained, consistent picture of the CKM mechanism to date.

Radiative penguin decays such as B0 → K0
Sπ

0γ do not directly measure a unitarity-
triangle angle, since the leading SM amplitude yields a CPV parameter close to zero
(Section 1.4). Instead, their importance lies in testing whether additional decay am-
plitudes, absent in the SM but generic in many BSM scenarios, contribute at a level
detectable over and above this suppressed SM baseline.

1.3 Time-Dependent CP Violation at B Factories

The study of time-dependent CP violation in the radiative decay B0 → K0
Sπ

0γ provides
a unique probe for physics beyond the SM. The decay occurs predominantly through
b → sγ loop transitions, which makes it susceptible to contributions from heavy, virtual
particles [9, 10]. As a result, this decay channel can explore physics at energy scales
significantly larger than those directly accessible in current collider experiments.

The time-dependent CP asymmetry arises from interference between decay amplitudes
with and without B0–B0 mixing, where a nonzero phase in the quark-mixing matrix
causes differing decay rates for B0 and B0 over time. For coherent BB pair production
at the Υ(4S) resonance, one B meson (Bsig) decays to a final state of fCPγ, with fCP a
CP eigenstate, while the other B meson (Btag) decays to a flavour-specific final state; the
CP asymmetry is then

ACP (∆t) =
Γ(Btag=B0(∆t) → fCPγ)− Γ(Btag=B0(∆t) → fCPγ)

Γ(Btag=B0(∆t) → fCPγ) + Γ(Btag=B0(∆t) → fCPγ)
. (1.6)
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Here, ∆t is the proper-time difference between theBsig andBtag decays, and Γ(Btag=B0/B0)

is the decay rate of Bsig to fCPγ given that Btag has been identified as a B0 or B0 meson.
This asymmetry can be parameterised as

ACP(∆t) = S sin(∆md∆t)− C cos(∆md∆t), (1.7)

where ∆md is the mass difference between the two neutral B-meson mass eigenstates,
and S and C are the mixing-induced and direct CP -violating parameters, respectively.

Since the B mesons produced at an e+e− collider operating around a centre-of-mass
energy of 10GeV travel only a few hundred micrometres before decaying, ∆t cannot be
measured directly. Instead, it is inferred from the spatial separation ∆z between the two
decay vertices (Figure 1.1), utilizing the Lorentz boost βγ associated with the collision.
The asymmetric beam energies of the B factories described in Chapter 2 exist specifically
to provide this boost. To accurately extract the values of S and C from data, it is essential
to have (i) knowledge of the flavour of Btag at the time of its decay, a process known as
flavour tagging, and (ii) a precise model of the experimental ∆t resolution. Both aspects
are elaborated in Chapter 4.

Figure 1.1: Schematic illustration of the boosted Υ(4S) → BB topology exploited in
time-dependent CP -violation measurements.

1.4 Radiative b → sγ Transitions

In the SM, the photon emitted in b→ sγ transitions is predominantly left-handed due to
the chiral structure of the weak interaction. The presence of a polarised photon in the final
state suppresses the interference needed for mixing-induced CP violation, leading to small
CP -violating effects: S is predicted to be suppressed by a factor of ms/mb (the strange-to-
bottom quark mass ratio) due to helicity suppression, with deviations expected at the level
of a few percent [11]. The SM value of S is calculated to be (−2.3±1.6)% for the resonant
B0 → K∗0(892)γ channel, but can be enhanced to O(10%) in nonresonant B0 → K0

Sπ
0γ

decays through long-distance effects, such as charm-loop contributions [12, 13]. The direct
CP -violation parameter C is expected to be smaller than 1% [14], although this estimate
may not be robust given potentially large uncertainties in predicting strong phases [11].
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1.5 New-Physics Sensitivity of B0 → K0
S
π0γ

Any significant contribution from a right-handed photon amplitude would increase S

beyond the SM predictions of Section 1.4, providing evidence for new physics such as
supersymmetry, extended Higgs sectors, or models with vector-like fermions [15, 16, 17].
A precise measurement of the time-dependent CP asymmetry in B0 → K0

Sπ
0γ therefore

provides both a stringent test of the SM and a powerful probe for new sources of CP vio-
lation, complementary to the unitarity-triangle measurements of Section 1.2: rather than
testing the consistency of the known CKM phase, it searches directly for an additional
amplitude with a distinct chiral structure that the CKM mechanism alone cannot gener-
ate. Since the underlying theoretical mechanisms differ between the K∗0(892)-dominated
region and the remaining phase space [11, 12, 13], this work analyses them separately,
denoted MR1 and MR2 respectively (Chapter 5).

1.6 Motivation for This Work

Previous measurements of S and C in this channel from Belle, BaBar, and an earlier
Belle II dataset, summarised in Table 1.1, are all statistics-limited, though consistent with
SM predictions. The main objective of the work described in this thesis is to improve on
this precision using a larger combined Belle and Belle II dataset together with algorithmic
improvements: an improved, Graph-Neural-Network-based Flavour Tagger across both
experiments (Chapter 4); an improved K0

S selection for the Belle dataset; and, for the
Belle dataset specifically, the extension of the time-integrated fit component to retain
events with poor time resolution, reducing the uncertainty on C (Chapter 6).

Table 1.1: Summary of earlier measurements of S and C for the B0 → K∗0(892)γ and
B0 → K0

Sπ
0γ (excluding the resonant K∗0(892) contribution) channels. The first quoted

uncertainty is statistical and the second is systematic.

Channel Experiment NΥ(4S) S C

Belle [18] 535× 106 −0.32+0.36
−0.33 ± 0.05 0.20± 0.24± 0.05

K∗0(892)γ BaBar [19] 467× 106 −0.03± 0.29± 0.03 −0.14± 0.16± 0.03
Belle II [20] 388× 106 0.00+0.27

−0.26 ± 0.03 0.10± 0.13± 0.04

Belle [18] 535× 106 0.50± 0.61± 0.29 0.20± 0.37± 0.13
K0

Sπ
0γ, excl. BaBar [19] 467× 106 −0.78± 0.59± 0.09 −0.36± 0.33± 0.04

K∗0(892)γ Belle II [20] 388× 106 0.04+0.45
−0.44 ± 0.23 −0.06± 0.25± 0.09
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1.7 Outline of the Thesis

The remainder of this thesis is organized as follows. Chapter 2 describes the Belle and
Belle II experiments and the datasets used in this work. Chapter 3 describes the detector-
level reconstruction of tracks and calorimeter clusters common to both experiments,
and how these are combined with particle-identification information into the standard
charged-particle candidates used throughout the rest of this thesis. Chapter 4 presents
earlier doctoral contributions to the Belle II flavour-tagging programme: an initial cal-
ibration using hadronic control channels, and a subsequent refactoring of the Flavour
Tagger software as TDCPV working-group software liaison. Chapters 5–7 present the
principal result of this thesis, the measurement of S and C in B0 → K0

Sπ
0γ decays: event

reconstruction and selection (Chapter 5), the fit strategy and its validation (Chapter 6),
and the systematic uncertainties, results, and physics interpretation (Chapter 7). Chap-
ter 8 describes ongoing efforts extending this measurement to the complementary decay
B0 → K0

Sηγ, while Chapter 9 provides a summary of the thesis and an outlook for the
future.



Chapter 2

The Belle and Belle II Experiments

The measurement presented in this thesis combines datasets from two generations of the
KEK flavour factory located in Tsukuba, Japan. This chapter introduces each generation
of the experiment in turn: first the KEKB collider and the Belle detector it hosted (Sec-
tion 2.1), then the upgraded SuperKEKB collider and the Belle II detector (Section 2.2).
It then discusses material common to both generations: the analysis software used to pro-
cess and combine the two datasets (Section 2.3), the subdetectors of particular relevance
to this analysis (Section 2.4), and the data and simulation samples used (Section 2.5).

2.1 KEKB and Belle

2.1.1 The KEKB Collider

Belle operated at the KEKB asymmetric-energy e+e− collider (Figure 2.1) from 1999
to 2010, colliding 8.0GeV electrons with 3.5GeV positrons at a centre-of-mass energy of
√
s = 10.58GeV. The latter corresponds to the mass of the Υ(4S) resonance, which decays

almost exclusively to BB pairs. The asymmetry between the beam energies imparts a
Lorentz boost of βγ ≈ 0.425 to the Υ(4S) in the laboratory frame, giving the two B

mesons a measurable flight separation before they decay. This is the key experimental
handle that makes the time-dependent CP -violation measurements of Section 1.3 possible.
Over its operational lifetime of one decade, KEKB delivered, and Belle recorded, an
integrated luminosity of 711 fb−1 at the Υ(4S) resonance, corresponding to approximately
772× 106 BB events. The full Belle Υ(4S) dataset is used in this work.

2.1.1.1 Beam Profile at the Interaction Point

At KEKB, the electron and positron beams were brought to collision at the interaction
point (IP) with a crossing angle of 22mrad and squeezed by the final-focus magnet system
to a small transverse profile, characterised by the horizontal and vertical beta functions

7
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at the IP, β∗
x and β∗

y , which set the beam’s transverse size for a given emittance.

Figure 2.1: Layout of the KEKB accelerator complex, showing the low-energy (positron)
and high-energy (electron) storage rings, respectively called LER and HER, the positron
generator and LINAC injector, and the location of the Belle detector at the interaction
region [21].

Colliding at a finite crossing angle reduces the effective luminosity relative to a true
head-on collision, since the two bunches overlap over a shorter effective length. KEKB
compensated for this deleterious effect with a novel crab-crossing scheme (Fig. 2.2): a
superconducting RF deflector cavity in each ring rotates each bunch about its centre by
half the crossing angle (11mrad) immediately before the IP, so that, in the frame of the
other beam, the two bunches meet head-on despite their trajectories still crossing at the
full 22mrad angle; a second crab cavity downstream restores each bunch to its original
orientation [22]. This recovers the luminosity of the head-on collision while retaining the
background-suppression and bucket-filling advantages of a finite crossing angle discussed
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above. The peak luminosity achievable for given beam currents then scales as

L ∝ γ± I± ξy±
β∗
y

, (2.1)

where γ± is the Lorentz factor, I± the beam current, and ξy± the vertical beam-beam
parameter, for each beam species (+ for positrons and − for electrons) [21]. The original
design set a target peak luminosity of 1.0×1034 cm−2s−1, to be reached with β∗

y = 1.0 cm
and ξy ≈ 0.05 at beam currents of 2.6A (LER) and 1.1A (HER) [23]. Over its lifetime,
KEKB instead reached this luminosity mainly by squeezing β∗

y substantially below its
original design value while increasing the beam currents, ultimately exceeding the design
luminosity by a factor of two. Table 2.1 summarises the resulting, final IP beam profile
alongside the corresponding SuperKEKB design, discussed further in Section 2.2.1.2.

Figure 2.2: Schematic of the KEKB crab-crossing scheme.

2.1.2 The Belle Detector

The Belle detector [24] (Figure 2.3) was a general-purpose spectrometer arranged around
the KEKB interaction point and immersed in a 1.5T magnetic field provided by a su-
perconducting solenoid. Moving outward from the beam pipe, various subsystems of the
detector are briefly described below.

2.1.2.1 Beam Pipe

The section of beam pipe traversing the interaction region was a cylindrical, double-
walled beryllium tube, originally of 20.0mm radius, with 0.5mm-thick beryllium walls
separated by a 2.5mm gap through which helium gas was flowed for cooling [24]; its
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inner radius was later reduced to 15.0 mm when the silicon vertex detector was upgraded
(Section 2.1.2.2) [25]. Beryllium was chosen for its low atomic number, which helps
minimize multiple Coulomb scattering and photon conversion for particles originating
from B-meson decay vertices close to the IP, directly benefiting the vertex resolution
needed for the ∆z measurement of Section 1.3.

Figure 2.3: A cutaway view of the Belle detector with its subdetector systems [24].

2.1.2.2 Silicon Vertex Detector (SVD)

The SVD used double-sided silicon strip sensors arranged in concentric cylindrical layers
immediately outside the beam pipe to precisely measure the position of charged-particle
tracks close to their point of origin. The original subdetector, SVD1, comprised three
layers (with 8, 10, and 14 ladders respectively) of sensors with a strip pitch of 25.0 µm on
the p-side and 50.0 µm on the n-side [24]. Over the lifetime of the experiment the SVD
was upgraded once, to SVD2, adding a fourth layer and extending the polar-angle accep-
tance from 23◦–140◦ to 17◦–150◦, in order to maintain adequate vertexing performance
as KEKB’s luminosity and background conditions increased [26].

Since the SVD determines the position of the B-meson decay vertices that enter the
∆z measurement of Section 1.3 directly, its momentum-dependent impact parameter
resolution, and its improvement from SVD1 to SVD2, is one of the key inputs to this
analysis. An early commissioning measurement using cosmic-ray muons compared the
transverse (rϕ) and longitudinal (z) impact-parameter resolutions of the two subdetectors
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in terms of a pseudo-momentum-dependent parametrization, finding

SVD1: σrϕ ≈ 19.2⊕ 54.0

p
µm, σz ≈ 42.2⊕ 44.3

p
µm,

SVD2: σrϕ ≈ 21.9⊕ 35.5

p
µm, σz ≈ 27.8⊕ 31.9

p
µm, (2.2)

where p is the pseudo-momentum in GeV/c and ⊕ denotes the addition in quadrature
of a constant term, dominated by the intrinsic sensor and alignment precision, and a
momentum-dependent term, dominated by multiple Coulomb scattering in the beam
pipe and SVD material itself [26]. Despite SVD2’s coarser strip pitch (50.0 µm versus
25.0 µm for SVD1 on the rϕ-measuring side), its reduced innermost-layer radius, and the
correspondingly reduced multiple scattering, gave it a smaller momentum-dependent term
in both coordinates, with the resulting improvement most pronounced at low momentum.
The rϕ constant term was slightly larger for SVD2, consistent with its coarser pitch.

2.1.2.3 Central Drift Chamber (CDC)

The CDC was a cylindrical, small-cell multiwire drift chamber filled with a helium+ethane
gas mixture, spanning a radius of 8.3–86.3 cm and instrumented with 50 anode (sense-
wire) layers and three cathode-strip layers [24]. It provided the primary charged-particle
tracking and momentum measurement over the polar-angle range 17◦–150◦, achieving
a transverse position resolution of σrϕ ≈ 130µm, a resolution along the wire of σz ≈
200–1400µm, and a transverse-momentum resolution of σpT/pT = 0.3%

√
p2T + 1 (pT in

GeV/c). A supplementary dE/dx measurement, with a resolution of 6%, contributed to
particle identification together with the ACC and TOF (discussed below), particularly at
low momentum.

2.1.2.4 Aerogel Cherenkov Counter (ACC)

The ACC consisted of 960 silica-aerogel counters, segmented into 60 azimuthal cells in
the barrel, together with a further 228 counters arranged in five concentric layers in the
forward endcap, all pointing towards the IP and read out by photomultiplier tubes. To
maintain good pion/kaon separation across the full kinematic range, the aerogel refractive
index was varied between 1.015 and 1.030 depending on the polar angle [24]. Charged
particles above their Cherenkov threshold for a given radiator produced a typical yield of
at least six photoelectrons, giving the ACC good discrimination between charged kaons
and pions in the range 1.2 ≲ p ≲ 3.5GeV/c, above which the CDC’s dE/dx measurement
alone was insufficient.
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2.1.2.5 Time-of-Flight Counter (TOF)

The TOF used 128 plastic scintillation counters, each 3.0m long, arranged at a fixed
radius of 1.2 m from the IP and segmented into 128 azimuthal divisions, together with an
auxiliary set of 64 thin trigger-scintillation counters mounted just in front of them [24].
With a measured time resolution of σt ≈ 100ps, the TOF provided good pion/kaon
separation for momenta up to 1.2GeV/c: combined with the momentum measured by the
CDC, this TOF information gave a mass hypothesis for each track, complementing the
ACC at these lower momenta.

2.1.2.6 Electromagnetic Calorimeter (ECL)

The ECL was an array of 8736 thallium-doped cesium iodide, CsI(Tl), crystals in a tow-
ered geometry, with 6624 in the barrel (r = 125–162 cm) and 1152 (960) in the forward
(backward) endcap. Each crystal was deep enough to fully contain electromagnetic show-
ers from photons and electrons in the relevant energy range [24]. It achieved an energy
resolution of σE/E ≈ 1.3%/

√
E and a position resolution of σpos ≈ 0.5 cm/

√
E (E in

GeV). This energy and position resolution made possible the reconstruction of both the
prompt photon and the π0 → γγ candidate central to the decay studied in this thesis
(Section 5.1).

2.1.2.7 K0
L and Muon Detector (KLM)

The KLM instrumented the iron flux-return yoke of the solenoid with 14 layers of resistive
plate chambers (RPCs), two per gap, alternating with 5.0 cm-thick iron plates separated
by 4.0 cm gaps [24]. Muons, which penetrate many layers of iron with minimal scattering,
were identified by their characteristic hit pattern, with an angular resolution of ∆ϕ =

∆θ ≈ 30mrad and a hadron fake rate of about 1.0%, while K0
L mesons were identified by

the hadronic showers they produced on interacting in the iron.

2.1.2.8 Trigger and Data Acquisition

A hardware-level trigger combined fast signals from the CDC, ECL, TOF, and KLM
to select candidate physics events, such as BB, continuum, and various control-channel
topologies, out of the much higher total interaction rate, dominated by quantum electro-
dynamics (QED) processes, before events were digitized and written to storage by the
data-acquisition system.
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2.2 SuperKEKB and Belle II

2.2.1 The SuperKEKB Collider

Belle II operates at the upgraded SuperKEKB collider, which collides 7.0 GeV electrons
with 4.0GeV positrons at the same centre-of-mass energy as KEKB,

√
s = 10.58GeV.

The accelerator complex (Fig. 2.4) consists of an electron/positron linear injector, a
positron damping ring used to reduce the emittance of the LER beam before injection,
and the main electron and positron storage rings, which cross at a single interaction region
instrumented by the Belle II detector. The analysis reported in this thesis uses up to
493 fb−1 of Belle II data recorded at the Υ(4S) resonance, corresponding to approximately
525× 106 BB events, collected by 2024.

Figure 2.4: Layout of the SuperKEKB accelerator complex [27].

2.2.1.1 The Nano-Beam Scheme

SuperKEKB is the first collider to employ a “nano-beam” final-focus scheme [28]. The
peak luminosity of a storage-ring collider scales inversely with the transverse beam size
at the IP; at KEKB, this size was limited by the length over which the two bunches
overlapped as they crossed at a shallow angle. SuperKEKB instead crosses the beams at
a much larger angle and uses strong final-focusing quadrupole magnets, placed closer to
the IP than at KEKB, to squeeze both beams to submicron transverse sizes precisely at
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the crossing region. This confines the luminous region to a far smaller volume than at
KEKB for a comparable beam current, allowing a substantially higher luminosity without
a proportionate increase in beam-induced background.

Figure 2.5: Geometry of the nano-beam collision scheme. Two long, thin bunches cross
at a large full angle 2ϕ; because each bunch is far longer than its width, the region over
which the two bunches physically overlap (shaded red) has a longitudinal extent d that
is only a small fraction of the bunch length itself, rather than the full bunch length as in
a small-angle, near-head-on crossing [29].

As illustrated in Fig. 2.5, increasing the full crossing angle to 2ϕ shrinks the longitu-
dinal overlap length d between the two long, thin bunches; since it is this overlap region,
rather than the full bunch length, that determines the effective longitudinal size relevant
to the hourglass effect discussed below (Section 2.2.1.2), a large crossing angle allows β∗

y

to be squeezed far beyond what a small-angle, near-head-on geometry like KEKB’s could
tolerate.

2.2.1.2 IP Beam Profile

Following the luminosity scaling of Eq. 2.1, the nano-beam scheme raises L primarily by
squeezing β∗

y far below what was achievable at KEKB, while simultaneously increasing the
beam currents I±. Squeezing β∗

y this aggressively at a small crossing angle would cause the
beam’s longitudinal profile to dominate over its transverse size within the bunch overlap
region (“hourglass effect”), degrading rather than improving the luminosity; increasing the
full crossing angle to 83mrad confines the effective overlap length to a small fraction of the
bunch length, avoiding this effect and additionally suppressing beam-beam backgrounds
outside the immediate IP region [28]. Table 2.1 compares the resulting SuperKEKB
design IP beam profile with the values achieved at KEKB (Section 2.1.1.1).

2.2.1.3 Luminosity and Beam-Induced Backgrounds

The nano-beam scheme has allowed SuperKEKB’s design luminosity to exceed KEKB’s
peak luminosity by more than an order of magnitude, and by 2026 it held the world record
for peak luminosity at a particle collider, having reached 5.3× 1034 cm−2s−1 [30, 31], en
route to a design target of 6.0× 1035 cm−2s−1 and an eventual integrated-luminosity goal
of 50 ab−1. This level of luminosity is accompanied by correspondingly higher rates of
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beam-induced background, principally Touschek scattering, beam-gas interactions, syn-
chrotron radiation, and two-photon QED processes [32]. Together with the intrinsic
physics background rate from Bhabha scattering and other QED processes at the Υ(4S),
this drove several of the detector upgrades described below relative to Belle, and set the
design requirements for the trigger and data-acquisition system of Section 2.2.2.6.

Table 2.1: Final achieved KEKB and design SuperKEKB beam parameters [21, 28].

Parameter KEKB (achieved) SuperKEKB (design)

Beam energies e−/e+ (GeV) 8.0/3.5 7.0/4.0
Horizontal beta func. β∗

x (mm) ∼1200 32/25 (LER/HER)
Vertical beta func. β∗

y (mm) ∼5.9 0.27/0.30 (LER/HER)
Beam current I, LER/HER (A) 1.64/1.19 2.80/2.00
Number of bunches ∼1600 ∼1800
Full crossing angle θ (mrad) 22 83
Peak luminosity (1034 cm−2s−1) 2.1 60 (design), 5.3 (achieved, 2026)

2.2.2 The Belle II Detector

Belle II [29] (Figure 2.6) follows the same overall concentric layout as Belle, arranged
cylindrically around the interaction region and immersed in the same 1.5T solenoidal
field. From the IP outward, the subdetectors are: the pixel detector (PXD) and the SVD,
together called the vertex detector (VXD); the CDC; the time-of-propagation (TOP)
and aerogel ring-imaging Cherenkov (ARICH) counters; the ECL; and the KLM. Each is
described in the following subsections.

2.2.2.1 Vertex Detector: PXD and SVD

The Belle II beam pipe at the IP is a double-walled beryllium cylinder of just 10.0mm
inner radius, half that of Belle’s original beam pipe (Section 2.1.2.1). It comprises a
10.0 µm gold layer, a 0.6mm beryllium wall, a 1.0mm paraffin coolant layer, and a further
0.4mm beryllium wall [29]. Immediately outside this beam pipe, a two-layer PXD based
on DEPFET (depleted field-effect transistor) active sensor technology provides high-
granularity hit information with minimal material budget, essential for resolving decay
vertices displaced from the IP by only tens to hundreds of micrometres. It is surrounded
by a four-layer SVD of double-sided silicon strip sensors, extending the tracking lever arm
out to a radius of a few centimetres and linking VXD hits smoothly onto CDC tracks.

Along with the smaller-radius beam pipe, the PXD and the SVD together replace
Belle’s single-technology SVD (Section 2.1.2.2), substantially improving the vertex res-
olution. Design studies project a PXD+SVD combined impact-parameter resolution of
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σz0 ≈ 20.0 µm in the high-momentum limit [29], comparable to, or better than, the con-
stant term of Belle’s SVD2 resolution (Eq. 2.2), with the larger improvement expected
at low momentum, where the closer, thinner PXD layers reduce the multiple-scattering
contribution that dominates Belle’s resolution. This directly benefits the ∆z reconstruc-
tion of Section 2.4 and Chapter 5. The second PXD layer was partially installed in 2018,
and its full installation was completed in 2024. Due to beam instabilities, the PXD was
turned off during the second half of 2024, and the data used in this analysis were partially
collected with the PXD off.

Figure 2.6: A cutaway view of the Belle II detector with its subdetector systems.

2.2.2.2 Central Drift Chamber

The CDC retains the same basic operating concept as Belle’s (Section 2.1.2.3): a cylindri-
cal, small-cell helium-ethane drift chamber providing the primary charged-particle track-
ing, together with a supplementary dE/dx measurement for particle identification at low
momentum. It is redesigned, however, to cope with SuperKEKB’s substantially higher hit
occupancy and background rate: it is enlarged to a radius of 16–112 cm (from 8.3–86.3 cm)
and a length of −83 cm to +159 cm along z, its wire count increased to 56 cylindrical sense-
wire layers (32 axial and 24 stereo, replacing Belle’s 50 sense-wire and 3 separate cathode-
strip layers), and its cell structure and readout electronics retuned accordingly [29]. These
changes bring an improved transverse position resolution of σrϕ ≈ 100.0 µm (against
Belle’s ≈ 130µm) and a dE/dx resolution of about 5% (against Belle’s 6%), together with
a transverse-momentum resolution of σpT/pT =

√
(0.2% pT)2 + (0.3%/β)2 using CDC in-

formation alone, improving to
√

(0.1% pT)2 + (0.3%/β)2 once VXD hits are included in
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the track fit.

2.2.2.3 Particle Identification: TOP and ARICH

Belle II replaces the ACC and TOF system used in Belle with two dedicated Cherenkov-
imaging detectors. In the barrel region, at r ≈ 120 cm, 16 azimuthal segments of the
TOP counter each use a 2.75m-long, 2.0 cm-thick quartz radiator bar: charged particles
crossing the quartz emit Cherenkov photons that propagate by total internal reflection to
one end of the bar, where their arrival time and position are measured by an array of 4×4-
channel micro-channel-plate photomultiplier tubes, yielding around 20 photoelectrons
detected per track and an individual-photon timing resolution of σt ≈ 40 ps, from which
the Cherenkov angle, and hence the particle’s mass hypothesis, is reconstructed [29]. This
gives a K/π separation efficiency above 99% for a pion fake rate below 0.5% in B → ργ

decays.
In the forward endcap, the ARICH counter uses a 4.0 cm-thick, two-layer focusing

aerogel radiator with two different refractive indices, arranged to focus the Cherenkov
light cone from each layer onto a common ring on the photon-detector plane, read out by
an array of hybrid avalanche photon detectors yielding around 13 photoelectrons detected
per track, giving a K/π separation efficiency of 96.0% for a 1.0% pion fake rate at 4GeV/c.
Together, TOP and ARICH maintain kaon/pion discrimination across the full momentum
range up to at least 4GeV/c, comparable to, or exceeding, the combined range of Belle’s
ACC and TOF (Sections 2.1.2.4–2.1.2.5), despite the substantially higher beam-induced
background rates against which they must operate (Section 2.2.1.3). They provide the
charged-hadron identification used, together with CDC dE/dx, in the flavour-tagging
algorithm of Chapter 4.

2.2.2.4 Electromagnetic Calorimeter

The ECL reuses the same 8736 CsI(Tl) crystals as Belle (Section 2.1.2.6), each 16.2 ra-
diation lengths deep, covering the barrel and forward/backward endcap regions to give
near-hermetic acceptance for photons and electrons [29]. Relative to Belle, the read-
out electronics have been upgraded to a waveform-sampling design, allowing pulse-shape
discrimination that suppresses the impact of beam-induced background pileup on the re-
constructed energy and timing of each crystal. The ECL energy and position resolutions
enable reconstruction of the π0 → γγ candidate and the prompt signal photon central to
the B0 → K0

Sπ
0γ decay (Section 5.1).

2.2.2.5 K0
L and Muon Detector

The KLM instruments the same 14-layer iron flux-return yoke used by Belle (Sect. 2.1.2.7),
with the 5.0 cm-iron/4.0 cm-gap structure retained, to sample the showers produced by
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K0
L mesons interacting hadronically in the iron, and to identify muons by their character-

istic penetration through many layers with minimal scattering [29]. It retains the Belle’s
RPC technology for most of its barrel layers, but replaces it in the endcaps and the
innermost two barrel layers, the regions of highest background occupancy, with plastic
scintillator strips, read out by wavelength-shifting fibres coupled to silicon photomultipli-
ers, which maintain good efficiency and timing resolution under the higher background
rates of SuperKEKB.

2.2.2.6 Trigger and Data Acquisition

At SuperKEKB’s design luminosity, the total interaction rate, dominated by QED back-
ground processes rather than Υ(4S) decays, exceeds what can be read out and stored in
full. This is a substantially tighter constraint than Belle faced (Section 2.1.2.8), given the
order-of-magnitude-higher background rates of Section 2.2.1.3. As in Belle, a hardware-
based Level 1 trigger uses fast, coarse-grained information from the CDC, ECL, TOP,
and KLM to make an initial accept/reject decision within a few microseconds, selecting
candidate physics events at a manageable rate. Belle II adds a further, software-based
High-Level Trigger stage, running fast online reconstruction similar to that described in
Chapter 3, to reduce the rate to a manageable level before events are written to permanent
storage.

2.2.3 The Belle II Physics Programme

Belle II pursues a broad physics programme [33], spanning precision CP -violation studies
and flavour physics in the B-meson, charm, and τ -lepton sectors, searches for rare and
forbidden decays, and direct searches for light, weakly coupled new particles, exploiting
both the clean e+e− environment and the very large datasets that SuperKEKB is designed
to deliver. The time-dependent CP -violation measurements described in this thesis form
a major component of this programme.

2.3 Analysis Software

2.3.1 The basf2 Framework

All Belle II simulation, reconstruction, and much of the offline analysis described in this
thesis are performed within the collaboration’s common software framework, basf2 [34].
This provides a unified, version-controlled environment for detector simulation, calibra-
tion, event reconstruction, and high-level analysis tools shared across the collaboration,
including the Flavour Tagger software described in Chapter 4.
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2.3.2 Combining Belle and Belle II Data: b2bii

Since this thesis combines data recorded by two generations of detector with different
raw formats and reconstruction software, the legacy Belle data and Monte Carlo samples
are converted into a basf2-compatible format using the dedicated b2bii software pack-
age [35], which translates Belle mDST-format tracks, clusters, and particle-identification
information into their Belle II analogues. This allows the same reconstruction, selection,
and fitting procedure described in Chapters 5–6 to be applied uniformly to both datasets.

2.4 Subdetectors Relevant to This Analysis

Not every subdetector plays an equal role in the measurements described in Chapters 5–7.
The following three classes of subsystem are of particular importance.

Vertex detectors. The SVD in Belle and the combined PXD+SVD system in Belle II
are central to reconstructing the spatial separation ∆z between the two B-meson decay
vertices (Section 1.3), which is the experimentally accessible proxy for the proper-time
difference ∆t that enters the CP -asymmetry measurement directly. The precision of this
vertex reconstruction, and its associated per-event uncertainty, directly determines the
decay-time resolution function calibrated in Chapter 4.

Tracking and particle-identification systems. The CDC (both experiments) mea-
sures the charged-particle trajectories and momenta, both important for K0

S → π+π−

reconstruction and Btag vertexing. Together with the ACC+TOF system in Belle and
the TOP+ARICH system in Belle II, it also provides particle-identification likelihoods
that feed into the multivariate flavour-tagging algorithm described in Chapter 4.

Electromagnetic calorimeter. The ECL, mostly unchanged in concept between the
two experiments, is essential for reconstructing both the π0 → γγ candidate and the
prompt high-energy photon in the B0 → K0

Sπ
0γ signal decay (Section 5.1), and provides

the shower-shape and timing information used by several of the background-suppression
classifiers described in Section 5.1.

2.5 Data Samples and Monte Carlo Simulation

2.5.1 Data Samples

Both the Belle and Belle II analyses use data recorded at the Υ(4S) resonance, corre-
sponding to the full integrated luminosities listed in Sections 2.1.1 and 2.2.1, together
with a smaller off-resonance sample recorded approximately 60MeV below the Υ(4S)
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peak, used to characterize the e+e− → qq̄, q ∈ {u, d, s, c} continuum background that
underlies the continuum-suppression classifiers of Section 5.1. The Belle dataset is pro-
cessed into the analysis via the b2bii conversion of Section 2.3.2, allowing it to be handled
uniformly alongside the native Belle II data within basf2. For Belle II, approximately
81% of the data sample was collected with both the PXD and SVD operational, with the
remaining 19% collected with the PXD switched off [36].

2.5.2 Monte Carlo Event Generation and Detector Simulation

Since this is a blinded analysis, the reconstruction, selection, and fit strategy of Chap-
ters 5–6 are developed and validated entirely on simulated Monte Carlo (MC) samples
and data control regions, with the signal region (defined in Section 5.1) in data ex-
amined only after these procedures are finalized. Signal and generic BB events, from
e+e− → Υ(4S) → BB, are generated with the EvtGen package [37], while continuum
e+e− → qq̄, q ∈ {u, d, s, c} events are generated with the KKMC package [38]; both are
interfaced to Pythia6 [39] for Belle and Pythia8 [40] for Belle II for parton hadroniza-
tion. The subsequent detector response is modelled with Geant3 [41] for Belle and
Geant4 [42] for Belle II. Both simulated and real data are processed within the basf2

framework of Section 2.3.1, with Belle samples additionally passed through the b2bii

conversion of Section 2.3.2 [34, 35, 36].
Table 2.2 summarises the cross sections of the physics processes generated at the Υ(4S)

energy for the Belle II generic Monte Carlo production [43]. The continuum and QED
processes (µ+µ−, τ+τ−, Bhabha, γγ, and the two-photon final states) together dominate
the total hadronic and leptonic cross section by more than two orders of magnitude over
Υ(4S) → BB itself, underscoring why dedicated continuum- and background-suppression
classifiers (Section 5.1) are essential to isolate the signal decay.

Table 2.2: Representative cross sections for the physics processes generated at the Υ(4S)
energy for the Belle II generic Monte Carlo production [43]. llXX and hhISR denote,
respectively, multilepton and hadronic initial-state-radiation (ISR) final states.

Physics process Cross section (nb)

e+e− → Υ(4S) → BB 1.05
Hadrons from e+e− → qq̄ continuum 3.68
e+e− → µ+µ− 1.148
e+e− → τ+τ− 0.919
Bhabha (e+e− → e+e−) 295.8
e+e− → γγ 5.10
Two-photon, e+e− → e+e−e+e− 39.55
Two-photon, e+e− → e+e−µ+µ− 18.83
llXX (multilepton ISR) 2.01
hhISR (hadronic ISR) 0.216
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2.5.3 Simulated Samples

Large samples of simulated MC events are used throughout the analysis: for signal-
efficiency studies, for training and validating the multivariate background-suppression
and flavour-tagging classifiers of Chapter 4 and Section 5.1, for deriving fixed probability-
density-function shapes in the fit strategy of Chapter 6, and for the closure tests and
pseudo-experiment ensembles of Section 6.4. For Belle, these comprise: 1 × 106 signal
MC events for both the K∗0(892) and nonresonant B0 → K0

Sπ
0γ decays; six streams of

run-dependent continuum e+e− → qq̄ MC events, each approximately equivalent to the
full data luminosity; ten streams of generic (mixed and charged) BB MC events; and
dedicated “rare” MC samples enhancing B decays to J/ψ , ψ(2S), uℓν, and other rare
final states by factors of 20–100, to obtain adequate statistics for otherwise rare peaking
backgrounds. The corresponding Belle II samples comprise 1× 106 signal MC events per
mode, four streams of continuum MC events, and four streams of generic BB MC events,
each again approximately equivalent to the full data luminosity [36]. In addition to these
samples, both datasets include dedicated MC samples for the various control channels
used for calibration and validation (Section 6.4).



Chapter 3

Tracking, Clustering, Particle ID, and
Vertexing

This chapter outlines the detector-level reconstruction common to both experiments.
It details how raw hits or energy deposits in the tracking and calorimeter systems, as
discussed in Chapter 2, are processed into tracks and clusters (Sections 3.1 and 3.2).
It also explains how tracks are combined with particle identification (PID) information
to create various charged-particle candidates (Section 3.3), and how these candidates
subsequently help reconstruct decay vertices (Section 3.4). Alongside the neutral-particle
candidates formed out of clusters, this establishes the common starting point for both the
flavour-tagging algorithm of Chapter 4 and the signal-decay reconstruction of Chapter 5.

For Belle II data, the above processing is performed within basf2 (Section 2.3.1);
for Belle data, the equivalent Belle-software objects, reconstructed with an analogous
pattern-recognition-plus-Kalman-filter strategy native to the original Belle software, are
converted to basf2-format tracks, clusters, and PID information by b2bii (Section 2.3.2),
so that the same higher-level reconstruction and selection procedure can subsequently be
applied to both datasets uniformly. Since Belle’s own tracking, clustering, and PID
algorithms run on different hardware and predate their Belle II counterparts, each of
the following sections first describes the Belle II procedure in detail and then summarizes
the corresponding Belle-side subdetectors and achieved performance, which b2bii carries
over unchanged into the common downstream analysis.

3.1 Track Reconstruction

Charged-particle track finding in Belle II proceeds in two largely independent stages, first
within the CDC alone and then extending outward into the VXD, before a final track fit
is performed [44].

22
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3.1.1 CDC Standalone Track Finding

Two complementary pattern-recognition algorithms are run over the CDC hits for a given
event, and their results merged using a multivariate FastBDT classifier. The global finder
maps each drift-circle hit onto a pair of sinusoidal curves in a Legendre-transformed,
(ρ, θ) track-parameter space, where ρ is the trajectory’s curvature and θ its azimuthal
direction, so that all hits belonging to a common circular trajectory in the transverse
plane map to curves intersecting at a single point. A two-dimensional binary search
over this space, implemented with a quadtree data structure, locates such intersections
efficiently, after which an analogous procedure in the longitudinal (s, z) plane attaches the
stereo-layer hits needed to reconstruct the track’s polar angle and z position. The local
finder instead targets short or displaced track segments for which the global method’s
implicit assumption of a common origin does not hold. This is a category of particular
relevance to this analysis, since the K0

S candidates of Section 5.1 typically decay well
outside the IP. It first groups neighbouring hits into short segments using χ2-weighted
hit triplets, and then combines these axial and stereo segments into full tracks via a
weighted cellular automaton, a local, iterative algorithm that builds up longer chains
of compatible segments by propagating and maximizing a connectivity weight between
neighbouring cells, without requiring any assumption about the trajectory’s origin.

3.1.2 Extension into the VXD

CDC-only tracks are next extended into the VXD using a Combinatorial Kalman Fil-
ter (CKF): each CDC track is iteratively extrapolated outward, using a Runge–Kutta–
Nyström integration through the subdetector’s inhomogeneous magnetic field and mate-
rial, and a FastBDT classifier scores candidate SVD or PXD hits at each step based on
their spatial and timing compatibility with the extrapolated trajectory. This procedure
attaches SVD (PXD) hits with an efficiency of approximately 85% (89%), at a hit pu-
rity above 98% (96%) [44]. Low-momentum tracks that curl within, or fail to reach, the
CDC’s inner radius are instead found independently within the VXD alone by a dedicated
algorithm, VXDTF2: each silicon sensor is subdivided into a fine grid of sectors, directed
relations between sectors traversed by common MC-trained trajectories are precomputed
into a sector map, and background hit combinations are rejected using geometric and
timing compatibility filters before a cellular automaton, similar in spirit to the CDC
local finder, identifies the longest chains of compatible sectors, with a final triplet-fit
quality criterion used to resolve any remaining overlapping candidates. A second CKF
pass then pairs any CDC tracks left unmatched by the first pass with these VXDTF2
candidates, so that the two approaches together cover the full momentum range relevant
to this analysis.
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3.1.3 Final Track Fit

Once a track’s full complement of CDC and VXD hits has been assembled, a final fit is
performed with the deterministic annealing filter (DAF) implementation of the GENFIT2
toolkit [45], an experiment-independent Kalman-filter-based fitting framework shared
with several other experiments; unlike a standard Kalman filter, the DAF iteratively
down-weights hits inconsistent with the evolving trajectory, making the fit robust against
the occasional mis-assigned hit surviving the pattern-recognition stage. The fit is per-
formed independently under the π, K, and p mass hypotheses, since the small differences
in energy loss and multiple scattering between these hypotheses at low momentum can
measurably affect the fitted track parameters. This yields the momentum, direction, and
point-of-closest-approach, together with its full covariance matrix, used as the starting
point for the vertex fits of Section 5.4.

For nominal Belle II beam-background conditions, the overall track-finding and fit-
ting chain achieves an efficiency above 93% for most primary charged particles down to
a transverse momentum of 100MeV/c, and of approximately 90% for the displaced pion
tracks of K0

S → π+π− decays specifically [44]. Its impact parameters relative to the inter-
action point (IP) additionally provide a first, loose discriminant against tracks originating
from beam-induced background or secondary interactions with detector material, applied
at the standard-list-building stage ahead of any decay-specific selection.

3.1.4 Belle Tracking

Belle’s own CDC serves the same role as Belle II’s, with a broadly similar layout. Pattern
recognition is performed independently within the CDC and the SVD, and the resulting
hit collections are combined into a single track via a Kalman-filter fit, broadly analogous
in spirit to the CDC-plus-VXD combination and DAF-based final fit used for Belle II,
though implemented in software native to the original Belle experiment and predating it
by close to two decades.

3.2 Cluster Reconstruction

Energy deposits in the ECL are grouped into clusters through a three-stage algorithm
designed to maximize the cluster-finding efficiency while containing the full shower energy
and avoiding contamination from neighbouring particles or beam background [46]. First,
local maxima are identified as crystals with an energy above 10.0MeV that exceeds that
of all eight of their immediate neighbours; starting from each local maximum, a connected
region is grown by iteratively adding neighbouring crystals with energy above 0.5 MeV,
continuing the chain outward as long as the newly added crystal itself exceeds 10.0 MeV,
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and any connected regions that overlap are merged into one. A connected region contain-
ing only a single local maximum, the typical case for an isolated, well-separated photon
or electron, is reconstructed as a cluster using a 5× 5 array of (or 21 excluding the four
corner ones) crystals centred on the maximum.

A connected region containing multiple local maxima, corresponding to overlapping
showers from nearby particles, is split among the corresponding clusters by an itera-
tive energy-sharing procedure: the energy in each crystal is divided between the candi-
date clusters according to a distance-dependent weight, where the distance is measured
from each crystal to a running estimate of each cluster’s centroid, itself computed as a
logarithmic-energy-weighted average recalculated after every iteration, until the centroids
converge to within 1.0mm. For both cases, an optimal subset of the highest-energy crys-
tals within the cluster, rather than the full candidate set, is retained for the final energy
sum. The number of crystals included is tuned to the estimated per-event noise level (it-
self estimated from the number of out-of-time, > 5.0MeV crystals in the event) and the
local-maximum energy, and the resulting sum is corrected for the residual shower-leakage
and background bias estimated from simulation.

Electron and photon candidates are subsequently formed from the calorimetric clusters
after subtracting the expected contribution of any nearby, extrapolated charged track.
Their properties, energy, position, and shower-shape variables, together with cluster tim-
ing for Belle II (Section 2.2.2.4), are used in the π0 and prompt-photon reconstruction of
Section 5.1, and in several of the background-suppression classifiers described there.

3.3 Particle Identification

Beyond its trajectory, each track is assigned a PID hypothesis among the five stable
charged-particle species, namely e, µ, π, K, and p, by combining the response of every
subdetector capable of discriminating between them [47, 48]. The CDC’s dE/dx mea-
surement provides a trimmed, approximately Gaussian-distributed estimator of specific
ionization for each hypothesis, obtained by discarding the lowest 5% and highest 25% of
individual wire measurements to suppress the effect of long Landau tails, and comparing
the resulting mean to its expected, momentum- and polar-angle-dependent value. The
TOP and ARICH subdetectors instead construct their likelihoods from individual de-
tected Cherenkov photons. The TOP compares the observed arrival-time distribution of
photons in each channel of its photodetector array, relative to the collision time, against
the distribution expected for each mass hypothesis, modelled as a sum of weighted Gaus-
sians, while the ARICH, whose individual photodetector pixels are read out only in a
binary (fired/not-fired) form, instead evaluates the Poisson probability that each unfired
pixel received no Cherenkov photon and each fired pixel received one or more, for the ex-
pected Cherenkov ring corresponding to each hypothesis. The ECL contributes through
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the ratio of cluster energy to track momentum, E/p, which is expected to be close to
unity for electrons and characteristically well below it for charged hadrons, modelled us-
ing kernel-density-estimated templates. The KLM contributes through the penetration
depth and lateral shower shape of associated hits, combined into separate depth and
shape likelihoods that are treated as uncorrelated.

For each hypothesis α, the resulting per-subdetector likelihoods Ldα are combined into
a single global likelihood,

Lα ≡
∏
d

Ldα, (3.1)

from which either an overall probability for each of the five hypotheses, or a pairwise
binary likelihood ratio between two specific hypotheses α and β,

Pα/β ≡ Lα
Lα + Lβ

, (3.2)

can be formed. The latter, commonly used to discriminate specifically between kaons
and pions, is the more common choice for analysis selections, since it depends only on
the two hypotheses of interest and is unaffected by a subdetector’s inability to distin-
guish, say, protons from deuterons. When a subdetector’s response for a given track
is unavailable or judged unreliable, it is simply excluded from the product of Eq. 3.1
by setting Ldα = 1 for every hypothesis α. A neural network, which combines the per-
subdetector log-likelihoods with the track’s momentum, direction, and charge, achieves
a kaon-identification efficiency of 80–95% and a pion misidentification rate below 5% in
the momentum range 0.3–2.0GeV/c, for a working point of PK/π > 0.8 [48].

Belle lacks a dedicated imaging detector of the TOP or ARICH type, relying instead
on a combination of the CDC’s dE/dx measurement with the Cherenkov light yield
from the ACC and timing information from the TOF. Kaon/pion separation combines
these three measurements into the same product-likelihood and binary-ratio framework
of Eqs. 3.1 and 3.2 below; with a likelihood-ratio criterion of PK/π ≥ 0.6, the kaon
identification efficiency exceeds 80.0% for a pion misidentification rate below 10.0% in the
barrel region [24]. Electron identification instead combines the ECL’s E/p and shower-
shape response with the CDC dE/dx and ACC light yield, achieving an efficiency of
(92.4± 0.4)% for a pion misidentification rate of (0.25± 0.02)% in the momentum range
1.0–3.0GeV/c [49].

3.4 Vertex Reconstruction

Decay vertices are reconstructed from their constituent charged-particle candidates, and,
where relevant, neutral decay products, using TreeFitter, a global, Kalman-filter-based
algorithm that fits an entire decay chain simultaneously, rather than building up indi-
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vidual vertices sequentially from the outside in [50]. Because information is propagated
consistently in both directions along the decay tree, a constraint applied at any single
point, such as a known intermediate-particle mass, or a requirement that the parent
particle originate from a specific production point such as the IP, improves the fitted
vertex position and momentum everywhere else in the chain. This includes neutral decay
products such as photons or K0

L mesons that leave no track, and hence no direct vertex
information, of their own. Figure 3.1 illustrates the vertexing for the decay chain central
to this thesis, B0 → K0

S (→ π+π−)π0(→ γγ)γ.

IP B0

π0 K0
S

γ
γ

γ

π−

π+

Figure 3.1: Depiction of the B0 → K0
S (→ π+π−)π0(→ γγ)γ decay chain. The dashed

blue line from the IP to B0 shows the B0’s momentum vector, terminating at its decay
vertex; since the π0 flight length is negligible, its decay vertex coincides with that of the
B0. A further dashed blue line shows the K0

S flight trajectory to a displaced vertex. The
solid red curves show the trajectory of the K0

S decay pions, intersecting at the K0
S vertex.

The dashed black lines show the extrapolated momenta of the π0 decay photons and the
prompt photon.

For a particle whose decay chain is exclusively reconstructed, an IP constraint can
be applied as a point constraint, since the IP profile is known far more precisely than
the particle’s own decay-vertex resolution. For a particle reconstructed only from the
remaining, otherwise-unassigned tracks in an event, however, the transverse vertex posi-
tion obtained from those tracks alone is often poorly constrained, and a point constraint
at the IP provides no additional directional information; instead, a beam-constrained, or
IP-tube, technique exploits overall momentum conservation, inferring the unreconstructed
particle’s flight direction from the difference between the known total beam momentum
and the momentum of the other, exclusively reconstructed particle in the event, and con-
straining its vertex fit to lie along a narrow tube passing through the IP and oriented
along this inferred direction, rather than at a single point [51]. Belle II’s substantially
smaller and more precisely measured IP profile relative to earlier B factories makes this
technique particularly powerful, improving the resulting per-event vertex resolution by
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roughly a factor of two [51].
Unlike the track-, cluster-, and PID-level algorithms of the preceding sections, vertex

reconstruction is not duplicated between the two experiments: since b2bii (Section 2.3.2)
converts Belle tracks into basf2-format objects before any vertex fit is performed, Tre-
eFitter is applied uniformly to both datasets, superseding the Kalman-filter-based helix
vertex fit native to the original Belle analysis software for the purposes of this thesis.
These generic vertex-fitting techniques underlie every vertex fit performed in this thesis,
from the K0

S → π+π− vertex and π0 → γγ mass-constrained fit of Section 5.1, to the Bsig

and Btag vertex reconstruction used to obtain the proper-time difference ∆t central to
the time-dependent CP -violation measurement (Section 5.4).



Chapter 4

Flavour Tagging and Proper Decay
Time

As noted in Section 1.3, extracting the CP -violation parameters S and C from the ob-
served distribution of the proper decay-time difference, ∆t, requires (i) a determination,
event by event, of the probability that the accompanying “tag-side” B meson decayed as a
B0 or a B0 (flavour tagging), and (ii) a probability density function (PDF) describing the
resolution with which ∆t is reconstructed. This chapter describes two connected pieces
of earlier work in this area: an initial calibration of the mistag and resolution-function
parameters using hadronic B-decay control channels, conducted for the then-current,
boosted-decision-tree (BDT) based Flavour Tagger; and a subsequent refactoring of the
Flavour Tagger software itself, carried out as the software liaison for the Belle II TDCPV
working group. The Graph-Neural-Network-based Flavour Tagger actually used in the
main analysis of Chapters 5–7, and its own control-channel calibration, are introduced at
the end of this chapter and described further where applicable.

4.1 Flavour Tagging at B Factories

Flavour tagging is the technique of inferring the heavy-quark flavour content of a neutral
meson from the particles produced in its decay. At an e+e− flavour factory, the two
neutral B mesons produced in Υ(4S) → B0B0 decay remain in a quantum-entangled
state until one of them decays; if the flavour of this first-decaying meson (Btag) can be
inferred at that instant, the flavour of the second, not-yet-decayed meson (Bsig) is thereby
also fixed. Since Btag is not fully reconstructed in a specific decay channel, its flavour
must instead be inferred statistically from the charges and identities of particles found
in the rest of the event (ROE), all reconstructed tracks and clusters not assigned to Bsig,
using signatures characteristic of flavour-specific b-quark decays, such as the charge of
a primary lepton or kaon. A multivariate algorithm combines many such signatures,

29
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grouped into physically motivated categories, into a single flavour hypothesis qtag = ±1

(for B0 or B0, respectively) together with a dilution factor r ∈ [0, 1] quantifying the
confidence of that hypothesis: r = 0 corresponds to no usable flavour information at all,
while r = 1 corresponds to an unambiguous tag. Table 4.1 lists these categories.

Category Target for B0

Electron e−

Intermediate Electron e+

Muon µ−

Intermediate Muon µ+

Kinetic Lepton ℓ−

Intermediate Kinetic Lepton ℓ+

Kaon K−

Kaon-Pion K−, π+

Slow Pion π+

Maximum p∗ ℓ−, π−

Fast-Slow-Correlated ℓ−, π+

Fast Hadron π−, K−

Lambda Λ

Table 4.1: The 13 flavour-tagging categories used by the Belle II Flavour Tagger, and their
target particle(s) for a true B0 tag side (ℓ± denotes either e± or µ±, and p∗ momentum
in the Υ(4S) centre-of-mass frame). Reproduced from Table 1 of Ref. [52].

The following representative B0 decay chains illustrate where several of these category
targets originate [52]:

• B0 → D∗+(→ D0(→ XK−) π+) ℓ−ν̄ℓ, illustrating the Kinetic Lepton (ℓ−), Slow
Pion (π+), and Kaon (K−) targets;

• B0 → D+(→ K0 ℓ+νℓ) π
− (K−), illustrating the Fast Hadron (π−, K−) and Inter-

mediate Kinetic Lepton (ℓ+) targets;

• B0 → Λ+
c (→ Λ(→ pπ−) π+)X−, illustrating the Lambda (Λ) target.

Since no tagging algorithm is perfect, its response must be calibrated against data with
self-tagged control decays: flavour-specific channels whose true tag-side flavour is known
independently, for example from the charge of a kaon or pion in the decay. This calibration
is expressed through three parameters, evaluated in bins of r: the average wrong-tag
probability w, the wrong-tag asymmetry ∆w, and the tagging-efficiency asymmetry µ,

w =
wB0

tag
+ wB0

tag

2
, ∆w =

wB0
tag

− wB0
tag

2
, µ =

ϵB0
tag

− ϵB0
tag

ϵB0
tag

+ ϵB0
tag

, (4.1)

where wB0
tag

(wB0
tag

) is the probability of mistagging a true B0
tag (B0

tag) decay, and ϵB0
tag

,
ϵB0

tag
are the corresponding tagging efficiencies. These parameters dilute the physical
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CP asymmetry actually observed, as already seen in the signal ∆t PDF of Eq. 6.5; a
convenient single figure-of-merit encompassing the overall statistical power of a tagging
algorithm is its effective tagging efficiency, εeff =

∑
i fi(1−2wi)

2, summed over the r bin i
with fractional population fi, which is proportional to the statistical precision attainable
on S and C for a given event yield.

4.2 Proper Decay-Time Resolution Function

Even with perfect flavour tagging, the finite precision of the vertex reconstruction de-
scribed in Section 5.4 smears the reconstructed ∆t away from its true value, ∆tres ≡
∆t−∆ttrue. This smearing must be modelled by a resolution function R(∆tres | σ∆t) and
convolved with the physical ∆t PDF to accurately describe the observed distribution.
Physically, three effects are expected to contribute: a dominant Gaussian component re-
flecting ordinary vertex resolution, whose width scales with the per-event uncertainty σ∆t;
an exponential tail component, reflecting Btag vertices reconstructed using tracks from an
intermediate, measurably displaced charmed-meson decay (so that the fitted Btag vertex
is offset from the true one); and a small, broad outlier component, of width essentially
independent of σ∆t, describing rare, poorly reconstructed vertices. The general form

R(∆tres | σ∆t) = (1− fOL)Rcore(∆tres, σ∆t) + fOLROL(∆tres, σ∆t), (4.2)

where Rcore is a (possibly composite) core resolution term and ROL is the outlier term,
with relative weight fOL. This functional form of the resolution function is used for
the resolution-function calibration described in this chapter, and one without the outlier
component is used for the same purpose in the main analysis (Eq. 6.6).

4.3 Calibration with Hadronic Control Channels

As an early doctoral contribution (2022–23), the mistag parameters of the then-current,
BDT-based Flavour Tagger and the decay-time resolution function were calibrated using
365 fb−1 of Belle II data [53]. The self-tagged hadronic control channels used for this
purpose were four neutral B decays, B0 → D−(→ K+π−π−)π+ and B0 → D∗−π+

(with D∗− → D0π− reconstructed in the D0 → K+π−, K+π−π0, and K+π−π+π− sub-
channels), and two charged B decays, B+ → D0(→ K+π− /K+π−π0)π+. These decays
provide high-statistics, effectively flavour-specific samples, well suited to a calibration
of this kind. They were combined separately for the neutral and charged subsamples,
weighted by their respective branching fractions, into two datasets used for the remainder
of the analysis. Alongside 365 fb−1 of collision data, dedicated signal MC samples for each
individual channel and a 1 ab−1-equivalent generic BB/qq̄ MC sample (for background
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studies) were used.

Events were first skimmed with loose requirements on track impact parameters, PID
likelihoods, the D/D∗ invariant mass, the D∗ daughter-pion momentum, and the D∗–D
mass difference (Q-value), followed by tighter selections on the two kinematic variables
∆E = E∗

B − E∗
beam and Mbc = (1/c2)

√
(E∗

beam)
2 − (p⃗ ∗

Bc)
2, requiring Mbc > 5.20GeV/c2

and ∆E ∈ [−0.5, 0.5]GeV. Continuum background was further suppressed using the nor-
malized second Fox–Wolfram moment [54], R2 = H2/H0, whereHl =

∑
i,j |p⃗i||p⃗j|Pl(cos θij)

is the l-th order Fox–Wolfram moment, summed over pairs of particles i, j in the event,
with Pl the l-th Legendre polynomial: this moment quantifies the overall shape of the
event’s momentum distribution, and is small for the more isotropic BB topology and
large for jet-like continuum, similarly to the event-shape variables used for continuum
suppression in Section 5.6. A signal region, enriched in BB events (Mbc > 5.27 GeV/c2,
R2 < 0.4), and a sideband, enriched in continuum (Mbc < 5.27 GeV/c2, R2 ∈ [0.2, 0.4]),
were defined for the subsequent fits.

4.3.1 Signal/Background Separation with the sPlot Technique

Since the ultimate quantity of interest, ∆t, cannot itself be cleanly separated into signal
and background components on an event-by-event basis, the sPlot technique [55] was
used to statistically unfold the ∆t distribution of each component using an uncorrelated
discriminating variable instead. Here this variable is ∆E, whose distribution for each
source of events (signal, BB and continuum background) is well understood, and which
is required to be uncorrelated with the “control” variable of ultimate interest, ∆t, for the
technique to be valid. This produces per-event weights (sWeights) that, when used to
weight the observed ∆t distribution, reproduce the distribution each component would
have had in isolation, without requiring any prior assumption about the ∆t shape itself.

The ∆E shape of correctly reconstructed signal was modelled as the sum of a Gaussian
and a double-sided Crystal Ball (DSCB) function, analogous to the single-sided Crystal
Ball function of Section 6.2.1 but with independent power-law tails on both sides of the
Gaussian core, sharing a common mean, for a total of eight floating shape parameters.
A further background specific to hadronic channels, in which a true kaon from the B
decay is misidentified as a pion, exhibits a ∆t distribution similar to genuine signal
and was therefore modelled separately (again with a six-parameter DSCB function) but
instructed to be treated as part of the signal component by the sPlot algorithm. The
remaining, correctly reconstructed BB background was modelled with a second-order
Chebyshev polynomial, and the continuum background with a single exponential, fitted
simultaneously in the signal region and sideband (sharing the same exponential slope)
to constrain its shape using the much larger sideband statistics. With the shape of each
component fixed from these individual fits, a combined fit to the full dataset, floating
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only the overall component yields and the exponential slope of the continuum PDF, was
used to extract the final sWeights used in the resolution-function and mistag-parameter
fits below.

Figure 4.1 shows the combined fit to the full dataset, with all component shapes fixed
and only the yields and continuum slope floated, for both generic MC (used to validate
the fitting procedure before unblinding the data) and the 365 fb−1 Belle II dataset itself.
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Figure 4.1: Combined ∆E fit to (a) generic MC and (b) collision data, with the shape of
each component fixed and only the component yields and continuum slope left floating.

4.3.2 Extraction of Mistag and Resolution Parameters

The calibration was performed in seven bins of the dilution factor r, with bin edges

redges = [0.000, 0.100, 0.250, 0.450, 0.600, 0.725, 0.875, 1.000], (4.3)

chosen to reflect the differing dominant tagging categories, and hence differing effective
resolution and mistag behaviour, populating each bin.

First, a residual fit determined the resolution-function parameters alone, via an un-
binned, two-dimensional fit to ∆tres and σ∆t in signal MC (using the model of Eq. 4.2),
performed simultaneously across all seven r bins. The first six bins shared a common set
of parameters. The seventh bin, populated predominantly by semileptonic tagging cate-
gories in which at least one lepton track is guaranteed to originate directly from Btag, was
instead allowed independent tail parameters, reflecting its measurably different resolution
behaviour. Second, a mixing fit extracted the mistag parameters themselves: the data
were divided into 28 slices, corresponding to the seven r bins and the four combinations
of tag-side and signal-side flavour (qtag, qsig = ±1), and a simultaneous two-dimensional
unbinned maximum-likelihood fit was performed across all 28 slices, with the resolution-
function parameters fixed from the residual fit (except for its tail component, left floating)
and w, ∆w, and µ floated independently in each r bin; uncertainties were obtained using
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the HESSE algorithm [56]. This mixing fit was performed on both the sWeighted data and
on generic MC, with the fitted MC values consistent with their known generated values,
and the sWeighted-data fit providing the calibrated mistag parameters ultimately used,
at the time, in TDCPV analyses employing the BDT-based Flavour Tagger.
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Figure 4.2: Fit to the decay-time residual ∆tres(δt) = ∆t − ∆ttrue in signal MC events,
combined over all seven r bins of Eq. 4.3.

Figure 4.2 shows the combined residual fit, summed over all seven r bins, together
with an example from an individual bin; the sharp, narrow core and long tails extending
to several picoseconds illustrate the composite structure of Eq. 4.2. Figure 4.3 shows an
example mixing fit, for one combination of r bin and tag/signal flavour, on both generic
MC events and sWeighted data.
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Figure 4.3: Mixing fit, for one representative r bin (3rd) and tag/signal flavour combina-
tion (+1/−1), on (a) generic MC events and (b) sWeighted collision data.

4.4 Flavour Tagger Software Refactoring

As part of the TDCPV working-group software-liaison duties, the Belle II Flavour Tagger
codebase itself was subsequently refactored. The original implementation combined both
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training/retraining and per-event application logic in a single, undocumented, roughly
1400-line basf2 script, with no configurable training parameters, making it difficult to
maintain, extend, or retrain as the tagger evolved. This work redesigned the package
to separate the user-facing application code, which alone remains inside basf2 and is
what is invoked during ordinary event reconstruction (Section 2.3.1), from the expert-side
retraining and validation logic. The latter was left for the collaboration to re-implement as
a standalone, modular, and documented framework capable of retraining, validating, and
updating the corresponding global tags (the collaboration-wide database entries recording
which trained tagger version is used for a given data-taking period). The refactored
application code was validated to reproduce the output of the original implementation
bit-for-bit, and was merged into the Belle II software repository; the companion retraining
framework, including full automation of the retraining procedure for the newer, Graph-
Neural-Network-based tagger, was left as follow-up work for the working group.

4.5 Graph-Neural-Network-Based Flavour Tagger

The Flavour Tagger used in the principal measurement of this thesis (Chapters 5–7) is a
newer, Graph-Neural-Network (GNN)-based algorithm [57], referred to hereafter as the
GNN-based Flavour Tagger (GFlaT), which supersedes the BDT-based tagger calibrated
in Section 4.3. Rather than processing each tagging category largely independently before
combining their outputs, as in the category-based BDT approach, the GFlaT instead
represents the particles in the ROE as nodes of a graph and learns correlations between
them directly. This allows it to exploit information, such as correlations between multiple
particles in the same tagging category, or between different categories, that a category-
based approach cannot easily capture. This improves the effective tagging efficiency
relative to the earlier BDT-based tagger, as shown in Figure 4.4.

As for the earlier BDT-based tagger, the GFlaT’s own mistag parameters were cali-
brated, in the same seven r bins of Eq. 4.3, against dedicated self-tagged control channels:
B0 → J/ψK∗0 for Belle and B0 → D(∗)−π+ for Belle II. These yield effective tagging ef-
ficiencies of (33.6± 1.2)% and (37.4± 0.4)%, respectively (Section 5.5).
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Figure 4.4: Distribution of the flavour-tagger output qr for simulated B0 and B0 candi-
dates in Belle II, comparing the GFlaT (solid lines) with the earlier category-based BDT
tagger (filled histograms): the GFlaT concentrates substantially more candidates near
|qr| = 1, reflecting its higher effective tagging efficiency [57].



Chapter 5

Event Reconstruction and Selection in
B0 → K0

Sπ
0γ

This chapter describes how B0 → K0
Sπ

0γ candidates are reconstructed and selected from
the Belle and Belle II datasets. Reconstruction proceeds in a bottom-up manner: a K0

S

candidate is formed from a pair of oppositely charged tracks assumed to be pions, a
π0 candidate from a pair of ECL photon clusters, and a prompt (high-energy) photon
candidate from a further ECL cluster. These three objects are then combined into a Bsig

candidate, while the remaining tracks and clusters in the event are assigned to Btag.

5.1 Signal Candidate Reconstruction

5.1.1 K0
S

Selection

K0
S candidates are reconstructed from two oppositely charged tracks, assumed to be pions.

Both pion candidates are constrained to originate from a common vertex and the resulting
invariant mass is required to lie in a window of approximately 3σ around the known K0

S

mass of 497.6 MeV/c2 [2], specifically [468, 528] MeV/c2.
Correctly reconstructed K0

S → π+π− decays need to be distinguished from two dom-
inant sources of misreconstruction: random track combinations, and Λ0 → pπ− decays
in which the proton is misidentified as a pion. Both are suppressed using a pair of cen-
trally provided multivariate (MVA) classifiers, each being a single discriminating score
computed from several input variables by a trained statistical or machine-learning model,
as opposed to a criterion on any one variable alone. The first classifier, a K0

S -selection
MVA, primarily uses the kinematic properties of the K0

S candidate and its decay pions
together with the K0

S flight length (the distance between its decay vertex and the inter-
action point (IP)), which is a powerful discriminant since genuine K0

S mesons typically
travel a measurable distance before decaying unlike random track combinations. The
second one, a Λ0-veto MVA (Figure 5.1), uses the proton-hypothesis PID likelihood of
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S
π0γ

each decay pion together with the reconstructed Λ0 mass obtained by reassigning the
proton mass hypothesis to one of the two tracks.

In Belle, these classifiers are based on a NeuroBayes neural network [58], with stan-
dard, collaboration-recommended working points of −0.4 on the Λ0-veto score and 0.5

on the K0
S -selection (V 0-selection) score. These working points were found to already be

close to optimal for this analysis and left unchanged. In Belle II, the analogous classifiers
are based on LightGBM [59], a gradient-boosted decision-tree implementation; here the
working points of 0.15 on the Λ0-veto score and 0.9 on the K0

S -selection score are instead
obtained by dedicated optimization of the figure-of-merit

FOM =
NS√

NS +NB

, (5.1)

where NS and NB are the expected signal and background yields in the signal region
used throughout this analysis, defined by Mbc > 5.27 GeV/c2 and ∆E ∈ [−0.2, 0.1] GeV,
which retains 80–90% of signal events depending on the mass region; this figure of merit,
used throughout this analysis for MVA working-point optimization, is applied here as a
distinct background-suppression step (Section 5.6) rather than during preselection itself,
and corresponds to background reductions of approximately 7% (for a 2% signal-efficiency
loss) and 80% (for a 3% loss), respectively.

Figure 5.1: Output of the Belle II K0
S -selection MVA (Ks_V0_mva) for genuine, truth-

matched K0
S candidates and combinatorial (“fake”) K0

S candidates, showing the strong
separation exploited to reject such background; the dashed line indicates the working
point used in this analysis.
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5.1.2 π0 Selection

π0 candidates are reconstructed from pairs of ECL photon clusters, with invariant mass
mγγ ∈ [0.09, 0.16] GeV/c2: the upper edge corresponds to approximately 3σ above the
known π0 mass, while the lower edge is set further away to accommodate a longer tail
on the low-mass side of the π0 peak arising from shower leakage (shower energy that
extends beyond the clustered crystals, thereby reducing the reconstructed photon en-
ergy). Additional requirements are placed on the number of crystals contributing to each
photon cluster (≥ 2) and on the opening angle and azimuthal-angle difference between
the two photons (each < 1.3 rad), and, for Belle II, on the ECL cluster timing relative
to the beam-crossing time (within ±200ns and, additionally, within twice its estimated
uncertainty), which suppresses clusters from out-of-time beam-induced background. A
mass-constrained fit is then applied to each π0 candidate, and the χ2 probability of the
fit is used as a discriminant for selecting genuine π0 candidates.

Since combinatorial photon pairs can also satisfy the above mass window, a ded-
icated π0-selection MVA, based on XGBoost [60], is trained to discriminate correctly
reconstructed π0 candidates from combinatorial background. Its features are built from
the π0 candidate itself: its invariant mass, the χ2 probability of the mass-constrained
fit, the cosine of the helicity angle (the angle of one photon relative to the π0 flight di-
rection, evaluated in the π0 rest frame), and the opening angle between the two decay
photons, with the π0 transverse momentum in the Υ(4S) frame included as an additional
input for Belle. These are combined with, for each photon, a centrally provided fake-
photon-suppression score (discriminating genuine ECL clusters from beam-background
or hadronic split-off clusters) and either its raw energy (Belle) or a centrally provided
beam-background-suppression score (Belle II, reflecting the higher beam-background en-
vironment at SuperKEKB). By feature-importance score, the two most powerful discrim-
inants in both experiments are the χ2 probability of the mass-constrained fit and the
photon opening angle, dominant in Belle and Belle II respectively, followed in both cases
by the fake-photon-suppression scores of the two decay photons.

The π0-selection MVA achieves a receiver-operating-characteristic area under the
curve (ROC-AUC) of 0.94 (Belle) and 0.95 (Belle II), with its response shown in Fig-
ure 5.2. The ROC-AUC is a standard, threshold-independent measure of classifier per-
formance equal to the probability that the classifier ranks a randomly chosen signal
candidate above a randomly chosen background one, with 1.0 indicating perfect separa-
tion and 0.5 indicating no discriminating power at all. A working-point cut on this score
of 0.3 (Belle) and 0.5 (Belle II) removes approximately 75% and 55% of combinatorial
background, respectively, for a loss of approximately 10% signal efficiency in the signal
region in both cases. Application of this classifier is discussed further in Section 5.6,
where the same score is also used for best-candidate selection.
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(a) Belle (b) Belle II

Figure 5.2: Response of the π0-selection MVA for signal and combinatorial background,
in (a) Belle and (b) Belle II, shown separately for the training and test samples.

5.1.3 Prompt Photon Selection

The prompt photon, the high-energy photon emitted directly in the B0 → K0
Sπ

0γ transi-
tion as opposed to one of the two photons from the π0 decay, is reconstructed from ECL
clusters with an energy in the e+e− centre-of-mass frame satisfying E∗ ∈ [1.4, 3.4] GeV,
consistent with the kinematics of a two-body-like radiative B decay. Its cluster shape is re-
quired to be consistent with a genuine electromagnetic shower via the ratio E9/E21 > 0.9,
where E9 and E21 are the energies deposited in 3×3 and 5×5 (excluding the four corners)
arrays of crystals, respectively, centred on the crystal of highest energy. A photon shower,
being compact, deposits nearly all its energy within the smaller region, whereas hadronic
interactions or overlapping clusters produce more diffuse energy depositions. As for the
π0 daughters, an ECL cluster-timing requirement is applied for Belle II.

A significant background arises when the prompt-photon candidate is actually one of
the two photons from an unrelated, boosted π0 or η meson elsewhere in the event. This
is suppressed with a π0/η-veto MVA (again XGBoost-based) that attempts to pair the
prompt-photon candidate with every other suitably energetic photon in the rest of the
event (ROE) and evaluates the invariant mass and fit quality of the resulting π0 or η
candidate; the highest such veto score in the event is retained, and the prompt-photon
candidate is rejected if this score is too large. In Belle, this classifier uses the resulting π0

candidate’s invariant mass, the χ2 probability of its mass-constrained fit, and the cosine
of its helicity angle, together with the paired ROE photon’s energy and the highest single-
crystal energy within its cluster; by feature-importance score, the χ2 probability is by
far the dominant discriminant, roughly an order of magnitude more powerful than the
next-most-important feature, the π0 invariant mass. This classifier achieves an ROC-
AUC of 0.97; a working-point criterion at a score of 0.50 removes approximately 50%
of background at a cost of 6% signal efficiency. In Belle II, separate, centrally provided
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π0-veto and η-veto classifiers are used instead; working-point criteria of 0.90 and 0.75

on their respective scores remove approximately 70% of background (for 10% signal loss)
and 16% of background (for 3% signal loss), respectively; the response of these classifiers
is shown in Figure 5.3.

(a) Belle, π0-veto (b) Belle II, π0-veto

Figure 5.3: Output of the π0-veto MVA(s) for genuine prompt photons and for photons
that are actually one member of an unrelated π0 decay: (a) for Belle; (b) for Belle II.
Dashed lines indicate the working point used in this analysis, above which the prompt-
photon candidate is rejected.

5.2 Kinematic Variables Mbc and ∆E

The K0
S , π0, and prompt-photon candidates are combined into a Bsig candidate, identified

using the beam-energy-constrained mass Mbc and energy difference ∆E already defined
in Section 4.3. Both variables are computed from the Bsig momentum obtained after the
full Bsig vertex fit of Section 5.4, the global decay-chain fit of Section 3.4, applied here
with a π0 mass constraint in addition to the IP constraint, rather than from the pre-
fit candidate kinematics; this improves the ∆E resolution. For correctly reconstructed
signal, Mbc peaks at the known B0 mass and ∆E peaks at zero. Because the prompt
photon is prone to shower leakage in the ECL, the ∆E distribution develops a long
tail towards negative values, and since an underestimated photon energy affects both
variables, a corresponding correlation develops between Mbc and ∆E.

To reduce such effects, a modified definition of Mbc is used, in which the π0 and
prompt-photon momenta are rescaled so that their energies sum to

√
s/2 minus the

precisely measured K0
S energy, while preserving the original ratio between the π0 and
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photon energies:
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√
s/2− E∗

K0
S
,

E ′
π0 =

Eres

E∗
π0 + E∗

γ

E∗
π0 , E ′

γ =
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E∗
π0 + E∗

γ

E∗
γ ,

p⃗ ′
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√
(E ′

π0/c)2 − (Mπ0c)2
p⃗ ∗
π0
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π0|
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γ = (E ′
γ/c)

p⃗ ∗
γ

|p⃗ ∗
γ |
,

Mbc = (1/c2)
√
s/4− |p⃗K0

S
+ p⃗ ′

π0 + p⃗ ′
γ|2c2. (5.2)

Since the K0
S momentum is measured more precisely than the π0 or photon energies,

this rescaling propagates the well-measured K0
S and beam kinematics into Mbc while

suppressing its sensitivity to shower-leakage-induced biases in the π0 and photon energies.
It improves the signalMbc resolution by 3–7%, depending on the dataset, and significantly
reduces the residual Mbc–∆E correlation in background events without affecting the
signal [61]. Signal candidates are required to satisfy Mbc ∈ [5.23, 5.29]GeV/c2 and ∆E ∈
[−0.3, 0.2] GeV, with the asymmetric ∆E range again reflecting the shower-leakage tail
and the upper Mbc edge corresponding closely to the kinematic endpoint

√
s/2c2.

Figure 5.4 compares the resulting signal Mbc and ∆E shapes, before and after this
modification, in both Belle and Belle II MC events: the modified variables are visibly nar-
rower in both experiments, consistent with the improved resolution. Table 5.1 quantifies
this improvement for all four dataset/mass-region combinations, via the central interval
containing 68% of signal candidates (equivalent to ±1σ for a Gaussian distribution); the
improvement is consistent across mass regions and experiments, at the few-percent level
quoted above.

Table 5.1: Central 68% intervals of the signal Mbc and ∆E distributions, for the original
and modified variable definitions, in all four dataset/mass-region combinations.

Dataset Variable Original interval Modified interval Improvement

Belle MR1 Mbc (GeV/c2) 7.52× 10−3 7.02× 10−3 6.6%
∆E (GeV) 1.74× 10−1 1.63× 10−1 6.3%

Belle MR2 Mbc (GeV/c2) 7.70× 10−3 7.26× 10−3 5.7%
∆E (GeV) 1.80× 10−1 1.70× 10−1 5.5%

Belle II MR1 Mbc (GeV/c2) 6.90× 10−3 6.68× 10−3 3.2%
∆E (GeV) 1.49× 10−1 1.41× 10−1 5.4%

Belle II MR2 Mbc (GeV/c2) 6.72× 10−3 6.40× 10−3 4.8%
∆E (GeV) 1.41× 10−1 1.32× 10−1 6.4%
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(a) Mbc, Belle (b) Mbc, Belle II

(c) ∆E, Belle (d) ∆E, Belle II

Figure 5.4: Distributions of the original (blue) and modified (red) Mbc and ∆E variables
for correctly reconstructed signal MC (MR1), in Belle (a, c) and Belle II (b, d); the
modified variables are visibly narrower in both experiments.
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5.3 Mass Regions MR1 and MR2

The invariant mass of the reconstructed K0
Sπ

0 system, MK0
Sπ

0 , is required to lie in the
range [0.8, 1.8]GeV/c2, selecting the kinematic region relevant to this analysis while re-
jecting, at the upper edge, reflections from charmed-meson decays. This range is further
divided into two nonoverlapping mass regions, in which the analysis proceeds and the
CP -violation parameters are extracted separately:

• MR1, MK0
Sπ

0 ∈ [0.8, 1.0]GeV/c2, dominated by the K∗0(892) resonance.

• MR2,MK0
Sπ

0 ∈ (1.0, 1.8]GeV/c2, with contributions from nonresonantB0 → K0
Sπ

0γ

decay and higher K∗ resonances.

As discussed in Section 1.4, the theoretical relationship between S and the underlying
b→ sγ amplitude differs between these two regions, motivating their separate treatment
throughout the reconstruction, background-suppression, and fit strategy.

5.4 B-meson Vertexing and ∆t Reconstruction

The Bsig decay vertex is obtained from the global decay-chain fit of Section 3.4, applied
to its full decay chain with a point constraint to the IP, using the displaced K0

S →
π+π− vertex as the primary source of vertex information. The Btag vertex is instead
reconstructed from the remaining tracks in the event not assigned to Bsig, using the beam-
constrained, IP-tube technique of Section 3.4, with its flight direction inferred from the
(well-measured) Bsig momentum. Standard vertex-quality requirements, a positive fit χ2

probability for Bsig and a positive tag-side vertex-fit p-value with at least one effective
degree of freedom, are applied to both vertices.

The proper-time difference between the two B decays is calculated as

∆t =
∆z

βγc
, (5.3)

where ∆z is the separation between the two reconstructed vertices projected along the
boost direction, and βγ is the Lorentz boost of the Υ(4S) introduced in Section 1.3, equal
to 0.425 for Belle and 0.284 for Belle II.

Not every event yields a usable ∆t measurement: only K0
S decays with at least one

pion track registering a hit in the vertex detector (the SVD for Belle, either the PXD or
SVD for Belle II) provide a sufficiently precise Bsig vertex, and a further requirement of
σ∆t < 3.0 ps is imposed on the per-event ∆t uncertainty. Events satisfying both criteria
form the time-dependent (TD) sample, used to extract both S and C. The remainder form
the time-integrated (TI) sample, which lacks a usable ∆t but still contributes information
on C through its tag-flavour-dependent yields (Chapter 6). The TD sample comprises
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approximately 50% of selected events in Belle and 75% in Belle II; the larger Belle II
fraction follows from its larger-volume vertex detector (PXD and SVD together, versus
SVD alone in Belle) and its smaller Lorentz boost, both of which increase the probability
that the K0

S decays within the instrumented tracking volume.

5.5 Flavour Tagging Application

The flavour of Btag at its decay time, needed to evaluate the CP asymmetry of Eq. 1.7, is
determined using the Graph-Neural-Network-based Flavour Tagger (GFlaT) introduced
in Section 4.5. Applied to this analysis, the GFlaT returns a flavour hypothesis qtag = ±1

and a dilution factor r ∈ [0, 1] quantifying the tagger’s confidence: r = 1 corresponds
to complete certainty in the flavour assignment, while r = 0 corresponds to no tagging
information at all. The mistag parameters w, ∆w, and µ that translate r into a physical
dilution of the measured asymmetry are calibrated, in seven bins of r, using the self-
tagged control channels B0 → J/ψK∗0 (Belle) and B0 → D(∗)−π+ (Belle II), as described
in Section 4.5. The calibrated mistag parameters are interpolated linearly in r for use in
the fit of Chapter 6.

Figure 5.5 shows this r-dependent modelling explicitly: the average mistag probability
w decreases linearly with r, as expected since higher r corresponds to a more confident,
less-often-wrong tag, while the wrong-tag asymmetry ∆w and tagging-efficiency asymme-
try µ show no significant r-dependence and are each modelled instead as a single constant
across all seven bins.
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Figure 5.5: The seven centrally calibrated r-bin values (black points) of w, ∆w, and
µ, together with the continuous-in-r model fitted to them (red line) and used in place
of the legacy seven-category binning, shown here for Belle II as an example; the same
procedure is applied to Belle. Values shown use the “PXD-on” calibration, which applies
to the majority (∼ 397 fb−1 of 493 fb−1) of the Belle II dataset analysed; the “PXD-off”
calibration is statistically consistent with it.
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5.6 Background Suppression

After the preliminary selection described in Sections 5.1–5.3, the sample remains dom-
inated by combinatorial and physics backgrounds from BB and continuum e+e− → qq̄

events. Beyond the K0
S -selection, Λ0-veto, π0-selection, and π0/η-veto classifiers already

introduced, a dedicated continuum-suppression MVA is trained to reject the continuum
background directly. The training configuration and leading input variables of the π0/η-
veto, π0-selection, and continuum-suppression classifiers are given in Appendix A.

5.6.1 Continuum-Suppression MVA

Continuum e+e− → qq̄ (q ∈ {u, d, s, c}) events differ topologically from genuine Υ(4S) →
BB events, as illustrated in Figure 5.6: because the two quarks are produced with much
higher momentum than the nearly-at-rest B mesons from Υ(4S) decay, continuum events
develop a collimated, back-to-back “jet-like” topology, whereas BB events are compara-
tively spherical.

Figure 5.6: Schematic contrast between the collimated, back-to-back topology of con-
tinuum e+e− → qq̄ events (left) and the comparatively spherical, isotropic topology of
Υ(4S) → BB events (right), reflecting the much larger momentum of the continuum
quarks relative to the nearly-at-rest B mesons.

This is exploited by an XGBoost classifier trained on event-shape variables, including
the thrust [62] (the maximum fraction of total momentum aligned along any single axis,
large for jet-like events), Fox–Wolfram moments [54] (a set of rotationally invariant mo-
ments of the angular distribution of particle momenta, commonly used to quantify event
shape), CLEO cone variables [63] (energies deposited in a series of conical regions around
the signal thrust axis), and KSFW moments (a related set of modified Fox–Wolfram mo-
ments developed for the B-factory environment). Of these, the most discriminating single
feature is the cosine of the angle between the thrust axis of Bsig and that of the rest of the
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event. Separate classifiers are trained for each mass region and each experiment, since the
optimal combination of input variables and their relative importance can differ between
them. These classifiers achieve an ROC-AUC of 0.92 (Belle) and 0.93 (Belle II) in both
mass regions; a working-point cut at a score of 0.6 removes approximately 80% (Belle)
to 85% (Belle II) of continuum background for a signal-efficiency loss of approximately
20%, with the classifier response shown in Figure 5.7.

(a) Belle, MR1 (b) Belle, MR2

(c) Belle II, MR1 (d) Belle II, MR2

Figure 5.7: Response of the continuum-suppression MVA for signal and continuum back-
ground, in each of the four experiment/mass-region combinations, shown separately for
the training and test samples.

The residual distribution of the transformed variable after application of the criterion
can be further used for discriminating between signal and background, and this variable
is included in the fit. Because the raw classifier output is sharply peaked near unity for
signal, making it difficult to model with analytic functions in the fit of Chapter 6, it is
transformed into a new variable

C ′ = ln

(
Cout − Cmin

out

Cmax
out − Cout

)
, (5.4)
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where Cout is the raw MVA output after the working-point cut, and Cmin
out and Cmax

out are its
minimum and maximum values; this log transform spreads out the region near Cout = 1

into a variable, C ′, with a shape that can be described by typical analytic probability
density functions.

5.6.2 Data-Simulation Validation and Bias Checks

Since every classifier introduced in this chapter is trained on simulation, its output must
also be validated directly against data before it can be trusted to select an unbiased data
sample. This is done in a background-dominated dataset, by comparing the shape of each
classifier’s output distribution, and of its input variables individually, between data and
MC simulation, with the MC histogram normalized to the data yield to allow a shape-only
comparison. Figure 5.8 shows this comparison for the Belle π0/η-veto, π0-selection, and
continuum-suppression MVA outputs, and for the Belle II π0-selection and continuum-
suppression MVA outputs. In every case, the data/MC ratio is consistent with unity to
within approximately 20%, with no evidence of a shape distortion that would bias the
selected sample.

A further, more targeted check addresses whether any classifier could introduce a bias
correlated with the flavour tag or with ∆t itself, which would be far more dangerous
than a generic shape mismodelling since it could generate a spurious CP asymmetry.
Two such checks were performed for the classifier MVAs, using signal MC with known
generated ∆t: first, the fraction of events retained by the working-point criterion on
this classifier was compared before and after tagging the accompanying Btag meson as
a B0 or B0, and is flat as a function of generated ∆t for both tag flavours to within
statistical uncertainties (Figure 5.9); second, no significant change in the shape of the
reconstructed ∆t distribution itself was observed after applying the cut. Together these
confirm that these MVAs do not introduce any tag- or ∆t-dependent selection bias capable
of mimicking CP violation.

5.7 Best-Candidate Selection and Selection Efficiency

After all selection criteria above, 10–12% of events retain more than one Bsig candidate, a
multiplicity of approximately 1.20 (Belle) and 1.15 (Belle II) among candidates that pass
the full selection. Since these ambiguities arise predominantly from misreconstructed π0

candidates (i.e. alternative photon-pairing combinations satisfying the π0 mass window),
the candidate with the highest π0-selection MVA score (Section 5.1) is retained in each
event; in the rare event of a tie, a candidate is chosen arbitrarily. This best-candidate
selection (BCS) procedure is found, from simulation, to select a correctly reconstructed
candidate approximately 73% of the time in events with at least one such candidate
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present, outperforming alternative choices such as selecting the candidate with π0 mass
closest to its nominal value (61%) or choosing a candidate at random (49%).

Table 5.2 summarises the cut-flow through preselection, each background-suppression
classifier, and best-candidate selection, for data-equivalent simulated samples in both ex-
periments, together with the resulting cumulative efficiency in MR1 and MR2 (evaluated
using the K∗0(892)-resonant and higher-mass-region signal MC samples, respectively).
The overall reconstruction and selection efficiency for signal events, combining correctly
reconstructed and self-cross-feed signal, is approximately 19% (MR1) and 13% (MR2) for
Belle, and 22% (MR1) and 14% (MR2) for Belle II. The improvement in Belle II reflects
its superior detector and algorithm performance.

(a) π0/η-veto, Belle (b) π0-selection, Belle (c) Continuum-suppr., Belle

(d) π0-selection, Belle II (e) Continuum-suppr., Belle II

Figure 5.8: Data-simulation comparison of classifier output shapes in a background-
dominated region, with the MC histogram normalized to the data yield; the lower panel
of each plot shows the data-MC ratio.
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Figure 5.9: Example plot showing the efficiency of the K0
S -selection MVA working-point

criterion as a function of the true (generated) ∆t in signal MC, shown separately for
events with a B0

tag and a B0
tag; the efficiency is flat within uncertainties across the full ∆t

range and shows no significant difference between the two tag flavours.

Table 5.2: Cut-flow of candidate counts (continuum, BB, correctly reconstructed signal,
and self-cross-feed signal, defined in Section 6.2.1) through each selection stage, in data-
equivalent simulated samples, together with the cumulative efficiency in MR1 and MR2.
The quoted efficiency is for the true-signal-plus-SCF sample, i.e. all signal MC events
surviving selection regardless of whether they are correctly reconstructed or SCF.

Selection qq̄ BB True signal SCF signal MR1 / MR2 eff. (%)

Belle
Prelim. selection 327329 13361 1874 3276 36.6 / 22.5
π0/η-veto MVA 155181 10512 1764 3049 34.5 / 21.0
π0-selection MVA 61233 3156 1647 770 28.8 / 16.6
Continuum MVA 6764 1825 1290 485 22.1 / 13.1
Best-candidate sel. 5970 1503 1226 226 22.1 / 13.1

Belle II
Prelim. selection 2648828 30683 1973 3379 43.9 / 25.3
K0

S -selection MVA 447626 8756 1854 3175 41.7 / 23.9
π0/η-veto MVA 124250 6296 1731 2926 39.2 / 22.1
π0-selection MVA 38770 1601 1544 447 31.9 / 16.9
Continuum MVA 4248 1112 1249 312 25.3 / 13.7
Best-candidate sel. 3954 990 1206 157 25.3 / 13.7



Chapter 6

Time-Dependent CP -Violation Fit

Having reconstructed and selected B0 → K0
Sπ

0γ candidates (Chapter 5), this chapter
describes how the CP -violation parameters S and C are extracted from them. Follow-
ing standard practice in blinded analyses, the fit strategy, probability density functions
(PDFs), and validation studies described here were all developed using simulation and
data control samples, with the signal region (Section 5.1) in data examined only once all
procedures were finalized (Section 6.6).

6.1 Overview of the Fit Strategy

The S and C parameters are extracted with a simultaneous extended unbinned maximum-
likelihood fit, performed independently for each dataset (Belle and Belle II) and mass
region (MR1 and MR2). Guided by MC studies showing that Mbc, ∆E, and C ′ (Sec-
tions 5.2 and 5.6) have negligible correlation with ∆t, the full PDF for each fit com-
ponent i factorizes into a signal-extraction (SE) PDF, P SE

i (Mbc,∆E, C ′), discriminating
between components, and a CP -asymmetry PDF, PCPV

i (∆t | σ∆t, qtag, r), encoding the
time-dependent asymmetry itself. There are three fit components (i = 1, 2, 3): signal, BB
and continuum background. These two halves of the fit are conceptually distinct: the SE
PDFs discriminate signal from background using kinematic and background-suppression
variables uncorrelated with decay time, while the CPV PDFs encode the time-dependent
physics of interest. Section 6.2 describes both, in turn, for each of the three components,
before Section 6.3 combines them into the total fit actually performed.

The fit is further split according to the time-dependent (TD) and time-integrated (TI)
classification of Section 5.4. For the TD sample, the full PDF is

PTD
full (Mbc,∆E, C ′,∆t | σ∆t, qtag, r) =

3∑
i=1

N q
i (qtag, r) f

TD
i P SE

i (Mbc,∆E, C ′)

× PCPV
i (∆t | σ∆t, qtag, r), (6.1)

51



52 CHAPTER 6. TIME-DEPENDENT CP -VIOLATION FIT

while for the TI sample, lacking a usable ∆t, it is

PTI
full(Mbc,∆E, C ′ | qtag, r) =

3∑
i=1

N q
i (qtag, r) (1− fTD

i )P SE
i (Mbc,∆E, C ′), (6.2)

where N q
i (qtag, r) is the yield of component i for a given tag flavour qtag = ±1 and dilution

r (expressed in terms of C for the signal and BB components, Section 6.2.1), and fTD
i is

the fraction of component i found in the TD sample, fixed from simulation and corrected
using data control samples (Section 6.6).

6.2 Modelling of the Fit Components

The SE and CPV models introduced in Section 6.1 are developed below for each of the
three fit components in turn, starting with signal.

6.2.1 Signal

The signal component itself is the sum of two sub-components, weighted by their MC-
predicted fractions: correctly reconstructed signal, in which all three of K0

S , π0, and the
prompt photon are properly matched to the true decay; and self-cross-feed (SCF) signal,
in which the K0

S is correctly reconstructed but the π0 or the prompt photon is not. The
SCF fraction is itself varied as part of the systematic-uncertainty evaluation (Section 7.2).

Signal-Extraction Model. For correctly reconstructed signal, the Mbc shape is mod-
elled with a Crystal Ball function [64, 65], a Gaussian core smoothly joined to a power-law
tail on one side, originally developed to describe energy-loss tails in calorimetric measure-
ments and well suited here to the residual shower-leakage tail in Mbc. The ∆E and C ′

shapes are each instead modelled with a Johnson SU function [66], a four-parameter dis-
tribution capable of describing a wide range of skewed, heavy-tailed shapes beyond what
a simple Gaussian or Crystal Ball function can capture. A residual correlation of 5–20%
between Mbc and ∆E, depending on the dataset, remains despite the modified Mbc def-
inition of Section 5.2. Figure 6.1 illustrates the effect directly, comparing independent
Crystal Ball fits to the signal Mbc shape in a bin centred on ∆E ≈ 0 GeV with one far in
the shower-leakage tail (∆E ≈ −0.27 GeV): the Mbc peak in the latter is visibly broader
and less sharply peaked, motivating an explicit treatment of this residual correlation
rather than a single, ∆E-independent Mbc shape.

This is absorbed by replacing the Crystal Ball width σ and tail-transition parameter
α with explicit functions of ∆E,

σ(∆E) = σ0 + σ1 (∆E)
2, (6.3)



6.2. MODELLING OF THE FIT COMPONENTS 53

α(∆E) = [α0 + α1 exp(−|∆E|/α2)]σ(∆E), (6.4)

where σ0 is the width at ∆E = 0 GeV and σ1 quantifies its quadratic growth away from
it, reflecting the progressively degraded Mbc resolution as shower leakage worsens towards
more negative ∆E; α, rather than being parameterised directly, is instead expressed as
a ∆E-dependent multiple of σ(∆E) itself, with α0, α1, and α2 controlling its constant,
exponentially decaying, and decay-length components, respectively. Overall, this con-
ditional Mbc model has seven free parameters. This parameterisation is derived and
validated by independently fitting the Mbc shape in many narrow bins of ∆E and fitting
Eqs. 6.3 and 6.4 to the resulting per-bin σ and α/σ values, as shown for one such bin pair
in Fig. 6.1; Fig. 6.2 shows the resulting σ(∆E) and α(∆E)/σ(∆E) trends themselves, for
Belle II MR1 as an example, together with the fits of Eqs. 6.3 and 6.4 overlaid; the same
procedure is applied in all four dataset/mass-region combinations. The SCF component,
being a smaller and less sharply peaked contribution, is instead modelled with a Crystal
Ball function in Mbc and asymmetric Gaussian functions in ∆E and C ′. The means of
the correctly reconstructed signal Mbc and ∆E PDFs are floated in the fit to data; all
other signal shape parameters are fixed from simulation, subject to the control-channel
corrections of Section 6.4.2.

(a) ∆E ≈ 0 GeV (b) ∆E ≈ −0.27 GeV

Figure 6.1: Independent Crystal Ball fits to the signal Mbc shape in two bins of ∆E, in
Belle MR1 MC: (a) a bin centred on ∆E ≈ 0GeV, where the π0 and photon energies
are well reconstructed; (b) a bin far in the shower-leakage tail, where the Mbc peak is
visibly broader and shifted, motivating the parameterisation of the Mbc width and tail
as functions of ∆E described in the text.

Figure 6.3 shows this signal model fitted individually to the correctly reconstructed
signal MC events, in each of the three SE dimensions, for Belle MR1 as an example,
illustrating the component’s shape in isolation before it is combined with the BB and
continuum components below; the same procedure is applied in all four dataset/mass-
region combinations.
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(a) σ(∆E) (b) α(∆E)/σ(∆E)

Figure 6.2: The per-bin σ and α/σ values extracted from independent Crystal Ball fits
to Mbc in several bins of ∆E, shown for Belle II MR1 as an example, together with the
fits of Eqs. 6.3 and 6.4 overlaid (red curve); the quadratic rise in σ towards negative ∆E
reflects the worsening Mbc resolution in the shower-leakage tail, consistent with Fig. 6.1.
The same parametrisation procedure is applied to Belle and to MR2.

(a) Mbc (b) ∆E (c) C′

Figure 6.3: The signal-extraction model of this section, fitted individually to correctly
reconstructed signal MC events, shown for Belle MR1 as an example, with pull distribu-
tions shown below each panel; this isolates the shape of the signal component ahead of
the combined fit of Section 6.2.4. The same fit is performed for Belle II and for MR2.
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CP -Violation Model. This split into correctly reconstructed and SCF sub-components
applies only to the SE PDF: the two signal sub-components necessarily share a single
CP -violation PDF. This is physically justified because the SCF misreconstruction affects
only the π0 or prompt-photon assignment, not the K0

S -anchored Bsig vertex or the Btag

side, and so does not bias the reconstructed ∆t or the flavour tag on which that PDF
depends. This shared signal CP -asymmetry PDF incorporates the physics-motivated
time-dependence of Eq. 1.7, modified to account for imperfect flavour tagging via the
mistag parameters w, ∆w, and µ (Section 5.5), and convolved with a resolution function
R describing the finite precision of the ∆t measurement:

Psig(∆t, qtag | σ∆t, r) =
exp(−|∆t|/τB0)

4τB0

{
1− qtag∆w + qtagµ(1− 2w)

+
[
qtag(1− 2w) + µ(1− qtag∆w)

]
[S sin(∆md∆t)− C cos(∆md∆t)]

}
⊗R(∆t | σ∆t).

(6.5)

The resolution function itself is a sum of a main and a tail Gaussian, the latter partially
convolved with an exponential to describe components arising, for example, from sec-
ondary vertices of charmed-particle decays within the B decay chain, with the widths of
both Gaussians scaled by the per-event uncertainty σ∆t:

R(∆tres | σ∆t) = (1− ftail)Rmain + ftail

[
(1− fexp)Rtail-G + fexpRtail-GE

]
,

Rmain = G(∆tres, µmainσ∆t, σmainσ∆t),

Rtail-G = G(∆tres, µtailσ∆t, σtailσ∆t),

Rtail-GE = Rtail-G ⊗
[
fR exp

(
−∆tres
kσ∆t

)
+ (1− fR) exp

(
∆tres
kσ∆t

)]
, (6.6)

where ∆tres ≡ ∆t−∆ttrue, G denotes a Gaussian, and the eight parameters µmain, σmain,
µtail, σtail, ftail, fexp, fR, and k are calibrated from the B0 → J/ψK0

S control channel
(Section 6.4.1). The tag-flavour-dependent signal yields directly encode C:

N q
sig(qtag, r) =

Nsig

2

(
1− qtag∆w + qtagµ(1− 2w)− C

qtag(1− 2w) + µ(1− qtag∆w)

1 + ∆m2
dτ

2
B0

)
.

(6.7)

Since the B-meson lifetime measurement is especially sensitive to any resolution-
function mis-modelling, a flavour-integrated version of this signal ∆t PDF, floating only
τB0 itself with S = C = 0, is fitted to signal MC events as a preliminary cross-check, ahead
of the full S/C closure test of Section 6.3. Figure 6.4(a) shows the resulting fit, for Belle
MR2 as an example, with the fitted lifetime found consistent with the generated value in
all four dataset/mass-region combinations. With the lifetime fixed to its generated value,
S and C are then floated and fit directly to signal MC events, at 50× the expected signal
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yield to give the closure test adequate statistical precision; the resulting values, listed in
Table 6.1, are consistent with the generated value of zero in every dataset/mass-region
combination. Figure 6.4(b) shows the corresponding ∆t fit split by Btag flavour, again
for Belle MR2, with the raw asymmetry plotted below each panel as the direct visual
counterpart of this result.

Table 6.1: S and C from a dedicated fit to signal MC events, at 50× the expected signal
yield, against a generated value of zero in both cases.

Dataset Mass region S C

Belle MR1 0.04± 0.03 −0.01± 0.02
MR2 0.01± 0.03 0.01± 0.02

Belle II MR1 −0.01± 0.02 0.01± 0.02
MR2 −0.02± 0.02 0.01± 0.01

(a) Lifetime cross-check (b) S/C closure test

Figure 6.4: Signal-MC-only ∆t fits, shown for Belle MR2 as an example: (a) the flavour-
integrated fit used to cross-check the signal lifetime τB0 ahead of the full S/C closure
test; (b) the high-statistics fit, split by Btag flavour, underlying Table 6.1, with the raw
asymmetry shown below the panel; its flatness confirms the fitted S and C values are
consistent with the generated, CP -conserving value of zero. The same fits are performed
for Belle II and for MR1.

6.2.2 BB Background

Signal-Extraction Model. The BB background exhibits a peaking structure in Mbc,
from partially reconstructed or misreconstructed B decays that nonetheless satisfy the
beam-energy constraint, but no corresponding peak in ∆E. To capture the resulting
residual correlation without assuming a specific analytic form, its joint Mbc–∆E shape
is modelled with a two-dimensional kernel density estimate (KDE) [67], a nonparametric
technique that builds a smooth PDF directly from the simulated sample by summing
a kernel function centred on each simulated event, rather than fitting the data to a
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predetermined functional form. Its C ′ shape is modelled with an asymmetric Gaussian
function.

Figure 6.5 shows this model fitted individually to BB background MC events, for
Belle II MR2 as an example.

(a) Mbc (b) ∆E (c) C′

Figure 6.5: The signal-extraction model of this section, fitted individually to BB back-
ground MC events, shown for Belle II MR2 as an example, with pull distributions shown
below each panel. The same fit is performed for Belle and for MR1.

CP -Violation Model. The BB background is modelled with the same functional form
as the signal (Section 6.2.1), but with an effective lifetime τBB left floating in the fit, and
with its own CP -violation parameters SBB and CBB fixed to values obtained as weighted
averages over its various sub-components in simulation (Appendix B); its tag-flavour-
dependent yields are parameterised analogously to Eq. 6.7, with CBB in place of C.

Figure 6.6(a) shows the resulting ∆t fit, used to extract τBB, applied individually to
BB background MC events, for Belle MR1 as an example; Fig. 6.6(b) shows the same fit
split by Btag flavour.

(a) Lifetime fit (b) Tag-flavour split

Figure 6.6: BB-MC-only ∆t fits, shown for Belle MR1 as an example: (a) the fit used
to extract the effective BB lifetime τBB; (b) the same fit split by Btag flavour, with the
raw asymmetry shown below the panel. The same fits are performed for Belle II and for
MR2.
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6.2.3 Continuum Background

Signal-Extraction Model. The continuum background is modelled as the product
of independent one-dimensional PDFs, since its correlations among the three variables
are negligible: an ARGUS function [68] for Mbc, a first-order polynomial for ∆E, and a
Johnson SU function for C ′. The ARGUS function is an empirical shape, developed by the
ARGUS collaboration to describe combinatorial backgrounds bounded by the kinematic
endpoint of a phase-space-limited process, that falls smoothly to zero at Mbc =

√
s/2c2.

Figure 6.7 shows this model fitted individually to continuum MC events, for Belle MR1
as an example; the Mbc projection visibly falls away towards the kinematic endpoint, the
signature the ARGUS function is designed to describe.

(a) Mbc (b) ∆E (c) C′

Figure 6.7: The signal-extraction model of this section, fitted individually to continuum
MC events, shown for Belle MR1 as an example, with pull distributions shown below
each panel. The same fit is performed for Belle II and for MR2.

CP -Violation Model. The continuum background is expected to decay promptly and
can be modelled using the same resolution function as the signal (Section 6.2.1), but
with the mean and width of its core Gaussian floated, and is assumed to exhibit no CP
violation, so its yield is split evenly between the two tag flavours. The cc̄ component,
however, can have displaced vertices from the D-meson decay; nevertheless, it can still
be modelled with the same resolution function as the signal.

Figure 6.8 shows this ∆t fit applied individually to continuum MC events, for Belle II
MR1 as an example; since no CP violation is assumed for this component, its yield is
split evenly between tag flavours by construction.

6.2.4 Overall Signal-Extraction Model

Combining the three components’ SE models above, the overall signal-extraction PDF is

P SE
tot (Mbc,∆E, C ′) =

3∑
i=1

Ni P
SE
i (Mbc,∆E, C ′), (6.8)
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with the three yields Ni floated in the fit. Figure 6.9 shows the resulting one-dimensional
projections of this fit, for Belle II MR1 as an example.

Figure 6.8: The continuum ∆t fit, fitted individually to continuum MC events, shown for
Belle II MR1 as an example. The same fit is performed for Belle and for MR2.

6.3 Total Fit

The full likelihood is the product of four terms, one for each combination of the TD/TI
classification and the two tag flavours qtag = ±1:

Ltot = Lqtag=+1
TD · Lqtag=−1

TD · Lqtag=+1
TI · Lqtag=−1

TI . (6.9)

This total fit has five floating observables, the signal, BB, and continuum yields, and
S and C, together with nine floating nuisance parameters absorbing residual data–MC
differences: the means of the signal Mbc and ∆E PDFs; the Mbc endpoint-shape, ∆E
slope, and C ′ mean and width parameters of the continuum PDF; and the mean, width,
and lifetime parameters of the continuum and BB ∆t shapes.

As a closure test, this fit strategy is applied to a data-equivalent, single-stream MC
sample for each dataset and mass region. Representative results for Belle are Nsig =

707±36 (MR1) and 777±44 (MR2), against generated values of 709 and 760 respectively,
with S and C both consistent with their generated value of zero within uncertainties in all
cases (Belle and Belle II, MR1 and MR2), as expected since no CP violation is generated
in this closure MC.

A more statistically stringent version of the same closure test is performed using the
full available generic MC statistics, equivalent to six times the Belle dataset and four
times the Belle II dataset, so that any small residual fit bias, which might be masked
by statistical fluctuations in a single-stream sample, would be more clearly resolved.
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Table 6.2 lists the resulting S and C values: all eight results (two datasets, two mass
regions, two parameters) remain statistically consistent with the generated value of zero.

Figure 6.9: Projections of the signal-extraction fit onto Mbc, ∆E, and C ′, shown for
Belle II MR1 as an example, with pull distributions shown below each panel; each panel
overlays the data, the total fit, and the individual signal, BB, and continuum component
curves. The same fit is performed for Belle and for MR2.

Figure 6.10 shows the ∆t distributions and raw asymmetry underlying this closure
test, separately by Btag flavour, for signal MC, for Belle II MR1 as an example: the near-
perfect overlap of the B0

tag- and B0
tag-tagged distributions, and the flat, null asymmetry,

are the visual counterpart of the fitted S and C values being consistent with zero.

Table 6.2: S and C from the total fit applied to high-statistics generic MC (six times the
Belle dataset, four times the Belle II dataset), against a generated value of zero in both
cases.

Dataset Mass region S C

Belle (6×) MR1 0.01± 0.09 −0.01± 0.04
MR2 0.23± 0.10 −0.02± 0.05

Belle II (4×) MR1 −0.08± 0.10 −0.07± 0.05
MR2 −0.21± 0.09 −0.00± 0.05



6.4. CONTROL CHANNELS 61

Figure 6.10: Closure-test ∆t fit projections for signal MC, separated by Btag flavour, with
the corresponding raw asymmetry shown below the panel, shown for Belle II MR1 as an
example. The same fit is performed for Belle and for MR2.

6.4 Control Channels

Two control channels validate different aspects of the fit strategy: a very clean, high-
statistics sample of B0 → J/ψK0

S decays, used to calibrate the ∆t resolution function and
validate the CP -violation fit itself; and a higher-statistics, topologically similar sample of
B0 → K+π−γ decays, used to derive data–MC correction factors for the signal-extraction
PDF shapes.

6.4.1 B0 → J/ψK0
S

Control Channel

The channel B0 → J/ψK0
S , with J/ψ → e+e− or µ+µ−, is reconstructed using the same

K0
S selection as the signal channel, with lepton-identification requirements (including

bremsstrahlung-photon recovery for electrons, which recovers energy radiated by the elec-
tron in the detector material and reassigns it to the electron candidate) applied to the
two leptons, and a narrow J/ψ mass window. Tight, slightly asymmetric Mbc and ∆E re-
quirements and a continuum-suppression requirement on the event-shape variable R2 (the
normalised Fox–Wolfram moment [54], small for isotropic BB-like events and large for
jet-like continuum) are applied to the B candidate. The Bsig vertex fit excludes the J/ψ
candidate, so that the vertexing procedure mirrors the signal channel as closely as possi-
ble, relying primarily on the displaced K0

S vertex; the Btag vertexing and flavour tagging
are identical to the signal channel. This selection yields an extremely clean sample.

Decay-Time Resolution Calibration. The ∆tres distribution of correctly recon-
structed signal MC events is fitted with the resolution-function model of Eq. 6.6, using
several streams of simulated events, yielding the calibrated resolution-function param-
eters. An analogous fit performed on data, with the signal lifetime τsig and several
resolution-function parameters floating, provides the resolution-function parameters ulti-
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mately propagated into the signal ∆t PDF of Eq. 6.5 for the main B0 → K0
Sπ

0γ fit. The
fitted value of τsig is consistent with the PDG and serves as a validation of the calibration.
Figure 6.11 shows the resulting resolution-function fit and the subsequent lifetime fit to
data, for Belle as an example.

(a) Resolution-function fit (∆tres) (b) Lifetime fit to data (∆t)

Figure 6.11: Left: fit of the decay-time-residual model of Eq. 6.6 to signal MC events,
shown for Belle as an example. Right: the corresponding fit of the ∆t distribution in
data, with τsig and resolution-function parameters floating. The same fits are performed
for Belle II.

Validation of the CP -Violation Fit. The same control channel validates the CP -
violation fit itself, since its dominant decay amplitude gives an SM expectation of SJ/ψK0

S
≃

sin 2ϕ1 (Section 1.2) and negligible direct CP violation. Fitting the same fit function used
for the main analysis to data yields SJ/ψK0

S
= 0.65 ± 0.06 and CJ/ψK0

S
= 0.06 ± 0.03 for

Belle, and SJ/ψK0
S
= 0.64 ± 0.05 and CJ/ψK0

S
= −0.04 ± 0.04 for Belle II, consistent with

world averages [2] and thereby validating the end-to-end fit procedure, as illustrated in
Fig. 6.12 for Belle II as an example. A further cross-check, fitting data with the tag-
side flavour information randomised, yields results consistent with a null asymmetry, as
expected in the absence of any genuine tag-flavour correlation.

6.4.2 B0 → K+π−γ Control Channel

The channel B0 → K∗0(892)[→ K+π−]γ shares the prompt high-energy photon of the
signal channel, giving it very similar Mbc, ∆E, and C ′ distributions, while being both
cleaner (lacking a π0 in its final state) and approximately four times more abundant than
the signal channel; it is reconstructed identically to the signal channel except that the
K0

Sπ
0 pair is replaced by an oppositely charged, particle-identified K+π− pair restricted

to the K∗0(892) mass window.
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Figure 6.12: Tag-flavour-separated ∆t distributions and their fit, for the B0 → J/ψK0
S

sample, shown for Belle II as an example, with the raw flavour asymmetry shown below
the panel. The same fit is performed for Belle.

Signal-Extraction Validation. Applying the signal, BB, and continuum SE models
of Section 6.2, with their shape parameters now floated rather than fixed, gives an ad-
equate description of both simulated and real data in this control channel (Fig. 6.13):
fits to data-equivalent MC recover the input yields within approximately 2σ, and fits to
data itself allow the extraction of scale factors for the widths of the signal Mbc, ∆E, and
C ′ PDFs (within a few percent of unity) and fudge factors for the means of the signal
and BB C ′ PDFs (of order 10% for the BB component). These correction factors are
propagated into the SE fit of the main B0 → K0

Sπ
0γ channel.

(a) Belle (b) Belle II

Figure 6.13: Signal-extraction fit projection onto Mbc for the B0 → K∗0(892)[→ K+π−]γ
control-channel data, in (a) Belle and (b) Belle II, using the same functional forms as the
main B0 → K0

Sπ
0γ fit (Section 6.2) but with shape parameters floated.

6.5 Fitter Validation with Pseudoexperiments

The fit strategy is further validated using large ensembles of simulated pseudoexperiments
(“toys”), in each case generating and fitting 1000 data samples per experiment and mass
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region, with a size equivalent to one stream of simulated data subject to Poisson fluctu-
ations. For each fitted quantity, a pull, the difference between the fitted and generated
values divided by the fitted uncertainty, is computed. If the fit is unbiased and correctly
estimates its own uncertainties, the resulting pull distribution should be consistent with
a standard normal distribution (zero mean, unit width).

Pure toys are sampled directly from the total fit PDF. The resulting pulls for all yields,
S, and C are consistent with a standard normal distribution in both mass regions
and both datasets, as illustrated in Fig. 6.14 for Belle II MR1 as an example.

(a) S (µ = −0.001± 0.030, σ = 1.030± 0.025) (b) C (µ = 0.015± 0.024, σ = 0.958± 0.020)

Figure 6.14: Pull distributions of S and C from 1000 pure toys, consistent with the
standard normal distribution overlaid in red, shown for Belle II MR1 as an example; this
confirms that the fit is unbiased and correctly estimates its own uncertainties for both
CP -violation parameters. The same toy study is performed for Belle and for MR2.

GSim toys instead resample the signal component, with replacement, directly from sig-
nal MC events, while the BB and continuum components are still sampled from
their analytic PDFs; this tests the sensitivity of the fit to any mismodelling of the
signal shape by the analytic PDFs of Section 6.2. These toys reveal a small bias in
the C pulls for Belle MR1 and Belle II MR2, but not in the other two combinations.
Repeating the same toys with the tag-side flavour information randomised removes
this bias entirely, indicating that it originates from a genuine, intrinsic tag-flavour
asymmetry present in the underlying signal MC sample itself, rather than from any
flaw in the fitter, and is accounted for as a fit-bias systematic uncertainty.

Linearity tests scan the generated values of S and C across a range of inputs and com-
pare the mean fitted value at each point to the generated value. The fitted values
track the generated ones within uncertainties across this scan, for S (Fig. 6.15)
and C (Fig. 6.16), in all four dataset/mass-region combinations, confirming that
the fit responds linearly and without significant bias to the size of a genuine CP
asymmetry, were one present.
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(a) Belle, MR1 (slope 1.043± 0.004, intercept
0.003± 0.002)

(b) Belle II, MR1 (slope 1.029 ± 0.004, inter-
cept 0.002± 0.002)

(c) Belle, MR2 (slope 1.073± 0.008, intercept
−0.007± 0.004)

(d) Belle II, MR2 (slope 1.034 ± 0.003, inter-
cept 0.002± 0.002)

Figure 6.15: Linearity test for S: the mean fitted value at each of several generated input
values, together with a linear fit, in all four dataset/mass-region combinations, confirming
the fit responds linearly across the full physical range of S.

6.6 Closure Tests and Unblinding Procedure

Before the fit is applied to unblinded data, several data–MC corrections and a sequence
of blind validation checks are carried out.

6.6.1 Preparing the Fitter for Data

The signal and BB shape corrections of Section 6.4.2 are applied to both mass regions,
and the mistag parameters w, ∆w, and µ are updated using the latest central flavour-
tagging calibration, remodelled as continuous functions of r. The resolution-function
parameters are replaced by their data-calibrated values from Section 6.4.1.
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(a) Belle, MR1 (slope 0.974± 0.002, intercept
−0.001± 0.001)

(b) Belle II, MR1 (slope 0.961 ± 0.002, inter-
cept −0.000± 0.001)

(c) Belle, MR2 (slope 1.063± 0.003, intercept
−0.001± 0.001)

(d) Belle II, MR2 (slope 1.002 ± 0.002, inter-
cept 0.001± 0.001)

Figure 6.16: Linearity test for C: the mean fitted value at each of several generated input
values, together with a linear fit, in all four dataset/mass-region combinations, confirming
the fit responds linearly across the full physical range of C.
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The TD-sample fractions fTD
i of Eqs. 6.1 and 6.2, originally fixed from simulation,

are also corrected for data: fTD
sig is corrected using a data–MC scale factor measured in

the B0 → J/ψK0
S control channel (0.938 for Belle, 1.001 for Belle II); fTD

qq̄ is instead
measured directly in a continuum-enriched data sideband. Rather than fixing fTD

BB
from

simulation, it is left to float in the fit, constrained by the observed number of TD events,
NTD, relative to the total, Ntot, via

NTD

Ntot

=
Nsigf

TD
sig +NBBf

TD
BB

+Nqq̄f
TD
qq̄

Nsig +NBB +Nqq̄

, (6.10)

which relates the unknown fTD
BB

to quantities that are either already floating in the fit or
directly measurable by counting events, without needing to trust its simulated value.

6.6.2 Sequential Unblinding Checks

Following these corrections, a series of checks is performed, in order, before the central
values of S and C are examined in data:

1. Background-shape validation: the Mbc, ∆E, and C ′ shapes of the BB and
continuum PDFs are compared between data and simulation in dedicated sideband
regions, for example a continuum-enriched sideband (Mbc ∈ [5.23, 5.26]GeV/c2 with
C ′ < 0, or ∆E > 0.1GeV with C ′ > 0) and a BB-enriched sideband (Mbc >

5.26GeV/c2 with ∆E < −0.15GeV, after subtracting the residual continuum con-
tribution). These are found to agree well, as illustrated for the ∆E shape in the
continuum-enriched sideband in Fig. 6.17.

2. Signal-extraction fits to data, with the CP -violation parameters (but not the
yields or shape parameters) still blinded.

3. B-lifetime and CP -violation fits to data with the tag-side flavour informa-
tion randomised, which allows residual biases in the fitter to be probed without
revealing the true CP asymmetry: the fitted lifetimes (Fig. 6.18) are consistent with
the PDG value of 1.519± 0.004ps [2] within uncertainties in all four dataset/mass-
region combinations, while repeating the CP -violation fit over 5000 independent
random tag-flip seeds yields S and C distributions consistent with zero, as expected
in the absence of any genuine tag-flavour correlation.

Only once all of these checks are complete are the blinded central values of S and C

revealed, yielding the results presented in Chapter 7.
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(a) Belle, MR1 (b) Belle II, MR1

(c) Belle, MR2 (d) Belle II, MR2

Figure 6.17: Data-MC comparison of the ∆E shape in the continuum-enriched sideband
(Mbc ∈ [5.23, 5.26]GeV/c2, C ′ < 0), for all four dataset/mass-region combinations; the
good agreement validates the use of simulation-derived continuum shapes in the signal-
extraction fit.



6.6. CLOSURE TESTS AND UNBLINDING PROCEDURE 69

Figure 6.18: ∆t fit to data with the tag-side flavour information randomised, floating
only the B lifetime, shown for Belle II MR1 as an example.



Chapter 7

Systematics, Results, and
Interpretation

Having presented the fit strategy and its validation (Chapter 6), this chapter presents
the systematic uncertainties considered in the measurement, the resulting values of S
and C for each dataset and mass region, their combination across Belle and Belle II, a
comparison with previous measurements, and the physics interpretation of the results.

7.1 Systematic Uncertainties

Nine categories of systematic uncertainty are considered, evaluated separately for each
dataset (Belle, Belle II) and mass region (MR1, MR2). For most categories, the same
procedure is used: the relevant fixed parameter or parameters are resampled from an
appropriate distribution and the full fit to data is repeated using each sampled set of
values, with the resulting spread in the fitted S and C values taken as the systematic
uncertainty from that source; the resampling distribution itself is either a Gaussian cen-
tred on the parameter’s nominal value with a width equal to its uncertainty (accounting
for correlations between parameters where relevant), or, where a dedicated likelihood is
available, direct likelihood sampling via a Markov Chain Monte Carlo (MCMC), which
respects the full correlation structure of that likelihood surface without requiring a Gaus-
sian approximation to it. A small number of categories, vertex measurement, tag-side
interference, and fit bias, instead rely on dedicated, external studies or direct data-driven
checks, described in their respective subsections below.

7.1.1 Flavour Tagging

The centrally provided flavour-tagging calibration parameters (Section 5.5) carry their
own uncertainties, which propagate into the mistag parameters w, ∆w, and µ modelled
as functions of r in the fit. This systematic uncertainty is evaluated by sampling these pa-
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rameters from a multivariate normal distribution, accounting for correlations, and taking
the resulting spread in S and C as the systematic uncertainty (Table 7.1).

Table 7.1: Systematic uncertainty on S and C due to flavour tagging, and their correla-
tion.

Belle MR1 Belle MR2 Belle II MR1 Belle II MR2

S ±0.010 ±0.019 ±0.002 ±0.004
C ±0.021 ±0.039 ±0.007 ±0.011
Correlation −0.176 −0.406 0.715 −0.472

7.1.2 Resolution Function

Similarly, the resolution-function parameters calibrated from the B0 → J/ψK0
S control

channel (Section 6.4.1) carry uncertainties from the finite size of that calibration sample.
These are propagated by sampling the resolution-function parameters from the likelihood
of the calibration fit itself, using the MCMC method, and refitting the data with each
sampled set (Table 7.2). MCMC is an algorithm that draws correlated random samples
from a specified probability distribution, here the fit’s own likelihood surface, allowing
the full correlation structure between resolution parameters to be respected.

Table 7.2: Systematic uncertainty on S and C due to the resolution function, and their
correlation.

Belle MR1 Belle MR2 Belle II MR1 Belle II MR2

S ±0.018 ±0.030 ±0.007 ±0.016
C ±0.002 ±0.006 ±0.003 ±0.005
Correlation −0.405 0.841 −0.341 −0.082

7.1.3 BB CP Asymmetries

The BB background comprises many B-decay channels, each with its own (generally
unmeasured) CP -violation content, whose average behaviour is what is actually fixed
in the fit as the effective parameters SBB and CBB of the BB CP -violation model (Sec-
tion 6.2.2). The background composition of BB events in simulation is classified by decay
type, and central values and uncertainties for S and C are assigned to each: B decays to
charmed final states, and all charged-B decays (for S, since a well-defined mixing-induced
asymmetry requires a neutral B meson) are assigned zero; channels with a measured CP
asymmetry are assigned their world-average central value [2]; and all remaining channels
are conservatively assigned zero with an uncertainty of ±0.3 (for C) or ±0.5 (for S, and
only where the final state is a CP eigenstate). The full background composition, and the



72 CHAPTER 7. SYSTEMATICS, RESULTS, AND INTERPRETATION

asymmetry assigned to each channel, is summarised in Appendix B (Tables B.1–B.4, for
each dataset and mass region).

Weighting each channel’s assigned asymmetry by its fractional contribution to the
BB background gives the SBB and CBB values ultimately fixed in the fit of Section 6.2.2
(for example, CBB = 0.01 ± 0.12 and SBB = 0.01 ± 0.12 for Belle MR1, as shown in
Table B.1). The corresponding uncertainty is evaluated by resampling each channel’s
assigned asymmetry within its assigned uncertainty and repeating this weighted average
and subsequent fit. This is the dominant systematic uncertainty on S in MR2 for both
datasets, reflecting the larger relative BB background contribution there (Section 6.2.2)
and the larger uncertainties assigned to many of its constituent channels; since the same
underlying branching fractions and world-average inputs are used for both experiments,
it is treated as 100% correlated between Belle and Belle II, as listed in Table 7.3.

Table 7.3: Systematic uncertainty on S and C due to BB CP asymmetries, and their
correlation.

Belle MR1 Belle MR2 Belle II MR1 Belle II MR2

S ±0.013 ±0.076 ±0.010 ±0.081
C ±0.007 ±0.046 ±0.014 ±0.084
Correlation 0.083 −0.083 0.294 −0.174

7.1.4 Signal/Self-Cross-Feed Fraction

The fraction of self-cross-feed within the signal component (Section 6.2.1), fixed from
simulation, is varied by ±20% of its nominal value, and the resulting variation in S and
C is taken as the systematic uncertainty (Table 7.4).

Table 7.4: Systematic uncertainty on S and C due to the SCF fraction, and their corre-
lation.

Belle MR1 Belle MR2 Belle II MR1 Belle II MR2

S ±0.002 ±0.006 ±0.003 ±0.005
C ±0.001 ±0.001 ±0.002 ±0.002
Correlation 1.0 −1.0 1.0 −1.0

7.1.5 Vertex Measurement

Three sources of vertex-related systematic uncertainty are considered: detector misalign-
ment, adopted from dedicated studies performed for related B → K0

Sπ
0γ and B → K0

Sηγ

analyses; uncertainty in the interaction-point profile, adopted from the B0 → J/ψK0
S

analyses in both experiments [57]; and uncertainty in the scale-error correction applied
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to charged-track trajectory uncertainties, for which no dedicated uncertainty estimate
exists. Following the same assumption used in the B0 → J/ψK0

S analysis, this last
contribution is instead estimated by supposing that any bias in this correction would
manifest as a bias in the measured B0 lifetime and mixing frequency relative to their
world-average values [2]; refitting the data with τB0 and ∆md fixed to their (Belle- or
Belle II-measured, rather than world-average) values, and taking the resulting shift in S
and C as the associated systematic uncertainty. The three contributions are added in
quadrature, as summarised in Table 7.5.

Table 7.5: Systematic uncertainty on C and S due to vertex measurement, by source.

Source Belle MR1 Belle MR2 Belle II MR1 Belle II MR2

C
Detector misalignment ±0.004 ±0.004 ±0.001 ±0.001
Scale error ±0.001 ±0.007 ±0.001 ±0.002
IP profile ±0.004 ±0.004 ±0.002 ±0.002
Total ±0.006 ±0.009 ±0.002 ±0.003

S
Detector misalignment ±0.002 ±0.002 ±0.005 ±0.005
Scale error ±0.005 ±0.009 ±0.001 ±0.014
IP profile ±0.022 ±0.022 ±0.002 ±0.002
Total ±0.023 ±0.024 ±0.005 ±0.015

7.1.6 Tag-Side Interference

Tag-side interference arises from interference between the CKM-favoured (b → cūd) and
CKM-suppressed (b→ uc̄d) amplitudes contributing to certain flavour-specific Btag decay
channels [69]; because the tagging algorithm assumes Btag decays are purely flavour-
specific, this interference can bias the extracted S and C if left unaccounted for. The
resulting systematic uncertainty is estimated using a dedicated tool that scans over the
strong phases of the relevant tag-side decay channels to predict the size of this bias. Since
it depends on the same underlying hadronic decay parameters for both experiments, it is
treated as 100% correlated between Belle and Belle II. This is the dominant systematic
uncertainty on C in both mass regions and both datasets (Table 7.6).

Table 7.6: Systematic uncertainty on S and C due to tag-side interference.

Belle MR1 Belle MR2 Belle II MR1 Belle II MR2

S ±0.003 ±0.004 ±0.006 ±0.001
C ±0.036 ±0.036 ±0.034 ±0.036
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7.1.7 PDF Shape

Two related but distinct procedures are used depending on the fit component. For the
analytic signal and continuum shapes with parameters fixed from control-channel or sim-
ulation fits (Section 6.2), the same MCMC resampling procedure used for the resolution
function is applied to the corresponding fit likelihood. For the nonparametric BB KDE
shape (Section 6.2.2), which has no natural set of “parameters” to resample in this way, a
bootstrap procedure is instead used: the underlying simulated sample is resampled with
replacement 1000 times, a new KDE is constructed from each resampled set, and the
data is refitted using each of these alternative KDE shapes in turn, with the spread in S
and C taken as the systematic uncertainty (Table 7.7).

Table 7.7: Systematic uncertainty on C and S due to PDF shape, by source, and their
correlation.

Source Belle MR1 Belle MR2 Belle II MR1 Belle II MR2

C
Fixed parameters (MCMC) ±0.002 ±0.006 ±0.004 ±0.002
BB KDE (bootstrap) ±0.002 ±0.011 ±0.006 ±0.011
Total ±0.003 ±0.013 ±0.007 ±0.011

S
Fixed parameters (MCMC) ±0.004 ±0.006 ±0.002 ±0.014
BB KDE (bootstrap) ±0.007 ±0.023 ±0.004 ±0.027
Total ±0.008 ±0.024 ±0.004 ±0.030

S–C correlation
Fixed parameters (MCMC) 0.022 −0.559 −0.032 0.385
BB KDE (bootstrap) 0.232 −0.555 0.340 0.054

7.1.8 Fixed Physics Parameters

The B0 lifetime τB0 and mixing frequency ∆md, held fixed in the nominal fit, are varied
according to their respective world-average values and uncertainties [2], and the data
refitted with each sampled pair of values; the resulting spread in S and C is taken as the
systematic uncertainty (Table 7.8). This contribution is negligible compared to the other
sources considered.

7.1.9 Fit Bias

Any residual bias in the fitter itself, beyond what is captured by the pseudoexperiment
studies of Section 6.5, is estimated directly from data: the full fit is repeated on an
ensemble of copies of the actual data sample with the tag-side flavour information ran-
domised (Section 6.6). The resulting deviation of the fitted S and C distributions from
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zero, the expectation in the absence of any genuine tag-flavour correlation, is assigned as
the fit-bias systematic uncertainty (Table 7.9).

Table 7.8: Systematic uncertainty on S and C due to the fixed physics parameters τB0

and ∆md, and their correlation.

Belle MR1 Belle MR2 Belle II MR1 Belle II MR2

S ±0.001 ±0.001 ±0.001 ±0.003
C ±0.001 ±0.001 ±0.001 ±0.001
Correlation −0.675 −0.885 −0.912 −0.930

Table 7.9: Systematic uncertainty on S and C due to fit bias, and their correlation.

Belle MR1 Belle MR2 Belle II MR1 Belle II MR2

S ±0.005 ±0.011 ±0.001 ±0.004
C ±0.001 ±0.005 ±0.003 ±0.002
Correlation 0 0 0 0

7.1.10 Total Systematic Uncertainty

Tables 7.10 and 7.11 summarise the contribution of each source described above to the
total systematic uncertainty on S and C, respectively, for each dataset and mass region,
with the total obtained by adding all contributions in quadrature.

Table 7.10: Systematic uncertainties on S, by source, dataset, and mass region.

Source Belle MR1 Belle MR2 Belle II MR1 Belle II MR2

Flavour tagging ±0.010 ±0.019 ±0.002 ±0.004
Physics parameters ±0.001 ±0.001 ±0.001 ±0.003
BB CP asymmetries ±0.013 ±0.076 ±0.010 ±0.081
SCF fraction ±0.002 ±0.006 ±0.003 ±0.005
Resolution function ±0.018 ±0.030 ±0.007 ±0.016
PDF shape ±0.008 ±0.024 ±0.004 ±0.030
Vertex measurement ±0.023 ±0.024 ±0.005 ±0.015
Tag-side interference ±0.003 ±0.004 ±0.006 ±0.001
Fit bias ±0.005 ±0.011 ±0.001 ±0.004

Total ±0.035 ±0.091 ±0.016 ±0.090

The dominant contributions differ between mass regions: in MR1, the resolution
function and vertex-measurement categories dominate the uncertainty on S, while tag-
side interference dominates C; in MR2, BB CP asymmetries dominate both parameters,
reflecting the larger and less well-constrained BB background contribution in that region
(Table 7.12).



76 CHAPTER 7. SYSTEMATICS, RESULTS, AND INTERPRETATION

Table 7.11: Systematic uncertainties on C, by source, dataset, and mass region.

Source Belle MR1 Belle MR2 Belle II MR1 Belle II MR2

Flavour tagging ±0.021 ±0.039 ±0.007 ±0.011
Physics parameters ±0.001 ±0.001 ±0.001 ±0.001
BB CP asymmetries ±0.007 ±0.046 ±0.014 ±0.084
SCF fraction ±0.001 ±0.001 ±0.002 ±0.002
Resolution function ±0.002 ±0.006 ±0.003 ±0.005
PDF shape ±0.003 ±0.013 ±0.007 ±0.011
Vertex measurement ±0.006 ±0.009 ±0.002 ±0.003
Tag-side interference ±0.036 ±0.036 ±0.034 ±0.036
Fit bias ±0.001 ±0.005 ±0.003 ±0.002

Total ±0.043 ±0.072 ±0.038 ±0.093

7.2 Results for SCP and CCP

After unblinding (Section 6.6), the full fit of Chapter 6 is applied to the Belle and Belle II
datasets in both mass regions. Table 7.12 gives the resulting signal and background yields
in the signal region (Section 5.1), and Table 7.13 the corresponding S and C values for
each dataset.

Table 7.12: Signal and background yields obtained from the fits to data, and their ratio.

Mass region Dataset Nsig NBB Nqq̄ Nsig/(NBB +Nqq̄)

MR1 Belle 558± 29 30± 9 350± 8 1.47
Belle II 452± 24 34± 7 178± 6 2.13

MR2 Belle 212± 26 216± 43 753± 21 0.22
Belle II 213± 22 147± 14 350± 10 0.43

Table 7.13: S and C obtained from the fits to data. The first uncertainty is statistical
and the second systematic.

Mass region Dataset S C

MR1 Belle 0.18± 0.31± 0.04 −0.01± 0.12± 0.04
Belle II 0.04± 0.19± 0.02 −0.16± 0.10± 0.04

MR2 Belle −0.37± 0.58± 0.09 −0.01± 0.29± 0.07
Belle II −0.29± 0.41± 0.09 −0.11± 0.22± 0.09

Figures 7.1 and 7.2 show the projections of this same total fit ontoMbc, ∆E, and C ′, for
all four dataset/mass-region combinations; unlike the signal-extraction-only projections
of Fig. 6.9, these reflect the final, simultaneous fit of Eqs. 6.1 and 6.2, performed jointly
with ∆t and using the unblinded central values of S and C from Table 7.13.
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Figure 7.1: Projections of the final, unblinded total fit onto Mbc, ∆E, and C ′, in MR1,
for Belle (left) and Belle II (right), with pull distributions shown below each panel; as in
Fig. 6.9, each panel overlays the data, the total fit, and the individual signal, BB, and
continuum component curves.
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Figure 7.2: As Figure 7.1, for MR2.
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Figure 7.3 shows the background-subtracted ∆t distributions and the resulting time-
dependent asymmetry, separately for each Btag flavour, in the time-dependent sample: a
visible excess of B0

tag-tagged over B0
tag events at positive ∆t (and vice versa at negative

∆t) would be the signature of a nonzero S value. The C information encoded in these
plots corresponds to the TD dataset alone, which is consistent with that obtained from
the TI dataset, within 1.4 standard deviations.
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Figure 7.3: Background-subtracted ∆t distributions, separated by Btag flavour, for the
signal component of the time-dependent sample, with the corresponding fitted asymmetry
shown in the lower panel of each plot, for Belle and Belle II in MR1 and MR2.
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7.3 Combination of Belle and Belle II Results

The Belle and Belle II results are combined, separately for each mass region, using their
weighted average, accounting for correlations in both the statistical and systematic un-
certainties using the BLUE (Best Linear Unbiased Estimate) method [70]. Concretely, a
full 4 × 4 covariance matrix is constructed for the two measurements of S and C (Belle
and Belle II), combining the statistical covariance with the systematic covariance. Since
the two experiments’ data samples are entirely independent, the statistical covariance
is diagonal between experiments but retains the S–C correlation quoted in Table 7.13
for each experiment separately. In the systematic covariance, the sources treated as
100% correlated between experiments in Section 7.1 (the BB CP asymmetries and tag-
side interference) contribute off-diagonal terms linking the two experiments. The BLUE
weights, which determine each measurement’s contribution to the combined result, are
then calculated from this covariance matrix so as to minimise the variance of the com-
bined estimate, and the combined central value and its uncertainty follow directly from
these weights. Table 7.14 gives the resulting combined values, which constitute the prin-
cipal result of this thesis, together with the correlation between the combined S and C

values in each mass region. Both mass-region results are consistent with the Standard
Model (SM) expectation of vanishing CP violation.

Table 7.14: Combined S and C values from the weighted average of the Belle and Belle II
measurements, together with their correlation.

Mass region S C Correlation

MR1 0.09± 0.16± 0.02 −0.09± 0.08± 0.04 +0.05
MR2 −0.32± 0.33± 0.09 −0.07± 0.17± 0.08 −0.07

7.3.1 Belle II precision improvement over Belle

Table 7.13 shows that the Belle statistical uncertainty on S is substantially larger than
the Belle II one, in both mass regions, despite the two experiments’ broadly comparable
signal yields (Table 7.12). To understand and quantify the origin of this difference,
a dedicated pseudoexperiment study was performed, starting from the nominal Belle
configuration and successively replacing individual inputs with their Belle II equivalents,
one at a time, while holding all other conditions fixed: first the signal-to-background
yield ratio Nsig/Nqq̄, then the flavour-tagging performance (parameterised by the mistag
parameters and effective tagging efficiency), and finally the fraction of events entering the
time-dependent fit sample, fTD

sig . Table 7.15 shows the resulting S uncertainty in MR1
after each successive replacement.

The flavour-tagging performance and the fraction of events passing the TD selection
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are the two dominant contributors to the precision difference, together accounting for
essentially all of it: once both Belle inputs are replaced by their Belle II equivalents, the
resulting uncertainty is statistically indistinguishable from the nominal Belle II value.
Both effects trace back to hardware and software improvements in Belle II relative to
Belle, respectively the higher effective tagging efficiency of the GFlaT (Section 4.5) and
the improved vertex-detector acceptance for the displaced-vertex topology required by
the time-dependent sample (Section 5.4). This is rather than any difference in signal
purity or fit methodology between the two datasets, validating the overall understanding
of the measurement’s precision.

Table 7.15: Breakdown, from a dedicated pseudoexperiment study, of the factors con-
tributing to the larger Belle statistical uncertainty on S (MR1) relative to Belle II. Each
row successively replaces one more Belle input with its Belle II equivalent, starting from
the nominal Belle configuration.

Configuration σ(S) Difference from Belle II

Nominal Belle 0.29 0.09
+ Belle II Nsig/Nqq̄ 0.28 0.08
+ Belle II flavour tagging 0.25 0.05
+ Belle II TD fraction 0.20 0.00

Belle II (nominal) 0.20 —

7.4 Comparison with Previous Measurements

Relative to the previous world-best combination of Belle, BaBar, and an earlier Belle II
measurement (Table 1.1), the precision achieved here improves by approximately 24%
for S and 31% for C in MR1, and by approximately 8% for S and 19% for C in MR2.
This improvement follows from several factors acting together: the larger combined Belle
and Belle II dataset analysed here; the improved GFlaT used across both experiments
(Chapter 4), with its higher effective tagging efficiency; an improved K0

S selection for
the Belle dataset relative to earlier analyses; and, for the Belle dataset, the extension of
a time-integrated fit component (Section 5.4) to retain events with poor time resolution
rather than discarding them, providing additional statistical constraint on C. The results
obtained here supersede the earlier Belle and Belle II measurements of this channel.

7.5 Physics Interpretation

Both the MR1 and MR2 results are statistically consistent with the SM expectation of
vanishing CP violation in this channel (S ≈ C ≈ 0, Section 1.4), with neither any indi-
vidual measurement nor the combined result in either mass region deviating from zero by
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more than approximately 1.5 standard deviations once statistical and systematic uncer-
tainties are combined. In particular, the measured S in MR1, sensitive to the resonant
K∗0(892) amplitude, shows no evidence for the enhanced right-handed photon ampli-
tude that would be expected from various new-physics scenarios (Section 1.5). Within
the precision of this measurement, the results place a constraint on the size of any such
right-handed-current contribution, complementary to those placed by branching fraction
measurements from the resonant K∗0(892)γ mode [71, 72, 73]. The larger uncertainties
in MR2, driven primarily by the lack of statistics, currently limit its sensitivity to a
comparable constraint, motivating the continued pursuit of larger datasets and improved
background suppression.

7.5.1 Constraint on the Wilson Coefficient C ′
7

Contributions from right-handed photon discussed above can be expressed in a model-
independent way through the Wilson coefficient [74] C ′

7 of the electromagnetic dipole
operator O′

7 in the effective b→ sγ Hamiltonian. This coefficient vanishes in the SM up
to corrections of order ms/mb. A nonzero value would signal new-physics contributions
of the kind mentioned above.

To place the present measurement in this broader context, a global fit to C ′
7 was

performed following the method of Paul and Straub [75], using the flavio package [76]
together with wilson [77] and the WCxf exchange format [78]. The fit combines several
observables: the branching fractions of B0 → K∗0γ, B+ → K∗+γ, B → Xsγ, and
B0
s → ϕγ; the mixing-induced asymmetry A∆(B0

s → ϕγ) [79]; the angular observables
⟨P1⟩ and ⟨AIm

T ⟩ measured by LHCb in B0 → K∗0e+e− decays [80]; and S in the resonant
K∗0(892)γ mode. For the latter, a new world average of 0.06±0.14 is formed by combining
the BaBar measurement [19] with the Belle and Belle II result of this thesis [36]. Full
details of the fit inputs and method are given in Appendix C.

Figure 7.4 shows the resulting global constraint in the (ReC ′
7, ImC ′

7) plane, together
with the individual-observable bands. The global fit aligns with the SM point C ′

7 = 0 at
a confidence level of 1.0 standard deviation, yielding a χ2

min value of about 6.4 for seven
degrees of freedom. The dominant pull away from the SM originates from A∆(B0

s → ϕγ),
whose measured value lies above the prediction. The large uncertainty on this observable
keeps the deviation well within a statistical fluctuation.

Removing S(K∗0(892)γ) from the global fit increases the 1.0 standard-deviation con-
tour in the (ReC ′

7, ImC ′
7) plane by approximately 23%, demonstrating this observable’s

constraining power within the fit. Conversely, a future measurement with Belle II’s full
projected dataset of 50 ab−1 would shrink the same contour by about 70%, illustrating
the considerable further potential of this observable.

Together with the planned extension to B0 → K0
Sηγ described in Chapter 8, this
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programme continues to tighten constraints on right-handed-current contributions to b→
sγ transitions, complementing the broader Belle II physics effort to search for new sources
of CP violation beyond the SM.

Figure 7.4: Global fit to the Wilson coefficient C ′
7 in the (ReC ′

7, ImC ′
7) plane. The

coloured bands show the 1σ constraint from each individual observable, and the cyan-
coloured region shows the combined 1σ (solid) and 2σ (dashed) global fit. The S input
includes the Belle and Belle II result of this thesis along with the BaBar measurement.



Chapter 8

Towards Time-Dependent CP Violation
Study in B0 → K0

Sηγ

8.1 Motivation and Complementarity with K0
Sπ

0γ

The B0 → K0
Sηγ decay proceeds through the same underlying b → sγ transition as

B0 → K0
Sπ

0γ (Section 1.4), and is subject to the same theoretical argument that near-
maximal photon polarization in the SM suppresses mixing-induced CP violation. This
makes S in this channel equally sensitive to right-handed-current contributions from
physics beyond the SM (Section 1.5). A time-dependent CP -violation measurement in
K0

Sηγ is therefore a natural and complementary extension of theK0
Sπ

0γ analysis presented
in Chapters 5–7. It probes the same underlying new-physics sensitivity in an independent
final state, and shares the same reconstruction technique, background topology, and
analysis machinery (Flavour Tagger calibration, resolution function, and fit strategy).

8.2 Reconstruction of the η Meson

The η meson is reconstructed in its η → γγ and η → π+π−π0 decay channels, with
branching fractions of (39.36 ± 0.18)% and (23.02 ± 0.25)% respectively [2]. The direct
contribution of this thesis is to the η → π+π−π0 channel described in this chapter, with
a complementary analysis of the η → γγ channel being carried out separately by another
collaborator. While the η → γγ channel has a higher branching fraction, the η → π+π−π0

channel has a better ∆t resolution. Overall, the latter channel has similar sensitivity to
S as the former, and the combination of both channels is expected to provide a more
precise measurement than either channel alone. In the η → π+π−π0 channel, the final
state comprises two pairs of oppositely charged pions, one pair coming from K0

S → π+π−

and the other from the η, together with π0 → γγ from the η decay and the prompt
signal photon. This allows much of the existing π0 → γγ reconstruction and background-
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suppression machinery from K0
Sπ

0γ (Chapter 5) to be reused directly.

8.3 Background Suppression

Three dedicated multivariate classifiers, based on gradient-boosted decision trees using
XGBoost [60], are trained to reject the dominant backgrounds on Belle data: a π0-
selection MVA to suppress combinatorial and peaking photon backgrounds under the π0

mass peak from the η → π+π−π0 decay (ROC-AUC of 0.93); a dedicated η-selection
MVA to suppress combinatorial background under the η → π+π−π0 mass peak (ROC-
AUC of 0.95); and a continuum-suppression MVA exploiting event-shape variables to
reject e+e− → qq̄ background (ROC-AUC of 0.92), following the same methodology as
Section 5.6. Figure 8.1 shows the resulting classifier output for the π0-selection and
η-selection MVAs. The η-selection MVA output is also used for best-candidate selec-
tion, retaining the η candidate with the highest classifier score in events with multiple
candidates. Applying the full selection, including these three classifiers, yields a sig-
nal efficiency roughly double that achieved in the previous Belle-only analysis of this
channel [81], substantially improving the expected sensitivity of the eventual S and C

measurement.

(a) π0-selection MVA (b) η-selection MVA

Figure 8.1: Classifier output for the π0-selection and η-selection MVAs, on Belle training
and test samples, for signal and background.

8.4 Current Status and Outlook

Currently, the Belle-side reconstruction, background suppression and best-candidate se-
lection are finalized, and work is progressing on the signal-extraction fit for the Belle
sample, following the same three variables (Mbc, ∆E, and C ′) strategy of Section 6.1.
Still to be carried out are: the corresponding Belle II selection and MVA retraining,
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B0 → K0
Sηγ

following the same strategy established for K0
Sπ

0γ in Chapter 5; the Belle II signal-
extraction fit; and the time-dependent S and C fit combining both experiments, together
with the validation studies of Sections 6.5–6.6 and the systematic-uncertainty evaluation
of Section 7.1, analogous to those performed for K0

Sπ
0γ.

The ongoing introduction of a new, transformer-based Flavour Tagger, superseding
the GFlaT used in Chapters 5–7, is expected to further improve the sensitivity of this
measurement to S and C, and its adoption, once validated and calibrated, is expected
to take place alongside this work. From simulation studies, this work is projected to
improve the expected uncertainty on S for this channel by about 50%.



Chapter 9

Summary and Outlook

This thesis has presented a set of connected contributions to the Belle (II) time-dependent
CP -violation programme, spanning flavour-tagging calibration, software development,
and a measurement of CP violation in a radiative B-meson decay, together with its
interpretation and a complementary ongoing analysis.

Two earlier pieces of work supported this programme (Chapter 4). The mistag and
resolution-function parameters of the then-current, BDT-based Flavour Tagger were
calibrated using hadronic B-decay control channels, providing the tagging and time-
resolution inputs needed by any subsequent time-dependent measurement. The Flavour
Tagger software itself was then refactored, carried out as the software liaison for the
Belle II TDCPV working group, in preparation for the transition to the GFlaT used in
the main analysis.

The principal result of this thesis is the measurement of the CP -violation parameters
S and C in B0 → K0

Sπ
0γ decays (Chapters 5–7), using the legacy Belle (711 fb−1) and

Belle II (493 fb−1) datasets. In the K∗0(892)-dominated region (MR1), the combined
result is S = 0.09 ± 0.16 ± 0.02 and C = −0.09 ± 0.08 ± 0.04. In the remaining phase
space (MR2), which includes higher kaonic resonances, the combined result is S = −0.32±
0.33± 0.09 and C = −0.07± 0.17± 0.08. Both mass regions are consistent with the SM
expectation of vanishing CP violation, and this measurement improves the precision on
the previous world-best combination by approximately 24% for S and 31% for C in
MR1, and by approximately 8% for S and 19% for C in MR2. Interpreted in terms
of the Wilson coefficient C ′

7 (Section 7.5.1), this result contributes to a global fit that
remains consistent with the SM at the 1σ level, and including it in the world average
for S(K∗0(892)γ) tightens the resulting constraint on right-handed currents in b → sγ

transitions.
An ongoing extension of this programme to the complementary decay B0 → K0

Sηγ

(Chapter 8) proceeds through the same underlying b→ sγ transition. The reconstruction,
background suppression, and best-candidate selection for the η → π+π−π0 channel on
Belle data are complete, with the corresponding Belle II selection, the signal-extraction
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and time-dependent fits, and the associated validation and systematic studies being work
in progress. Once completed, this measurement, together with a complementary analysis
of the η → γγ channel, will provide an independent constraint on the same right-handed-
current sensitivity probed by B0 → K0

Sπ
0γ.

Taken together, these results form a key component of the broader Belle II physics pro-
gramme to search for new sources of CP violation beyond the SM. As the Belle II dataset
continues to grow and flavour-tagging performance continues to improve, most immedi-
ately through the transformer-based tagger mentioned above, the precision achievable on
S and C in radiative b → sγ decays will improve correspondingly, sharpening the sen-
sitivity of this programme to right-handed currents and other new-physics contributions
to the underlying transition.



Appendix A

Background-Suppression Classifier
Details

This appendix supplements Sections 5.1 and 5.6 with the training configuration and
leading input variables of the XGBoost-based classifiers trained specifically for this anal-
ysis: the π0/η-veto MVA, the π0-selection MVA, and the continuum-suppression MVA.
The K0

S -selection and Λ0-veto classifiers, by contrast, are centrally provided, standard
Belle/Belle II selections applied with collaboration-recommended working points rather
than trained specifically for this analysis, and are not detailed further here. For each
classifier, the input-variable ranking is obtained from its feature-importance score. This
is the number of times a variable is used to split a node, summed over all trees in the
XGBoost ensemble and weighted by the resulting improvement in the training objective,
with a higher score indicating a more frequently and more usefully split-upon variable.

A.1 π0/η-Veto MVA

Table A.1 lists the XGBoost hyperparameters used to train the Belle π0/η-veto MVA of
Section 5.1, and Table A.2 its leading input variables by feature-importance score; the
most important variable, χ2 probability of the pairing candidate’s mass-constrained fit,
dominates by more than an order of magnitude over the next-ranked variable.

Table A.1: XGBoost hyperparameters for the Belle π0/η-veto MVA.

Hyperparameter Value

Objective function binary:logistic
Maximum tree depth 4
Number of estimators 90
Subsample fraction 0.5
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Table A.2: Leading input variables of the Belle π0/η-veto MVA, ranked by feature-
importance score.

Feature Importance score

χ2 probability of mass-constrained fit 1832.9
Candidate invariant mass 167.6
Cosine of helicity angle 131.1
Energy of second photon 63.6
Highest cluster energy, second photon 54.0

A.2 π0-Selection MVA

Table A.3 gives the hyperparameters, and Tables A.4 and A.5 the leading input variables,
for the π0-selection MVA of Section 5.1, trained separately for Belle and Belle II.

Table A.3: XGBoost hyperparameters for the π0-selection MVA.

Hyperparameter Belle Belle II

Objective function binary:logistic binary:logistic
Maximum tree depth 3 3
Number of estimators optimized optimized

Table A.4: Leading input variables of the Belle π0-selection MVA, ranked by feature-
importance score.

Feature Importance score

χ2 probability of mass-constrained fit 2643.3
Opening angle between daughter photons 858.1
Fake-photon suppression, second photon 158.4
Fake-photon suppression, first photon 138.9
Cosine of helicity angle 133.9
Energy of second photon 74.8
Candidate invariant mass 56.3
Energy of first photon 51.4
Centre-of-mass-frame transverse momentum 23.8

A.3 Continuum-Suppression MVA

Table A.6 gives the XGBoost hyperparameters used to train the continuum-suppression
MVA of Section 5.6, common to both mass regions and both experiments except for the
number of estimators, which is optimized independently for each of the four combinations.
Tables A.7, A.8, A.9, and A.10 list the leading input variables in each case; in every
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combination the single most powerful variable is cos θTBTO, the cosine of the angle between
the Bsig thrust axis and that of the rest of the event introduced in Section 5.6, consistent
with it being quoted there as the most discriminating single feature.

Table A.5: Leading input variables of the Belle II π0-selection MVA, ranked by feature-
importance score.

Feature Importance score

Opening angle between daughter photons 1321.2
χ2 probability of mass-constrained fit 503.3
Fake-photon suppression, second photon 257.1
Fake-photon suppression, first photon 207.5
Candidate invariant mass 150.3
Beam-background suppression, first photon 70.6
Cosine of helicity angle 50.2
Beam-background suppression, second photon 34.4

Table A.6: XGBoost hyperparameters for the continuum-suppression MVA (common to
all mass regions and experiments).

Hyperparameter Value

Objective function binary:logistic
Maximum tree depth 3
Number of estimators optimized
Learning rate 0.2

In every case, the trained classifier was checked for overtraining using the two-sample
Kolmogorov–Smirnov test described in Section 5.6, and all classifiers listed in this ap-
pendix pass this check.
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Table A.7: Leading input variables of the Belle MR1 continuum-suppression MVA, ranked
by feature-importance score (top ten of twenty trained input variables shown).

Feature Importance score

cos θTBTO 1899.4
CLEO cone energy (cone 3, ROE-restricted) 287.2
CLEO cone energy (cone 2, ROE-restricted) 281.9
CLEO cone energy (cone 1, ROE-restricted) 209.3
CLEO cone thrust (cone 5) 132.2
CLEO cone energy (cone 4, ROE-restricted) 115.8
CLEO cone energy (cone 4) 114.9
CLEO cone thrust (cone 6) 111.8
Fox–Wolfram moment R1 105.3
KSFW moment ET 68.6

Table A.8: Leading input variables of the Belle MR2 continuum-suppression MVA, ranked
by feature-importance score (top ten of twenty trained input variables shown).

Feature Importance score

cos θTBTO 1588.2
CLEO cone energy (cone 3, ROE-restricted) 229.8
CLEO cone energy (cone 1, ROE-restricted) 226.3
CLEO cone energy (cone 2, ROE-restricted) 213.2
cos θBz 142.7
Fox–Wolfram moment R3 122.5
CLEO cone thrust (cone 5) 100.5
CLEO cone energy (cone 2) 98.4
CLEO cone energy (cone 4, ROE-restricted) 91.5
CLEO cone thrust (cone 6) 86.1

Table A.9: Leading input variables of the Belle II MR1 continuum-suppression MVA,
ranked by feature-importance score (top ten of twenty-seven trained input variables
shown).

Feature Importance score

cos θTBTO 1394.5
KSFW moment h2oo 381.1
Harmonic moment of thrust (order 2) 311.6
KSFW moment h12so 275.5
KSFW moment h02so 232.8
Thrust-axis polar-angle moment 146.0
cos θBz 141.4
CLEO cone energy (cone 1, ROE-restricted) 98.5
CLEO cone energy (cone 2, ROE-restricted) 81.8
Cosine of thrust-axis polar angle 57.9
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Table A.10: Leading input variables of the Belle II MR2 continuum-suppression MVA,
ranked by feature-importance score (top ten of twenty-six trained input variables shown).

Feature Importance score

cos θTBTO 1954.0
Harmonic moment of thrust (order 2) 795.2
KSFW moment h12so 436.7
Fox–Wolfram moment R2 403.0
cos θBz 261.0
KSFW moment h02so 257.5
KSFW moment h2oo 235.5
Harmonic moment of thrust (order 4) 221.3
CLEO cone energy (cone 2, ROE-restricted) 178.8
CLEO cone energy (cone 1) 152.7



Appendix B

BB Background Composition Tables

This appendix supplements Section 7.1.3 with the full background composition of BB
events in simulation, and the C/S asymmetry assigned to each constituent decay channel,
for Belle MR1 (Table B.1), Belle MR2 (Table B.2), Belle II MR1 (Table B.3), and Belle II
MR2 (Table B.4).

Table B.1: Background composition of BB events in Belle MC, MR1, and the C/S
asymmetry assigned to each decay channel (charge conjugation implied).

Decay channel Frac. (%) C S

B0 → Xsdγ 14.8 −0.01± 0.02 0.0± 0.42
B0 → K0

1γ 5.4 0.0± 0.3 0.0± 0.37
B0 → K∗0η 3.2 0.19± 0.05 0.0± 0.39
B0 → K0η′ 0.3 −0.08± 0.04 0.64± 0.05
B0 → K∗0

2 γ 1.0 −0.08± 0.15 0.0± 0.37
B0 → Xsdη 0.9 0.0± 0.3 0.0± 0.42
B0 → K0π0 0.7 0.00± 0.08 0.64± 0.13
B0 → K0

Sηc 0.1 0.08± 0.13 0.93± 0.17
B0 → D, etc. 2.6 0 0
B0 → others 2.5 0.0± 0.3 0.0± 0.5
B+ → X+

suγ 28.6 0.03± 0.02 0
B+ → K+

1 γ 21.0 0.0± 0.3 0
B+ → K∗+γ 9.2 0.01± 0.02 0
B+ → K∗+

2 γ 3.8 0.0± 0.3 0
B+ → K∗+η 0.7 0.02± 0.06 0
B+ → D, etc. 2.7 0 0
B+ → others 1.9 0.0± 0.3 0

Total 99.4 0.01± 0.12 0.01± 0.12
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Table B.2: Background composition of BB events in Belle MC, MR2, and the C/S
asymmetry assigned to each decay channel (charge conjugation implied).

Decay channel Frac. (%) C S

B0 → Xsdγ 12.8 −0.01± 0.02 0.0± 0.37
B0 → K0

1γ 2.8 0.0± 0.3 0.0± 0.23
B0 → K∗0η 0.7 0.19± 0.05 0.0± 0.29
B0 → K0η′ 1.2 −0.08± 0.04 0.64± 0.05
B0 → K∗0

2 γ 0.8 −0.08± 0.15 0.0± 0.41
B0 → Xsdη 1.3 0.0± 0.3 0.0± 0.37
B0 → K0π0 1.2 0.00± 0.08 0.64± 0.13
B0 → K0

0η 1.1 0.0± 0.3 0.0± 0.40
B0 → K0

Sηc 0.8 0.08± 0.13 0.93± 0.17
B0 → D, etc. 9.3 0 0
B0 → others 6.9 0.0± 0.3 0.0± 0.5
B+ → X+

suγ 23.8 0.03± 0.02 0
B+ → K+

1 γ 4.1 0.0± 0.3 0
B+ → K∗+γ 10.9 0.01± 0.02 0
B+ → K∗+

2 γ 3.6 0.0± 0.3 0
B+ → K∗+η 1.2 0.02± 0.06 0
B+ → D, etc. 9.3 0 0
B+ → others 6.4 0.0± 0.3 0

Total 98.2 0.01± 0.09 0.02± 0.11

Table B.3: Background composition of BB events in Belle II MC, MR1, and the C/S
asymmetry assigned to each decay channel (charge conjugation implied).

Decay channel Frac. (%) C S

B0 → Xsdγ 11.7 −0.01± 0.02 0.0± 0.41
B0 → K0

1γ 7.5 0.0± 0.3 0.0± 0.46
B0 → K∗0η 3.6 0.19± 0.05 0.0± 0.40
B0 → K∗0γ 4.0 −0.01± 0.01 −0.08± 0.40
B0 → K∗0

2 γ 1.1 −0.08± 0.15 0.0± 0.36
B0 → K ′0

1 γ 1.0 0.0± 0.3 0.0± 0.46
B0 → D, etc. 1.8 0 0
B0 → others 2.5 0.0± 0.3 0.0± 0.5
B+ → X+

suγ 19.6 0.03± 0.02 0
B+ → K+

1 γ 13.2 0.0± 0.3 0
B+ → K∗+γ 8.4 0.01± 0.02 0
B+ → K∗+(1680)γ 7.4 0.0± 0.3 0
B+ → K∗+(1410)γ 7.1 0.0± 0.3 0
B+ → K∗+

2 γ 2.9 0.0± 0.3 0
B+ → K ′+

1 γ 2.5 0.0± 0.3 0
B+ → D, etc. 2.3 0 0
B+ → others 2.2 0.0± 0.3 0

Total 98.8 0.01± 0.17 0.0± 0.13
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Table B.4: Background composition of BB events in Belle II MC, MR2, and the C/S
asymmetry assigned to each decay channel (charge conjugation implied).

Decay channel Frac. (%) C S

B0 → Xsdγ 13.8 −0.01± 0.02 0.0± 0.42
B0 → K0

1γ 2.4 0.0± 0.3 0.0± 0.44
B0 → K0

0η 1.3 0.0± 0.3 0.0± 0.5
B0 → D, etc. 6.0 0 0
B0 → others 8.9 0.0± 0.3 0.0± 0.5
B+ → X+

suγ 19.8 0.03± 0.02 0
B+ → K+

1 γ 4.8 0.0± 0.3 0
B+ → K∗+γ 10.1 0.01± 0.02 0
B+ → K∗+(1680)γ 13.0 0.0± 0.3 0
B+ → K∗+(1410)γ 3.6 0.0± 0.3 0
B+ → K∗+

2 γ 3.3 0.0± 0.3 0
B+ → K ′+

1 γ 0.8 0.0± 0.3 0
B+ → D, etc. 7.5 0 0
B+ → others 4.8 0.0± 0.3 0

Total 100.0 0.01± 0.14 0.07± 0.12



Appendix C

Global Fit to the Wilson Coefficient C ′
7

This appendix supplements Section 7.5.1 with the full input list, fit method, and best-fit
results of the global C ′

7 fit.

C.1 Fit Method

The fit follows the approach of Paul and Straub [75], extending earlier work on the C7–C ′
7

plane [82]. The Wilson coefficient C7 of the operator O7 is fixed to its SM value, since it is
already tightly constrained by the inclusive branching ratio BR(B → Xsγ), and only C ′

7

is left free. The fit is performed at the scale µ = 4.8 GeV using the FastLikelihood class
of flavio [76], with the Wilson coefficient specified in the WCxf exchange format [78] and
evolved using wilson [77]. For the B → K∗ form factors, the fit uses the default flavio
choice, the combined light-cone-sum-rule and lattice-QCD fit of Bharucha, Straub, and
Zwicky [83].

The best-fit point is obtained by minimizing χ2 = −2 lnL from the SM starting point
C ′

7 = 0. Confidence regions are obtained from a 60 × 60 grid scan over ReC ′
7, ImC ′

7 ∈
[−0.33, 0.33], with the resulting χ2 surface smoothed by a cubic spline. The 1σ and 2σ

contours correspond to ∆χ2 = 2.30 and 6.18 respectively, appropriate for a two-parameter
fit.

C.2 Fit Inputs

Table C.1 lists the observables used in the fit. All branching ratios and the PDG-quoted
asymmetry are taken from the 2025 edition of the Review of Particle Physics [2]. The two
angular observables are taken from the LHCb measurement of B0 → K∗0e+e− decays in
the low-q2 region [80], and the mixing-induced asymmetry A∆(B0

s → ϕγ) from the LHCb
measurement of this observable [79], together with its SM prediction.

The world average for S(B0 → K∗0(892)γ) combines the BaBar measurement, S =
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7

−0.03±0.29±0.03 [19], with the Belle and Belle II result of this thesis, S = 0.09±0.16±
0.02 [36], by inverse-variance weighting of the total uncertainties. This gives 0.06± 0.14.
This average is quoted for the purpose of this fit only.

Table C.1: Observables used as inputs to the global C ′
7 fit. The angular observables ⟨P1⟩

and ⟨AIm
T ⟩ are averaged over q2 ∈ [0.0008, 0.257] GeV2.

Observable Value Source

S(B0 → K∗0(892)γ) 0.06± 0.14 BaBar [19] + this thesis [36]
BR(B0 → K∗0γ) (4.18± 0.25)× 10−5 PDG 2025 [2]
BR(B+ → K∗+γ) (3.92± 0.22)× 10−5 PDG 2025 [2]
BR(B → Xsγ), Eγ > 1.6 GeV (3.49± 0.19)× 10−4 PDG 2025 [2]
BR(B0

s → ϕγ) (3.4± 0.4)× 10−5 PDG 2025 [2]
A∆(B0

s → ϕγ) −0.7± 0.4 LHCb [79]
⟨P1⟩(B0 → K∗0e+e−) 0.11± 0.10 LHCb [80]
⟨AIm

T ⟩(B0 → K∗0e+e−) 0.02± 0.10 LHCb [80]

C.3 Best-Fit Results

Table C.2 gives the best-fit point and minimum χ2 for the global fit, together with
single-observable fits used to produce the individual bands of Figure 7.4. A single two-
parameter fit to one observable is always underconstrained along one direction, so the
reported χ2

min = 0 for these rows reflects this and only the shape and orientation of the
resulting confidence band is meaningful, not the best-fit point itself.

Table C.2: Best-fit values of C ′
7 and minimum χ2 for the global fit and for single-observable

fits used to produce the individual bands in Figure 7.4. The global fit has seven degrees
of freedom.

Fit ReC ′
7 ImC ′

7 χ2
min

Global fit −0.0019 −0.0075 6.39
S(K∗0γ) only 0.0143 −0.0080 0
Branching ratios only −0.0459 −0.0004 2.20
A∆(B0

s → ϕγ) only 0.9411 0.0066 0
⟨P1⟩(K∗0e+e−) only −0.0148 0.0002 0
⟨AIm

T ⟩(K∗0e+e−) only 0.0002 −0.0040 0

The global fit is consistent with the SM at the 1σ level. The largest individual pull
comes from A∆(B0

s → ϕγ), whose PDG average of −0.7 ± 0.4 lies visibly above the SM
prediction of 0.047+0.029

−0.025. Given the size of the experimental uncertainty, this tension does
not by itself constitute significant evidence for a non-zero C ′

7.
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