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Search for B® — K277~ decays at Belle and Belle II

ABSTRACT

We present the first search for the rare decay BY — K777~ using approximately
1 ab™! of ete™ collision data collected with the Belle and Belle IT experiments at the
KEKB and SuperKEKB colliders between 1999-2009 and 2019-2022, respectively.
The decay proceeds via a b — s7t7~ flavor-changing neutral current transition,
which is highly suppressed in the Standard Model and sensitive to possible contri-
butions from new heavy mediators with preferential couplings to third-generation
leptons. Since 7 lepton decays involve neutrinos which escape detection, part of the
decay information is inevitably lost, making the experimental reconstruction of the
B°— K777~ particularly challenging.

We fully reconstruct the companion non-signal B° meson in hadronic modes,
enabling an exclusive study of the signal-side decay. The signal B? candidates are
reconstructed in 7 decay channels with a single charged particle, including leptonic
and hadronic modes. A multivariate classifier is trained to enhance the discrimina-
tion between signal and background, and a simultaneous binned maximum-likelihood
fit to the classifier output is performed across five orthogonal categories based on
77~ decay modes for both Belle and Belle II datasets.

No significant excess above the expected background is observed. We set the
only upper limit to date on the branching fraction, B(B®— K{7777) < 0.83 x 1073
at 90% confidence level.

Keywords: Belle, Belle II, Electroweak Penguins, Missing energy, B-
anomalies, b — sff






Iskanje razpadov B® — K2717~ pri Belle in Belle II

IZVLECEK

Pri¢ujoce doktorsko delo predstavlja prvo iskanje redkega razpada B — K27777 z
uporabo priblizno 1 ab™! podatkov trkov ete~, zbranih z eksperimentoma Belle in
Belle II na trkalnikih KEKB in SuperKEKB v obdobjih 1999-2009 oziroma 2019—
2022. Razpad poteka prek prehoda b— s7777, ki je v Standardnem modelu moc¢no
potlac¢en in zato obcutljiv na morebitne prispevke novih tezkih posrednikov z moc-
nejsimi sklopitvami z leptoni tretje generacije. Prisotnost dveh leptonov 7 v konénem
stanju vodi do ve¢ nevtrinov in s tem do znatne manjkajoce gibalne koli¢ine, zaradi
Cesar ta razpadni kanal spada med najzahtevnejse meritve prehodov b— sl¢.

V vsakem dogodku rekonstruiramo asociirani mezon B v hadronskih razpadnih
nacinih, kar omogoca ekskluzivno preucevanje razpada na preostali signalni strani
dogodka. Kandidate za signalni B° rekonstruiramo v ve¢ razpadnih nacinih, kjer
leptona 7 razpadeta v en sam nabit delec, ki je lahko lepton ali hadron. Za iz-
boljsanje lo¢ljivosti med signalom in ozadjem uporabimo multivariatni klasifikator
ter izvedemo metodo maksimalne zanesljivosti za prilaganje diskretnih porazdeli-
tev dogodkov njegovega izhoda v petih ortogonalnih kategorijah, dolocenih glede na
razpadne nacine 7777,

V podatkih ne opazimo statisti¢cno pomembnega presezka nad pricakovanim
ozadjem. Postavimo trenutno edino zgornjo mejo na razpadno razmerje: B(B° —
K21777) < 0.83 x 1073 pri 90% intervalu zaupanja.

Kljucéne besede: Belle, Belle II, elektrosibki pingvini, manjkajoca ener-
gija, anomalije v razpadih mezonov B, b — séf
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1. Introduction

The Standard Model (SM) of particle physics provides a remarkably successful de-
scription of the known elementary particles and their interactions over a wide range
of energies. It has been tested in thousands of measurements with impressive pre-
cision, and the discovery of the Higgs boson at the Large Hadron Collider (LHC)
completed its particle content [T, 2, B]. Nonetheless, the SM is widely regarded as
an effective theory, which does not account for dark matter nor includes gravity.
Furthermore, it cannot explain the observed matter—antimatter asymmetry of the
Universe, and it does not provide a dynamical origin for the hierarchy of fermion
masses and mixing angles [3]. These open questions strongly suggest the existence
of physics beyond the Standard Model (BSM).

Indirect searches—precision measurements of processes in which virtual, heavy
BSM particles can contribute—offer a powerful and complementary approach to
direct searches at high-energy colliders [4]. In particular, the study of flavor-changing
processes involving heavy quarks and leptons can be sensitive to energy scales far
beyond those directly accessible in current experiments. This thesis focuses on such
an indirect probe: a search for the rare decay B — K277~ which proceeds
via a flavor-changing neutral current (FCNC) transition b — s777~ and is highly
suppressed in the SM [5]. Charge-conjugate processes are implied throughout this
work.

Over the past decade, measurements of semileptonic B decays have revealed in-
triguing deviations from SM expectations, often referred to as “B anomalies”. These
include tension in observables testing lepton-flavor universality (LFU) in charged-
current b — crv and neutral-current b — sutpu~ transitions [4, [6]. Many BSM
interpretations of these anomalies predict an enhanced coupling to third-generation
leptons, and consequently sizable enhancements of b — s7t7~ decay rates, while
remaining consistent with existing constraints |5} [7, 8]. However, b — s777~ pro-
cesses remain heavily unexplored experimentally [9, 10|, due to the challenge of
reconstructing final states with two 7 leptons and multiple neutrinos.

In this chapter, we introduce the theoretical and experimental context of this
work. We begin with a brief review of the SM and the flavor sector, then describe
FCNC processes and their role as probes of new physics. We summarize the present
status of B anomalies and discuss theoretical motivations for enhanced b — stt7~
transitions. Finally, we motivate the search for the specific decay B® — K777~ at
Belle and Belle II.

The remainder of this thesis is organized as follows. Chapter [2| describes the
KEKB and SuperKEKB colliders and the Belle and Belle II detectors, with em-
phasis on the experimental features relevant for rare decays with missing energy.
Chapter [3] introduces the general analysis strategy, including the datasets, simu-
lated samples, hadronic B tagging, multivariate classification, and statistical meth-
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Chapter 1. Introduction

ods used for signal extraction. Chapter [4] describes the reconstruction and selection
of B — K277~ candidates, including the definition of the signal categories. Chap-
ter |b| discusses the corrections applied to the simulation and the calibration of the
dominant data-MC differences. Chapter [6] presents the background composition
and the multivariate background-suppression procedure. Chapter [7| documents the
validation of the analysis in data control regions and sidebands before the signal-
enhanced region is inspected. Chapter |8 describes the signal-extraction fit, the
treatment of systematic uncertainties, the results obtained with Belle and Belle II
data, and the isospin average with the charged pseudoscalar channel. Finally, Chap-
ter [0 summarizes the results and discusses their implications for future searches for
b — sTt7~ transitions.

1.1 The Standard Model of particle physics

The SM is a relativistic quantum field theory based on the gauge symmetry group
SUB)c®@SU2),@U(1)y, (1.1)

which describes the strong, weak, and electromagnetic interactions, respectively [3].
Here, C' denotes color charge, associated with the strong interaction; L denotes
the left-handed chiral component of the weak interaction; and Y denotes weak hy-
percharge, the quantum number associated with the U(1) gauge symmetry. The
fundamental degrees of freedom are quantum fields; their excitations correspond to
the particles observed in experiments.

Matter is composed of spin—% fermions, which are arranged in three generations.
Each generation contains two quarks and two leptons, grouped into left-handed
weak-isospin doublets and right-handed singlets. In the quark sector, the left-handed
fields form the doublets

i
1 2 3

QY = ;o QY = , @ — . (1.2)
dr, SL br

Here u, ¢, t are the up-type quarks and d, s, b are the down-type quarks. In the lepton
sector, the corresponding left-handed doublets are

Ve
LYW=, ®»= . IP = . (1.3)

er, wr TL

The right-handed components of quarks and charged leptons are electroweak sin-
glets. All quarks carry color charge and interact via the strong interaction, while
leptons are colorless and do not participate in QCD interactions [3].

The interactions between fermions are mediated by spin-1 gauge bosons, which
are the excitations of the gauge fields associated with the SM symmetry group. The
eight gluons g mediate the strong interaction described by quantum chromodynam-
ics (QCD); the W* and Z° bosons mediate the weak interaction; and the photon
~v mediates the electromagnetic interaction. The weak and electromagnetic inter-
actions are unified into the electroweak theory, in which the physical gauge bosons
arise as linear combinations of the SU(2)., and U(1)y gauge fields [3].

Gauge invariance forbids explicit mass terms for the fermions and gauge bosons.
Mass generation is achieved via the Brout-Englert-Higgs mechanism: a complex
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1.2. Flavor and quark mixing

scalar SU(2)r doublet field ® acquires a nonzero vacuum expectation value (vev),
spontaneously breaking the electroweak symmetry down to U(1)en [3]. Three of
the four real degrees of freedom in ® provide the longitudinal polarizations of the
W#* and Z° bosons, which thereby acquire masses, while the remaining degree of
freedom corresponds to a physical scalar, the Higgs boson. Yukawa interactions
between ® and the fermion fields generate fermion masses proportional to their
Yukawa couplings once the Higgs field develops its vev.

Despite its success, the SM leaves many fundamental questions open. It does
not explain the pattern of fermion masses and mixing angles, the tiny but nonzero
neutrino masses, the observed baryon-antibaryon asymmetry of the Universe, or the
nature of dark matter [3]. These shortcomings motivate searches for BSM physics,
among which precision studies of flavor-changing processes play a central role.

1.2 Flavor and quark mixing

The term flavor denotes the replication of fermion generations with identical gauge
quantum numbers but different masses. In the quark sector, quarks of a given
electric charge mix under the weak interaction: the weak interaction eigenstates
are not aligned with the mass eigenstates. This misalignment is encoded in the
Cabibbo-Kobayashi-Maskawa (CKM) matrix |11, [12].

In the SM, charged-current weak interactions couple left-handed up-type and
down-type quarks via the W* boson. The corresponding piece of the Lagrangian
reads

dp
Ly = 9L (l_bi, Ei, Zf_I/J) Y*Vexm Si W: + h.c., (14)
V2
b1

where primed fields denote weak eigenstates and Viekyy is the 3 x 3 unitary CKM
matrix,

Vud Vus Vub
Vekm = | Vg Vs Vi | - (1'5)
Viae Vis Vi

Unitarity of Voxw ensures the absence of flavor-changing neutral currents at tree
level and reduces the number of independent parameters. For three generations,
the CKM matrix can be parametrised in terms of three real mixing angles and
one irreducible complex phase [I3]. This phase allows weak-interaction amplitudes
to differ from those of the corresponding C'P-conjugate processes, giving rise to
observable asymmetries between certain decays of particles and antiparticles.

It is often convenient to express Vioxwm using the Wolfenstein parametrisation,
an expansion in powers of the small parameter A ~ 0.23, related to the Cabibbo
angle [14]. In this parametrisation,

1— 32 A AN3(p — in)
Vekm = Y 1— 1N AN? + O\, (1.6)
AN —p—in) —AN 1
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Chapter 1. Introduction

where A, p, and 7 are additional real parameters. The nonzero value of 7 implies
C P-violating couplings.

Global fits to flavor data show that the CKM mechanism provides a consistent
description of quark mixing and C'P violation, but they still allow for sizable BSM
contributions, especially in loop-induced processes [4].

1.3 Flavor-changing neutral currents

Flavor-changing neutral currents are processes in which the flavor of a quark changes
while its electric charge remains the same, such as s — d, b — s, or b — d transitions.
In the SM, FCNCs are absent at tree level because neutral gauge bosons, such as the
photon and the Z boson, do not change quark flavor. Flavor changes occur through
the charged weak interaction mediated by the W+ bosons. FCNCs can therefore
only occur via higher-order loop diagrams, such as penguin and box diagrams with
internal W bosons and up-type quarks, as shown in Fig.

Y
t
b W S b—»—F%»—F—»—s5
t _ w, ‘W
! 1 D 1
Z/y \ j \
+ -
t 0 ¢

Figure 1.1: Examples of Feynman diagrams for FCNC b — s processes in the
SM. Different name conventions are adopted depending on the final states: gluonic
penguin (top left), radiative penguin (top right), electroweak penguin (bottom left)
and box diagram (bottom right).

For b-quark decays, FCNC transitions like b — s¢*¢~ (with £ = e, u, 7) and b —
svp are strongly suppressed compared to tree-level charged-current transitions b —
clv. The corresponding branching fractions are typically at the level of 1077-107% in
the SM, depending on the specific exclusive mode [4, [5]. Theoretical predictions for
these processes involve short-distance Wilson coefficients, calculable in perturbation
theory, and hadronic form factors, which encode the nonperturbative QCD dynamics
and are obtained from lattice QCD or other nonperturbative methods [3].

The loop-induced nature of FCNCs makes them sensitive probes of BSM physics:
new heavy particles carrying appropriate quantum numbers can enter the loops and
modify the effective couplings. This can affect decay rates, angular observables, and
CP asymmetries [4]. The effect is particularly clean in observables where hadronic
uncertainties partially or completely cancel, such as certain ratios testing LFU.

So far, most experimental attention has focused on b — s¢*¢~ transitions with

18



1.4. Status of B anomalies and b — s7t7~ searches

¢ = e, p, for which many exclusive and inclusive channels have been measured [3].
In contrast, decays involving b — s77 7~ are experimentally much more challenging,
because the 7 leptons decay promptly into final states with additional neutrinos,
leading to significant missing energy. As a result, the SM predictions for exclusive
b — stT7~ modes, such as B — K™ 777 are of the order of 1077 [5].

1.4 Status of B anomalies and b — s77 7~ searches

In the SM, LFU implies that the electroweak couplings to the three lepton families
are identical up to corrections from the lepton masses [3]. LFU can be tested ex-
perimentally by forming ratios of branching fractions that differ only by the lepton
flavor in the final state. Examples include

B(B — DY¥r=1,)
B(B — D®(~,)’

B(B = KWputu)
B(B — K®ete)’

Rpe = Ry = (1.7)
where ¢ = e, u. In these ratios, many hadronic uncertainties cancel, making them
theoretically clean observables [4].

Over the past years, measurements of R, by BaBar, Belle, and LHCb (see
Fig. , as well as related observables such as R/, showed deviations from the

SM predictions at the level of a few standard deviations when combined [6].

o 0.4 — T — 7T
o) 68% CL contours ]
N
~ B CKM2025 Belle® ]
035F Lt 1(‘% ]
0.3 __ Belle” (,/ __
. O
o g _
N LHCb® :
025 Cb*
N e — ) ]
" HFLAV SM Prediction Belle IT° ]
R(D) = 0.296 + 0.004
02— RiD?“) =0.254+0.005 R(D) =0.358+0.024, , —
= * 2 -
F 1-QCD FLAG24 (NE=2+1 for RD*) R(D 0) 372--31 $0.01 L5
- R(D) = 02938 + 0.0054 P 7
= R(D¥) = 0.2582 + 0.0051 P(?) =27% .
| L | PR PR

02 03 04 05
R(D)

Figure 1.2: Status of Rp and Rp+ measurements. The red ellipse represents the

world average, including both the separate measurements of (p+) and results from

simultaneous measurements of R(py and Rp~). The black point with error bars

indicates the average of SM calculations. Plot from HFLAV averages [6].

In the neutral-current sector, earlier measurements of Ry exhibited tensions
with the SM. However, recent results from LHCb are consistent with LFU within
uncertainties, significantly reducing the evidence for a violation in these observables.
Despite this, the global picture of b — s¢*¢~ transitions still shows persistent ten-
sions with the SM. In particular, deviations are observed in angular observables such
as P, in B — K*utp~ decays and in the differential branching fractions of several
b — sputp~ modes [15] 16] (see Fig. |1.3)).

In addition, recent measurements of B — Kwvv decays indicate a branching
fraction above the SM expectation [I8]. When interpreted in a model-independent
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Figure 1.3: Left: Measurement of the angular observable P! in B — K*u*p~ decays
compared to SM predictions. Right: Differential branching fractions for b — su™p~
transitions. Figures adapted from Refs. [15] [17].

framework together with constraints from b — s¢™¢~ processes, these results favor
scenarios with non-universal couplings that can be enhanced for third-generation
leptons [5].

Taken together, while no single observable currently provides a conclusive indi-
cation of physics beyond the SM, the pattern of deviations continues to motivate
models with lepton-flavor non-universal interactions, particularly involving 7 lep-
tons.

From the theory side, several global fits to flavor data have considered effective-
operator modifications of the b — s¢*¢~ Hamiltonian [4, 5]. Scenarios that simulta-
neously address the charged-current and neutral-current anomalies often involve new
heavy particles, such as leptoquarks or Z’ bosons, with couplings that preferentially
involve 7 leptons [7, [8]. In these frameworks, the effective couplings for b — st~
transitions can be significantly enhanced compared to the SM, leading to poten-
tially large increases in the branching fractions of modes such as B — K®)7rt1~,
By — 1t 0or Ay — A7 [5].

Experimentally, b — s777~ processes remain very weakly constrained. The pres-
ence of at least two 7 leptons and multiple neutrinos leads to severe missing energy
in the final state and makes full kinematic reconstruction impossible. As a conse-
quence, only a few searches have been performed so far. The BaBar experiment has
set an upper limit on the branching fraction B(BT — K*7777) at the level of a
few 1073 using hadronic B tagging and leptonic 7 decays [19]. The Belle experiment
has searched for B® — K*9777~ and set a similar upper limit [20], while Belle IT
improved it by about a factor of two [21], and LHCb has searched for BY — 777~
and B® — 7777 also obtaining upper limits at O(107)[22]. Recent searches [9, 10]
have set upper limits on the branching fractions of BT — K*777~, B® — K*0r+r~
decays at the level of a few 1074, significantly improving upon earlier results. These
limits still remain about three orders of magnitude above the SM expectations [5]
and summarized in Fig. leaving ample room for BSM contributions.

The large gap between the SM predictions and current experimental constraints
implies that sizeable BSM effects in b — s7+7~ transitions are still allowed. Im-
proving the experimental sensitivity to these modes is therefore a high priority in
the flavor physics programme of B factories and LHC experiments.
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1.5. New-physics interpretations of b — s7+7~

@ @ LHCb (3fbY)
- @ BaBar (342 fb1)
— e @ Belle (711 fbY)
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Figure 1.4: Upper limits on b — s77 transitions. Results from Refs. [9, 10} 19, 20,
21, 22

1.5 New-physics interpretations of b — s7+7~

Rare b — s¢T¢~ (with ¢ = e, pu,7) transitions are conveniently described in the
framework of an effective field theory, where heavy degrees of freedom are integrated
out and their effects are encoded in short-distance Wilson coefficients multiplying
local operators. The effective Hamiltonian governing these processes can be written

as
4G .

Hea(b — sl0) = —75‘417‘/25 XZ: CtOf + hec., (1.8)
where G is the Fermi constant, V;;,V,: are elements of the Cabibbo-Kobayashi-Maskawa
matrix, and C! are the Wilson coefficients encoding short-distance physics.

The dominant semileptonic operators relevant for b — s¢*¢~ transitions are
(57, PLb) (4" y50). (1.9)

a - «
Of = Ul Ol =1

4mr 4m
In the SM, these operators are generated by loop-level electroweak penguin and box
diagrams. Physics beyond the SM can modify their Wilson coefficients and generate
additional interactions via chirality-flipped operators {flo, obtained by replacing
Pr with Pg in the quark current, as well as scalar and pseudoscalar operators
¢«
ST 4r
Here « is fine-structure constant and Py, p are the left- and right-handed projection
operators,

o (5Ppb)(0),  OL = %(EPRZJ)(Z%K). (1.10)

1 1
Py = 275, Pr = z%. (1.11)

In the Standard Model, the Wilson coefficients C{ are lepton-flavor universal up
to small corrections and are dominated by loop-level contributions. Physics beyond
the Standard Model can modify their magnitude, leading to shifts

Cl =M L NPt (1.12)

21



Chapter 1. Introduction

In particular, non-universal contributions, where the shifts for ¢ = 7 differ from
those for ¢ = e, u, naturally lead to enhanced b — sT7~ rates [4] [5].
Prominent examples include:

e Leptoquark models: Leptoquarks are hypothetical bosons that couple di-
rectly to a quark and a lepton. Depending on their spin and gauge quantum
numbers, they can contribute at tree level to both b — crv and b — s¢t(~
transitions (see Fig.[L.5] left). In particular, vector leptoquark models, such as
those involving a U; leptoquark, have been shown to accommodate the pattern
of anomalies while predicting enhancements of up to three orders of magnitude
in b — s777~ branching fractions compared to the SM [5], [7].

e 7' models: Additional neutral gauge bosons Z’ with flavor-changing couplings
to quarks and non-universal couplings to leptons can modify the effective b —
slt{~ couplings (see Fig. , right). If the couplings to 7 leptons are larger
than those to electrons and muons, sizable enhancements of b — s7+7~ rates
are expected [§].

Figure 1.5: Examples of Feynman diagrams for b — s717~ tree-level transitions in
leptoquark (left) and Z’ (right) BSM scenarios.

A common feature of many of these scenarios is that they predict strong corre-
lations between the observables in the b — c¢7v and b — s¢T¢~ sectors and the rates
of rare b — s777~ decays [0, [7]. In New Physics fits that accommodate the current
data, the branching fractions for B — K®)7%7~ and B — K717~ can be enhanced
by up to two or three orders of magnitude over their SM values (see Fig. ,
bringing them potentially within reach of current or near-future experiments at B
factories [5].

Therefore, any measurement or improved upper limit on b — s777~ decays
places strong constraints on such BSM explanations and helps to clarify whether
the observed B anomalies originate from New Physics or are due to statistical fluc-
tuations and /or underestimated SM effects.

1.6 Motivation for the search for B — K7 7~

Within the family of exclusive b — s777~ transitions, the decay B° — K°%rtr~
plays a particularly interesting role. B — K777~ and B — K*r*7~ form a set
of modes that probe the same underlying quark-level process but with different
hadronic final states and isospin combinations[5]. Measurements of these channels
are complementary: they test the same short-distance physics while being subject to
different experimental systematics, hadronic form factor uncertainties and possible
couplings to new mediators.
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Figure 1.6: Predicted branching ratios for b — s777~ processes as a function of
the anomaly, with respect to the SM, of the Rx (X € {D®™),.J/4}) observables [5].
The widths of the green vertical bands are the current experimental uncertainties at
one and two standard deviations, respectively. The widths of the parabolic bands
represent only the theoretical uncertainties.

From an experimental point of view, this work focuses on the B® — K27t~
mode, where the K is reconstructed in the 777~ decay mode [3]. The displaced K¢
vertex provides a clean signature that helps suppress background from continuum
ete”™ — qq processes and BB decays. However, the final state also contains two
7 leptons, each decaying further into lighter leptons or hadrons plus at least one
neutrino. As a consequence, the signal topology features multiple neutrinos and
substantial missing energy, making full kinematic reconstruction impossible and
rendering the analysis particularly challenging.

These difficulties can be partly overcome at B factories such as Belle and Belle 11,
where BB pairs are produced in T(45) decays at a well-defined center-of-mass en-
ergy [3]. By fully reconstructing one of the B mesons (the tag side) in hadronic
modes using multivariate algorithms, such as the Full Event Interpretation, one
can infer the four-momentum of the companion B meson (the signal side) from
energy—momentum conservation. This technique greatly suppresses backgrounds
and provides powerful constraints on the signal kinematics, at the price of a low
overall efficiency due to the difficulty of fully reconstructing hadronic B decays.

The decay B® — K277~ thus lies at the intersection of several key themes in
theoretical and experimental flavor physics:

e It is a loop-suppressed FCNC process with a tiny SM branching fraction,
making it an excellent probe of virtual BSM effects [5].

e [t involves 7 leptons in the final state, directly testing scenarios in which New
Physics couples preferentially to third-generation leptons and providing an
important counterpart to the measurements of Ry and Ry [4, 6.

e [t is experimentally accessible at B factories using hadronic B tagging and the
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clean K? — 77~ signature, especially when combining the large data sets
collected by Belle and Belle II [3].

To date, no experiment has reported a measurement or limit specifically for B® —
K277~ decay rate. The present work therefore represents the first dedicated search
for B — K777~ using the combined Belle and Belle I data sets. By exploiting
hadronic B tagging, carefully optimised event selections, and a detailed treatment of
backgrounds and systematic uncertainties, this search aims to significantly improve
the experimental sensitivity to b — s7T7~ transitions.

Any observation of B® — K277~ at a branching fraction much larger than the
SM expectation would be an unambiguous sign of New Physics and would strongly
constrain the space of viable models addressing the B anomalies [5] [7]. Conversely,
even in the absence of a signal, improved upper limits will provide valuable input to
global fits and sharpen our understanding of the flavor structure of possible BSM
interactions.
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2. The Belle and the Belle 11
experiments

The search presented in this thesis uses data collected by the Belle and Belle II ex-
periments at the KEKB and SuperKEKB asymmetric-energy eTe™ colliders. Both
experiments operate at or near the T(4S5) resonance, where the initial state is pre-
cisely known and the final state is dominated by pairs of B mesons.

This chapter describes the experimental conditions relevant for the work. First,
the KEKB and SuperKEKB colliders are introduced, with emphasis on the Y (45)
environment, asymmetric beam energies, and luminosity performance. The Belle
and Belle II detectors are then described by reconstruction function: tracking and
vertexing, particle identification, calorimetry, K? and muon detection, and trigger
and data acquisition. The chapter closes with a short discussion on accelerator and
detector performance, and differences between the experiments.

2.1 The KEKB and SuperKEKB accelerators

The Belle and Belle II experiments are located at the High Energy Accelerator
Research Organization (KEK) in Tsukuba, Japan, at the interaction point of two
successive ete™ colliders: KEKB and its upgraded successor SuperKEKB. Both
machines are designed to operate primarily at the center-of-mass (CM) energy cor-
responding to the T(4S5) resonance, Ecy =~ 10.58 GeV, which lies just above the
threshold for BB production as shown in Fig. . In this energy regime the hadronic
final state is dominated by B-meson pairs with relatively low additional multiplici-
ties, providing a clean environment for precision flavor-physics measurements.

In this section we first introduce the general requirements for a high-luminosity
B factory and the role of the T (4S5) resonance. We then describe the KEKB and Su-
perKEKB accelerators in more detail, including the asymmetric beam-energy config-
uration, the nano-beam collision scheme, and the resulting luminosity performance
and beam-induced backgrounds.

2.1.1 Physics motivation and the Y (4S) environment

In an ete™ collider the center-of-mass energy /s is determined by the beam energies
via

s = (pe* +pe+)2 ~ 4E6*Ee+7 (21)

where the approximation neglects the electron mass. The T (4.5) resonance lies just
above the threshold for BB production and decays almost exclusively into B°B° and
B*B~ pairs. Operating the collider at /s =~ myg) therefore yields a very clean
sample of B-meson events with well-defined initial-state kinematics and a modest
multiplicity of additional hadrons.
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Figure 2.1: Hadronic cross-section as a function of the center-of-mass energy in the
region of the first four S-wave T resonances.

If the beams had equal energies, the T(4S) would be produced nearly at rest in
the laboratory frame and the B mesons would have momenta of only O(10 MeV/c).
With a typical B-meson lifetime of about 1.5 ps, the resulting decay length would
be of order 50 um, comparable to or smaller than the intrinsic spatial resolution
of modern vertex detectors. In such a configuration the decay vertices of the two
B mesons would be difficult to separate, limiting the sensitivity to time-dependent
C P-violation observables.

To overcome this limitation, the B factories employ asymmetric beam energies
so that the Y(4S5) system is boosted along the beam (longitudinal) direction in the
laboratory frame. The boost factor v can be expressed as

E.-—FE.+
~ - -

By (2.2)

my48)

At KEKB, with beam energies of 8 GeV (electrons) and 3.5 GeV (positrons),
py = 0.43, corresponding to an average B-meson decay length of O(200 pm) in
the laboratory frame. At SuperKEKB the beam energies are 7 GeV and 4 GeV,
giving a slightly smaller boost, 5y =~ 0.28, and a decay length of about 130 ym. In
both cases the boosted topology permits precise measurements of decay-time differ-
ences between the two B mesons using high-resolution silicon vertex detectors. The
smaller boost in SuperKEKB implies less missing momentum, which is beneficial for
searches for decays with missing energy.

2.1.2 The KEKB collider

KEKB was a high-luminosity asymmetric-energy ete™ collider optimized for B-
physics studies at the Y (495) resonance [23] 24]. It consisted of two storage rings,

e a high-energy ring (HER) for 8 GeV electrons, and

e a low-energy ring (LER) for 3.5 GeV positrons,
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2.1. The KEKB and SuperKEKB accelerators

sharing a single interaction region where the Belle detector was installed. Electrons
and positrons were accelerated by a linear accelerator (LINAC) and injected into
the rings in a continuous top-up mode to maintain nearly constant beam currents.
The schematic of the accelerator complex is shown in Fig. [2.2

LER (3.5 GeV)

Crab Cavities

TRISTAN

= B=Factory

e* Linac
(3.5 GeV)

e* target

e~ J-Linac
(8 GeV)
e~ gun

J-Arc

Figure 2.2: Schematic overview of the KEKB accelerator complex, showing the
LINAC, the high- and low-energy storage rings, and the interaction point surrounded
by the Belle detector.

The machine employed a double-ring design with separate vacuum chambers
and optics for electrons and positrons. The two beams were brought into colli-
sion at a small horizontal crossing angle at the interaction point (IP). The main
design parameters and the achieved operating values during Belle data taking are
summarized schematically in Table 2.1} The peak instantaneous luminosity reached
2.1 x 10** cm~2s7!, which exceeded the original design goal and established a world
record that was held for nearly a decade.

Several innovations contributed to the high performance of KEKB:

e Continuous injection, allowing the beams to be replenished without in-
terrupting physics data taking, thereby maximizing the delivered integrated
luminosity.

e Crab cavities, which were introduced in the final years of operation to com-
pensate the crossing angle and restore head-on collisions in the bunch rest
frame, improving the effective overlap of the bunches and thus the luminosity.

e Sophisticated optics and feedback systems, which stabilized the beam
orbits and mitigated various collective instabilities.
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Chapter 2. The Belle and the Belle II experiments

Table 2.1: Illustrative comparison of design and achieved KEKB parameters relevant
for luminosity performance. The values are indicative; precise numbers can be found

in Refs. [23] 24].

Quantity Design value Achieved value
Beam energies (E .+, E.-) (3.5,8.0) GeV (3.5,8.0) GeV
Beam currents (LER, HER) ~ (2.6,1.1) A similar
Vertical § at IP, 3} 10 mm 5-6 mm
Peak luminosity 1.0 x 103 em =257 2.1 x 103 em 257!

During its operation from 1999 to 2010, KEKB delivered a total integrated lumi-
nosity of about 1 ab™! at and around the Y (4S), corresponding to 711 fb~! recorded
by Belle at the Y(4S5) resonance and additional data collected at other bottomonium
states and in the continuum. This dataset is the foundation of the legacy B-physics
measurements from Belle.

2.1.3 The SuperKEKB collider
SuperKEKB is a major upgrade of KEKB designed to reach a target luminosity of

Lgesign = 6 X 10% em™%s7 1, (2.3)

approximately a factor forty higher than the peak luminosity of KEKB. The accel-
erator retains the general double-ring layout but incorporates significant upgrades
to the injector, the damping ring, the main-ring optics, and the interaction re-
gion |25, 26]. The schematic of the accelerator complex is shown in Fig. 2.3

electron-positron
injector linac

Figure 2.3: Schematic view of the SuperKEKB accelerator complex, including the
LINAC, the positron damping ring, and the two main storage rings (LER and HER)
that intersect at the interaction point.

The key design changes relative to KEKB include:
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2.1. The KEKB and SuperKEKB accelerators

e Revised beam energies: the beam energies are set to E.- =7 GeV (HER)
and E.+ =4 GeV (LER), yielding a center-of-mass energy at the Y(45) and a
boost 5 = 0.28. The reduced boost compared to KEKB is a compromise be-
tween physics needs and the requirement to minimise emittance and maximise
luminosity.

e Upgraded LINAC and positron source: the injector is upgraded to deliver
higher-current, lower-emittance beams. A dedicated damping ring at 1.1 GeV
reduces the positron emittance before injection into the LER.

e New final-focus superconducting quadrupoles: the interaction region
is redesigned with compact superconducting quadrupoles close to the IP to
achieve extremely small 3 values in the nano-beam scheme.

e Improved vacuum system: new beam pipes and antechamber structures,
together with extensive vacuum pumping, mitigate synchrotron-radiation-induced
gas desorption and associated beam-gas backgrounds.

Table summarizes representative design and currently achieved values for key
machine parameters.

Table 2.2: Indicative design and achieved values for selected SuperKEKB parameters
in the LER /HER rings, relevant for luminosity. Numerical values are illustrative and
based on Refs. [25] and current machine operation status.

Quantity Design value Achieved (Run 1-2)
Beam energies (E.+, E,.-) (4.0,7.0) GeV (4.0,7.0) GeV
Beam currents (Ipgr, [uer) (3.6,2.6) A O(1.3,1.1) A
Vertical 3 at 1P, 3 (0.27,0.41) mm (0.9,0.9) mm
Peak luminosity 6 x 10 cm™2s7! 5.1 x 10** cm 257!

2.1.4 The nano-beam collision scheme

The significant luminosity increase at SuperKEKB is achieved primarily through
the nano-beam scheme. In an ete™ collider, the instantaneous luminosity can be
expressed approximately as

Y+ U; I. &+ Rp
L= 1+ =) —==— 2.4
2er, ( + a*) ﬁ; ng’ (2:4)

x
where e is the electron charge, r. is the classical electron radius, v4 are the relativis-
tic Lorentz factors for electrons and positrons, o}, are the horizontal and vertical
beam sizes at the IP, I, are the beam currents, §, + are the vertical beam-beam
tune-shift parameters that describe the focusing force exerted on a bunch by the
electromagnetic field of the opposite bunch, and 3; is the vertical § function at
the IP. The factors Ry and R, account for geometric reductions due to the finite
crossing angle of the beams.
From Eq. it is clear that the luminosity can be increased by:
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e increasing the beam currents I,
e increasing the beam-beam parameter §, ., and
e decreasing the vertical 8 function 3} (and therefore the vertical beam size o).

However, simply increasing the beam current and reducing the beam size leads to
instabilities and enhanced non-linear beam—beam interactions. Moreover, the so-
called hourglass effect limits the benefit of very small 8} if the bunch length o, is
comparable to or larger than ;. In that case, only a fraction of the bunch is focused
to the minimum beam size at the IP, and the effective luminosity is reduced.

The nano-beam scheme (Fig. addresses these issues by arranging for the
two beams to collide with a larger horizontal crossing angle ¢ (about 41.5 mrad at
SuperKEKB, compared to 11 mrad of KEKB) and strongly squeezing the vertical
beam size while also reducing the horizontal size o,. The effective overlap region of
the two bunches has a length of order
Oz

d ~

2.5
sin ¢’ (25)
which can be made much shorter than the physical bunch length o.. In this way

the condition d S f; can be satisfied even with relatively long bunches, mitigating
the hourglass effect.

K~ *
o} o ~940 nm oy ~30nm

) < 2p=22mrad Oy ~10pm 2¢ =83 mrad

0,~5mm
Br=0.42 py=0.28

Figure 2.4: Illustration of the nano-beam collision scheme at SuperKEKB (right),
compared to a conventional collision scheme with a small crossing angle (left). In
the nano-beam configuration the beams are strongly focused and collide with a large
crossing angle, reducing the effective overlap length and mitigating the hourglass
effect.

In practice the nano-beam scheme requires:
e low-emittance beams from the injector and damping ring,

e strong final-focus optics with compact superconducting quadrupoles near the

IP

Y

e precise control of the beam orbits and optics to maintain the small beam sizes.

These requirements pose stringent constraints on the interaction-region design and
increase the sensitivity to machine imperfections and vibrations.
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2.1.5 Luminosity performance and beam-induced backgrounds

The performance of a collider can be characterized by the integrated luminosity

T
Llelivered () — / L(t)dt, (2.6)
0

which directly determines the number of events N of a process with cross section
o via N = Lidivered; - KEKB delivered an integrated luminosity of about 1 ab™!,
while the design goal for SuperKEKB is 30 — 50 ab™! over its operational lifetime.

The push to much higher instantaneous luminosities at SuperKEKB leads to sig-
nificantly increased beam-induced backgrounds compared to KEKB. Several mech-

anisms contribute:

e Touschek scattering, in which intra-bunch Coulomb scattering transfers
particles from the core of the bunch into the high-amplitude tails, where they
can be lost on the aperture.

e Beam—gas interactions, arising from collisions of beam particles with resid-
ual gas molecules in the vacuum chamber, producing hadronic showers and
scattered leptons.

¢ Synchrotron-radiation and radiative Bhabha processes, which generate
energetic photons that may interact with material around the beam pipe.

e Injection-related backgrounds, as fresh particles are injected into the rings
at high rates to maintain the beam currents. Before these particles are fully
damped onto the nominal orbit, they can undergo large betatron oscillations
and be lost on apertures or collimators, producing short background bursts in
the detector.

These backgrounds manifest themselves in the Belle and Belle II detectors as:

e increased hit occupancies, particularly in the innermost vertex detectors,
e additional clusters and noise in the electromagnetic calorimeter,
e spurious hits and noise in the muon system and tracking detectors,

e higher radiation doses on sensitive electronics and sensors.

The detector design, shielding, and data-acquisition systems must therefore accom-
modate these conditions. In particular, Belle II employs faster and more gran-
ular detectors, enhanced radiation hardness, and sophisticated online and offline
background-rejection strategies.

2.1.6 Impact on Belle and Belle II physics

The accelerator parameters discussed above directly influence the physics reach of
the Belle and Belle IT experiments. The asymmetric beam energies and the resulting
boost of the T(4S) system in the laboratory frame enable precise time-dependent
measurements of C'P violation in the B-meson system. The high integrated lumi-
nosities achieved and targeted by KEKB and SuperKEKB translate into very large
samples of B mesons, 7 leptons and charmed hadrons.
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At the same time, the nano-beam scheme and high beam currents at SuperKEKB
introduce substantial beam-related backgrounds and operational challenges. The
Belle II detector is therefore designed to provide improved vertex resolution, track-
ing, and particle identification performance in a significantly harsher environment
than that experienced by Belle. These aspects are discussed in detail in the following
sections, where we describe the Belle and Belle II detectors and their subsystems.

2.2 The Belle and Belle II detectors

The Belle and Belle II detectors are large-solid-angle magnetic spectrometers located
at the interaction points of the KEKB and SuperKEKB asymmetric-energy ete™
colliders, respectively. Both experiments operate at or near the Y(4S) resonance,
where the production of coherent BB pairs provides a clean environment for preci-
sion flavor-physics measurements. The Belle detector was designed to reconstruct
and identify charged and neutral particles produced in e*e™ collisions, with partic-
ular emphasis on time-dependent C'P violation and rare B-meson decays [27, 28].
Belle IT is its successor and largely retains the same global detector concept, while in-
corporating substantial upgrades needed for the much higher luminosity and harsher
beam-background conditions of SuperKEKB [28] 29].

The two detectors share a similar cylindrical layout. From the interaction point
outwards, particles traverse a low-mass beam pipe, vertex and tracking detectors,
charged-particle identification (PID) systems, an electromagnetic calorimeter, a su-
perconducting solenoid, and an instrumented iron flux-return used for muon and K?
identification. A schematic cut-away view of Belle and Belle II detectors is shown
in Fig. 2.5] This section follows the detector functions relevant for the analysis:
tracking, particle identification, reconstruction of neutral particles, K and muon
identification, and online event selection.

2.2.1 Coordinate system and global detector layout

Belle and Belle IT use a right-handed coordinate system with the origin at the nom-
inal interaction point. The z axis is defined approximately along the electron-beam
direction, the z axis points horizontally outward from the centre of the accelerator
rings, and the y axis points vertically upward. The polar angle 6 is measured from
the positive z axis, and the azimuthal angle ¢ from the positive x axis in the zy
plane. In cylindrical coordinates, the radial coordinate is defined as r = /22 4 y2.

The term “barrel region” refers to polar angles roughly transverse to the beam
direction, while the forward and backward endcaps cover the regions closer to the
beam directions. In both Belle and Belle II, the barrel region corresponds approx-
imately to 32° < 6 < 130°, with the endcaps extending the angular coverage to
about 12° in the forward direction and 155° in the backward direction.

The Belle detector was approximately 8.4 m long and 7.9 m in diameter, with a
total weight of about 1400 t [27]. Belle II is about 7 m long and 7 m in diameter
and is embedded, like Belle, in a 1.5 T solenoidal magnetic field. The approximate
angular coverage of the principal Belle II subdetectors is summarized in Table 2.3

2.2.2 Tracking and vertex reconstruction

Charged-particle tracking is performed using the silicon detectors close to the in-
teraction point and a large central drift chamber at larger radii. These systems
reconstruct the trajectories of charged particles (tracks) in the 1.5 T magnetic field,
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Figure 2.5: A schematic of the Belle (lower half) and Belle I (upper half) detectors,
showing the arrangement of the main subdetectors around the interaction point. [2§]

Table 2.3: Indicative overview of the Belle II subdetectors and their approximate
polar-angle coverage. Detailed specifications are given in Ref. [2§].

Subdetector Function Typical polar-angle coverage
PXD + SVD (VXD) Precise vertexing, tracking 17°-150°
CDC Tracking, vertexing, dF/dz 17°-150°
TOP (barrel) Charged-particle identification 32°-129°
ARICH (forward) Charged-particle identification 12°-32°
ECL 7 reconstruction, e identification 12°-155°
KLM p* identification and K? reconstruction 20°-155°

provide momentum measurements, and determine decay vertices. They also mea-
sure track impact parameters, which describe the distance of closest approach of a
track to the interaction point, separated into transverse (dr) and longitudinal (dz)
components with respect to the beam axis. This information is essential for re-
constructing short-lived particles such as B mesons, charm hadrons, 7 leptons, and
displaced K? — 777~ decays.

Beam pipe and interaction region

At Belle, the beam pipe was made of beryllium to minimize the amount of mate-
rial close to the interaction point, thereby reducing multiple scattering and photon
conversions. Its inner radius was approximately 20 mm, with a wall thickness of
order 1 mm. This provided a compromise between mechanical stability, vacuum
requirements, and a low material budget.

At Belle II, the smaller beam size provided by the nano-beam collision scheme
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allowed the beam-pipe radius to be reduced to about 10 mm at the interaction
region. This improves vertex resolution by placing the innermost detector layers
closer to the interaction point, but also increases the need for radiation-hard sensors,
fast readout, and careful background control.

Silicon vertex detectors

The Belle silicon vertex detector (SVD) was the innermost tracking subsystem and
played a central role in reconstructing decay vertices and track impact parameters.
It consisted of double-sided silicon strip detectors (DSSDs) arranged in concentric
cylindrical layers around the beam pipe. In the initial Belle configuration, the SVD
comprised three layers; in 2003 it was upgraded to a four-layer system, extending
the radial coverage and improving the vertex resolution [27]. The SVD covered
the polar-angle range 17° < 6 < 150°, corresponding to nearly the full detector
acceptance. A schematic view of the Belle SVD is shown in Fig. [2.6]

SVD sideview

CDC _—

SVD endview

Figure 2.6: Schematic view of the Belle silicon vertex detector, showing the arrange-
ment of the DSSD ladders and the coverage in polar angle. [27]

Each Belle DSSD module featured orthogonal strip implants on the two sides.
Strips on one side were oriented approximately along the beam direction and pro-
vided precise measurements of the azimuthal coordinate (r—¢), while strips on the
opposite side measured the longitudinal coordinate (z). Typical strip pitches were
of order 25-50 pm on the r—¢ side and 50-80 pm on the z side. To limit the number
of readout channels, every second z strip was read out, leading to an effective pitch
of about 80 pm.

The impact-parameter resolutions in the transverse (z,y) and longitudinal (z)
projections can be parameterized as

by
Oy ™ Qgy D pﬁsi—ni,/w (2.7)
o, ~a, b (2.8)

@ pBsin®?6’
where p is the particle momentum in GeV/c, § is its velocity divided by the speed of
light, and @ is the polar angle. The constants a and b encode the intrinsic resolution
and the contribution from multiple scattering, respectively. Typical values at Belle
were of order ag, ~ 20 ym, a, ~ 30 pm, and by, b, ~ 30-35 pm GeV/c [27]. This
performance was essential for time-dependent C'P violation measurements in B°
decays.
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In Belle II, the vertex detector (VXD) is a major upgrade of the Belle SVD.
It consists of a two-layer DEPFET pixel detector (PXD) surrounded by a four-
layer double-sided silicon-strip detector (SVD) [28, B0]. The VXD is closer to the
interaction point and extends to a larger outer radius, improving both the intrinsic
vertex resolution and the lever arm for impact-parameter measurements. The PXD
consists of two cylindrical layers at radii of approximately 14 mm and 22 mm,
using thin DEPFET sensors in which the sensor and first amplification stage are
integrated in the same device. A schematic of the Belle IT PXD is shown in Fig. [2.7]

Figure 2.7: Schematic view of the two-layer DEPFET pixel detector (PXD) of
Belle II, illustrating the ladder arrangement and support structures. [28]

The hit data from PXD are transferred to the readout system, where they are
associated to regions of interest defined by the high-level trigger in order to reduce
the data volume. During the first Belle II running period (2019-2022), a partial
pixel detector configuration was installed, with a full inner layer and only a fraction
of the second layer instrumented. During the long shutdown LS1 (2022-2023), it was
replaced by a full-coverage detector with two fully instrumented layers, improved
cooling, and updated readout electronics [28].

The Belle II SVD surrounds the PXD and consists of four layers of DSSDs
at radii from about 38 mm to 135 mm. It provides additional space points for
track reconstruction, extends the lever arm for impact-parameter measurements,
and improves pattern recognition together with the rest of the tracking system. A
picture of the Belle II VXD after installation is shown in Fig. [2.8]

Each Belle IT SVD layer consists of ladders built from DSSDs with orthogonal
strip implants on the two sides. The strip pitches are of order 50-75 pym in r—¢ and
75100 pm in z, depending on the layer. The impact-parameter resolutions achieved
by the full VXD+CDC tracking system in Belle II can be parameterized as

25 pm
Opy =10 pm & ———F7—, 2.9
Yy 2 p/B Sin3/2€ ( )
27 pm
o, ~15 ymep ————, 2.10
a pBsin®? 6 ( )

where p is the track momentum in GeV/c [28, 30]. This represents a substantial
improvement over Belle and is particularly important for reconstructing displaced
vertices from K? mesons in the analysis presented in this thesis.
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PXD

Figure 2.8: Picture of the Belle II vertex detector (VXD) after installation, showing
the PXD and SVD layers. [2§]

Central drift chamber

The central drift chamber (CDC) is the main tracking detector at larger radii. It
provides charged-particle tracking over a large solid angle, contributes to momen-
tum determination, and supplies specific ionization (d£/dx) information for particle
identification.

The Belle CDC was located between the SVD and the particle-identification
detectors. It consisted of 50 cylindrical layers of sense wires arranged in a jet-type
cell structure [27]. The innermost layers used small cells optimized for high hit
density near the beam pipe, while the outer layers used larger cells. The sensitive
gas was a helium-based mixture chosen to minimize multiple scattering and improve
momentum resolution. The transverse cross section of the Belle CDC is shown in
Fig. 2.9

The Belle CDC reconstructed tracks as helices in the uniform magnetic field. For
tracks reconstructed with the CDC and SVD, the transverse-momentum resolution
could be parameterized as )

o

ﬁ zaprTGB%, (2.11)
where pr is in units of GeV/c. The coefficients were of order a,, ~ 0.003 and
by, ~ 0.005 [27], yielding a relative resolution of about 0.5% at pr = 1 GeV/ec.

The Belle IT CDC is an enlarged and finer-grained successor of the Belle CDC [2§].
It extends radially from about » = 160 mm to r = 1130 mm and covers the
polar-angle range 17° < 6 < 150°. It contains 56 layers of sense wires grouped
into superlayers with alternating axial and stereo orientations. Axial layers provide
measurements in the —¢ plane, while stereo layers are tilted with respect to the beam
axis to provide z information. The total number of sense wires is 14 336, surrounded
by field wires that shape the electric field in each drift cell. The cell sizes are smaller
and the outer radius is larger than in Belle, improving the momentum resolution
and helping to cope with higher occupancies.

The Belle II CDC uses a helium-isobutane gas mixture optimized to reduce
multiple scattering while maintaining good drift properties.
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Figure 2.9: Transverse cross section of the Belle central drift chamber, illustrating
the arrangement of sense and field wires and the cell structure. [27]

Superconducting solenoid and magnetic field

Both Belle and Belle II use a superconducting solenoid that provides a magnetic
field of 1.5 T along the +z direction [27, 28]. The field volume includes the beam
pipe, vertex detector, CDC, particle-identification detectors, and ECL, ensuring that
charged particles traverse the tracking and PID systems in a well-defined magnetic
environment. The iron yoke outside the solenoid acts as a magnetic flux return and
also serves as absorber material for the KLM. Precise knowledge of the magnetic
field is essential for track momentum reconstruction, and the field was mapped and
monitored during detector operation.

2.2.3 Charged-particle identification

Efficient separation of charged hadrons and identification of electrons and muons are
crucial for many B-physics analyses. Both Belle and Belle II combine information
from several subdetectors into likelihoods or multivariate selectors for different par-
ticle hypotheses. The CDC measures the specific ionization energy loss dF/dx by
averaging charge information over multiple sense wires along a track. This provides
useful particle-identification information, especially for low-momentum particles and
for tracks outside the most sensitive regions of the dedicated particle-identification
PID detectors. The electromagnetic calorimeter contributes to electron identifica-
tion, and the KLM provides muon identification. The main difference between Belle
and Belle II lies in the dedicated hadron-identification systems: Belle used thresh-
old Cherenkov and time-of-flight detectors, whereas Belle II uses imaging Cherenkov
techniques with precise timing and spatial information.
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Particle identification at Belle: ACC and TOF

At Belle, charged-hadron identification was based primarily on aerogel Cherenkov
counters (ACC), time-of-flight (TOF) scintillation counters, and CDC dE/dx mea-
surements. The ACC and TOF detectors were located outside the CDC and provided
complementary information in different momentum regions.

The ACC were threshold Cherenkov detectors using silica aerogel as the radiator
material [27]. The refractive index of the aerogel tiles was chosen so that pions and
kaons had different Cherenkov thresholds in the momentum region relevant for B
decays. Photons produced in the aerogel were reflected by wavelength-shifting plates
and detected by photomultiplier tubes. The response was parameterized in terms of
the number of photoelectrons, and likelihoods for the 7w, K, and p hypotheses were
formed by comparing the measured response with the expectation for a given track
momentum.

The ACC provided K /7 separation up to momenta of about 3.5 GeV/c in the
forward region. The TOF system consisted of scintillator counters arranged in a bar-
rel just outside the ACC. Each counter was read out at both ends by photomultiplier
tubes, providing timing information with a typical resolution of order 100 ps [27].
For a track of path length L and reconstructed momentum p, the expected time of
flight for a particle of mass m is

L 2
t= 41+ (@> . (2.12)
c P

The TOF system was particularly effective for K/m separation below about 1.5 GeV/c.
In combination with CDC dFE/dz and ACC information, it provided robust hadron
identification over the momentum range relevant for Belle B-decay analyses.

Particle identification at Belle II: TOP and ARICH

At Belle II, the higher luminosity and increased background rates motivated the
replacement of the Belle ACC and TOF systems with more advanced Cherenkov
detectors. In the barrel region, charged-hadron identification is provided by the
time-of-propagation counter (TOP), while in the forward endcap it is provided by
the aerogel ring-imaging Cherenkov detector (ARICH) 28] B31].

The TOP is a Cherenkov detector based on the precise measurement of photon
propagation times in quartz radiator bars [32]. It consists of 16 modules arranged
azimuthally around the CDC. Each module contains a synthetic fused-silica radiator
bar, about 2.7 m long, coupled to micro-channel plate photomultiplier tubes (MCP-
PMTs) at one end. Cherenkov photons emitted by a charged particle undergo total
internal reflection inside the bar and propagate to the photon sensors. A schematic
of a TOP module is shown in Fig.

The TOP exploits both the time of propagation and the spatial distribution of
detected photons. For a given particle hypothesis and measured track parameters,
the expected photon hit times and positions can be predicted. The observed pattern
is compared with expectations to form likelihoods, for example

Ny

In L§8(h) =Y " In P(t;, ;| hyp, ), (2.13)
i=1

where [V, is the number of detected photons and P is the probability density for
observing a photon at time t; and position @x; given the track hypothesis h and
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Linear-array type z
photon detector

Figure 2.10: Schematic diagram of a Belle II TOP module, showing the quartz
radiator bar and the MCP-PMT array at the readout end. [28§]

particle type “hyp”. The TOP provides excellent K /7 separation, typically exceeding
3—40 up to momenta of about 3 GeV/c in the barrel region.

The ARICH detector is installed in the forward endcap region and uses silica
aerogel as the radiator material. It is optimized for particle identification in the
forward direction, where the TOP does not provide coverage. The ARICH uses
aerogel tiles with different refractive indices in a dual-layer configuration to improve
the Cherenkov-angle resolution. Photons emitted in the aerogel are detected by an

array of photon sensors downstream of the radiator. The operating principle of the
ARICH detector is shown in Fig. [2.11

photon detector
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Figure 2.11: Principle of the ARICH detector operation. The charged particle
crosses layers of aerogel with different refractive indexes and the emitted Cherenkov
photons are detected by the HAPDs that reconstruct the Cherenkov ring.

For a given track of momentum p, the expected Cherenkov angle for a particle
of mass m in a medium of refractive index n is

cos o = L1 I 2 (2.14)
C_TL/B_TL D ) .
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where (8 is the particle velocity in units of ¢. The measured ring pattern is com-
pared with expectations for the m, K, and p hypotheses to form likelihoods. The
ARICH provides effective K/ separation in the forward region up to momenta of
several GeV /¢, complementing the TOP coverage and enabling robust PID across
the Belle II acceptance.

2.2.4 Electromagnetic calorimetry and neutral particles

The electromagnetic calorimeter (ECL) reconstructs photons and electrons, pro-
vides the main input for 7° — ~+ reconstruction, and contributes to global event
quantities such as the visible and missing energy. These capabilities are particularly
important in analyses with neutrinos or other invisible particles in the final state,
including the search for B® — K27+ 7~.

The Belle ECL was composed of 8736 thallium-doped cesium iodide crystals,
CsI(T1), arranged in barrel and endcap modules [27]. The crystals were typically
16-17 radiation lengths deep and read out by photodiodes. The calorimeter covered
the polar-angle range 12° < 6 < 155°. Its layout is shown in Fig. [2.12]

[Backward Endcap Calorimeter Forward Endcap Calorimeler
Barrel Calorimeter

43280

3825

unit (mm)

e e e e
20m 1.0 m 0.0 m 1.0 m 20 m 3.0m

Figure 2.12: Layout of the Belle electromagnetic calorimeter, showing the barrel
and endcap crystal arrays. [27]

The energy resolution for electromagnetic showers in Belle could be parameter-
ized as
OR a

7= \/m @D, (2.15)
with a ~ 1.5% 2% and b ~ 1%. The position resolution for photon clusters was
of order a few mm in the barrel. Electron identification used the cluster energy,
shower shape, and E//p ratio, combined with tracking and CDC dE/dx information.
The ECL also provided timing information used to suppress beam backgrounds and
assist in trigger decisions.

Belle II reuses the CsI(T1) crystal calorimeter from Belle but with substantially
upgraded waveform-sampling front-end electronics [28]. This upgrade provides more
precise timing information and allows operation under the higher beam-background
conditions at SuperKEKB. The energy resolution remains similar to Belle, while
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the improved timing, of order a few ns for electromagnetic showers, helps reject
out-of-time background clusters.

Neutral-particle reconstruction in both experiments relies primarily on photon
candidates measured in the ECL. Pairs of photons are combined to reconstruct neu-
tral pions, while individual photons are also used in the reconstruction of radiative
decays and excited hadron states. This information is important for reconstructing
both the companion B meson in hadronic modes and decays on the signal-side such
as 7 — pv with p* — 7%7% In addition, the calorimeter hermeticity helps iden-
tify missing-energy signatures and suppress backgrounds with undetected neutral
particles by constraining the additional neutral energy in the rest of the event.

2.2.5 K} and muon identification

Muon identification and detection of long-lived neutral kaons are provided by the
K? and muon detector (KLM), located in the outermost region of the detector. In
both Belle and Belle II, the KLM is integrated into the iron flux-return yoke of the
solenoid. The iron acts as a hadron absorber and magnetic flux return, while active
detector layers provide hit information from penetrating particles.

In Belle, the KLM consisted of alternating layers of iron and resistive plate cham-
bers (RPCs) with orthogonal strip readout [27]. Tracks reconstructed in the inner
detectors were extrapolated into the KLM, and the patterns of hits and their pene-
tration depths were used to identify muons and K7 candidates. Muon identification
efficiency exceeded 90% in the relevant momentum range, with a pion fake rate of
a few percent. The KLM also provided directional information for K mesons and
contributed to the trigger.

Belle II retains the same general KLM concept, but parts of the system were
upgraded for the higher-background SuperKEKB environment [28]. In the barrel
region, RPCs are employed, while in the endcaps the original RPCs were replaced by
plastic scintillator strips with wavelength-shifting fibres and silicon photomultipliers.
The scintillator-based detectors provide better performance in the high-background
endcap regions and improve timing capabilities. The KLM remains important for
muon identification, K? detection, event hermeticity, and trigger decisions.

2.2.6 Trigger and data acquisition

The trigger and data-acquisition (DAQ) systems select events of interest in real time
and record them for offline reconstruction. Their design reflects the different running
conditions of KEKB and SuperKEKB. Belle operated with high bunch-crossing rates
but significantly lower backgrounds than Belle II, while Belle IT must handle much
larger event rates and detector occupancies.

Belle employed a multi-level trigger architecture [27]. The hardware Level-1 trig-
ger used information from the CDC, ECL, TOF, and KLM to select events consistent
with hadronic interactions, leptonic final states, and calibration or control samples.
It applied topological criteria such as track and calorimeter-cluster multiplicities,
total visible energy thresholds, and identification of Bhabha events and two-photon
processes for luminosity monitoring and calibration. The typical Level-1 trigger rate
was a few kHz. Events accepted by the Level-1 trigger were transferred to the DAQ
system, where software selections using partial event reconstruction further reduced
the sample before data were written to mass storage.

Belle II uses a two-level trigger system designed for the higher rates at Su-
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perKEKB [28]. The Level-1 hardware trigger operates with a fixed latency of about
5 ps and a maximum (current) accept rate of 30(10) kHz. It receives input from
the CDC, ECL, TOP, and KLM, and field-programmable gate arrays implement
the trigger logic and distribute global decisions to the front-end electronics. The
high-level trigger (HLT) is a software trigger running on an array of processors.
It receives events from the readout electronics via a multi-stage event builder and
performs more complex reconstruction and selections, including track and vertex
reconstruction in selected cases. The HLT reduces the rate of accepted events by
about a factor of 5-10 for permanent storage.

The Belle II DAQ system uses a modular architecture with common readout
boards, optical links, and high-throughput network switches for event building. A
particular challenge is the integration of PXD data, which are read out separately
and merged with regions of interest defined by the HLT. This is necessary to keep
the PXD data volume manageable while retaining the precision vertex information
provided by the pixel detector.

2.2.7 Beam-induced backgrounds and Belle II upgrades

The increase in luminosity at SuperKEKB compared to KEKB is accompanied by
substantially higher beam-induced backgrounds from Touschek scattering, beam-—
gas interactions, synchrotron radiation, and radiative Bhabha processes. These
backgrounds lead to elevated occupancies and radiation doses in the inner detectors
and increased noise and fake hits in the outer subsystems.

The Belle IT detector upgrades were designed to cope with this environment. The
vertex detector uses finely segmented, radiation-tolerant sensors and fast readout
electronics. The CDC has smaller cells and faster electronics than the Belle CDC.
The TOP and ARICH replace the Belle ACC and TOF systems with detectors ca-
pable of high-rate operation and improved particle-identification performance. The
ECL readout electronics were upgraded to use waveform sampling and improved
timing, while the KLM endcaps were upgraded to scintillator-based detectors. Ad-
ditional shielding, collimation, and online and offline background filters are used to
reduce the impact of beam backgrounds.

The first long shutdown of Belle II in 20222023 was used for several major detec-
tor and accelerator upgrades. On the detector side, the completed PXD2 pixel detec-
tor was installed, conventional TOP MCP-PMTs were replaced with longer-lifetime
ALD MCP-PMTs, and the back-end readout was upgraded from the COPPER-based
system to PCle40 for several subdetectors. The CDC gas system and monitoring
were also improved. On the accelerator side, work included improvements to the in-
jection system, shielding near the interaction region, and collimation, including the
installation of a non-linear collimator. These upgrades are critical for maintaining
detector performance as the SuperKEKB approaches higher luminosities.

2.2.8 Performance summary

The combination of precise vertexing, high-efficiency tracking, robust particle identi-
fication, good calorimetry, and large hermetic coverage made Belle a highly success-
ful detector for B physics. Key Belle performance figures included impact-parameter
resolutions of order 20-30 pm, relative transverse-momentum resolution around 0.5%
at pr ~ 1 GeV/c, K/m separation over a broad momentum range using CDC, ACC,
and TOF information, and percent-level photon and electron energy resolution in
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the ECL. During its operation, Belle recorded approximately 711 fb™" at the T (49)
and additional data at other energies.

Belle II extends this programme with improved vertex resolution from the up-
graded vertex detector, excellent momentum resolution and tracking efficiency from
the larger CDC, improved charged-particle identification from the TOP and ARICH,
upgraded calorimetry and KLM systems, and a modern trigger and DAQ system
designed for high-background conditions. These capabilities, together with the large
integrated luminosity provided by SuperKEKB, enable precision measurements and
rare-decay searches that extend and surpass the achievements of Belle. The dataset
recorded by Belle II used in this work is smaller then the one recorded by Belle and
equals approximately 365 fb™' at the T(4S) resonance, which motivates the usage
of both datasets for increased signal yields.

The analysis presented in this work exploits many of the detector features. Pre-
cise vertexing is needed for reconstructing displaced K? candidates, tracking and
particle identification are essential for selecting 7 decays with one charged daughter
particle, calorimeter information is used for neutral-pion reconstruction and rest-of-
event observables, and the overall hermeticity of Belle and Belle II is crucial in a
final state with multiple neutrinos.

2.3 Summary

In this chapter we introduced the Belle and Belle II detectors at the KEKB and
SuperKEKB ete™ colliders. KEKB operated with asymmetric beam energies of
8 GeV electrons and 3.5 GeV positrons at the YT (4S) resonance, delivering a total
integrated luminosity of about 1 ab™", of which 711 fb™" were collected at the Y (45)
by Belle. SuperKEKB is a major upgrade based on the nano-beam collision scheme
and revised beam optics, with a design luminosity of 6 x 103> cm™2s™! and a target
total (used for this work at Y(4S) resonance) integrated luminosity of 50 ab™"
(365 fb™!) for Belle II.

Belle was a highly successful general-purpose spectrometer featuring a silicon
vertex detector, a central drift chamber, aerogel Cherenkov counters, a time-of-flight
system, a CsI(T1) electromagnetic calorimeter, and a KLM system for muon and
K? identification, all immersed in a 1.5 T solenoidal magnetic field. Its performance
enabled precise measurements of C'P violation, rare decays, and spectroscopy.

Belle IT is a comprehensive upgrade of Belle. Its new PXD+SVD vertex de-
tector, larger and finer-grained CDC, TOP and ARICH particle-identification sys-
tems, upgraded ECL readout, improved KLLM, and modern trigger and DAQ system
are designed to cope with the higher luminosity and beam-induced backgrounds
of SuperKEKB [28]. These improvements provide better vertex and momentum
resolution, enhanced particle identification, and robust operation at much higher
luminosities.

The clean ete™ environment, excellent detector performance, and sophisticated
reconstruction tools available at Belle and Belle II provide a powerful setting for
precision studies of rare B decays and searches for physics beyond the Standard
Model. In the following chapters, these capabilities are used to reconstruct and
select BY — K777~ candidates, characterize backgrounds, and extract results from
the combined Belle and Belle II datasets.
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The search for the decay B® — K277 is experimentally challenging due to the
presence of multiple neutrinos in the final state, which prevents a full kinematic
reconstruction of the signal decay. The expected branching fraction is extremely
small, while backgrounds from BB decays and continuum processes exceed the signal
by several orders of magnitude.

To mitigate experimenter bias, the signal-enhanced data region is kept hid-
den while the analysis procedure is developed. All selection criteria, background-
suppression steps, and validation procedures are defined using simulated samples
and data control regions only. The data in the signal-enhanced region are inspected
only after the analysis strategy has been finalized and approved within the Belle 11
collaboration. The software used for simulation and reconstruction is discussed in
Section 3.1l

The analysis exploits the well-defined initial state of e*e™ collisions at the T (4.5)
resonance. In the center-of-mass (CM) frame, the Y(45) decays into a pair of B
mesons produced nearly at rest. By fully reconstructing one of the two B mesons
in hadronic decay modes (tag-side), the four-momentum of the signal-side B meson
can be inferred. This approach provides strong kinematic constraints and enables
powerful background suppression in the presence of missing energy. The algorithm
used for this work is based on multivariate classification discussed in Section [3.2] and
the exclusive reconstruction of non-signal B-meson is introduced in Section [3.3]

The background suppression is achieved by the usage of multivariate binary
classification into signal-like and background-like. The output of the classifier serves
as the discriminating variable in the simultaneous binned maximum likelihood fit to
the Belle and Belle IT data. Such fitting procedure is introduced in Section [3.4]

In case of statistically insignificant signal yields, the measurement can be rein-
terpreted through setting an upper limit on the rate of the searched for process.
The details of such statistical inference are introduced in Section [3.5

3.1 Dataset, Software and Monte Carlo simulation

As mentioned in the previous chapters, the Belle dataset consists of about 1 ab™*,
of which 711 fb™! were collected at the Y(4S) resonance. The Belle II dataset used
for this work (data taking period 2019-2022) consists of 424 fb™!, of which 365 fb™*
were collected at the T(4S5) resonance.

Monte Carlo (MC) simulation plays a central role in the Belle and Belle II anal-
yses. It is used to optimize event-selection criteria, to determine signal efficiencies
and acceptances, to estimate backgrounds from various physics processes, and to
evaluate systematic uncertainties associated with detector response and modelling,
while minimizing potential experimenter bias arising from prior expectations. In
both experiments, simulated events are processed through a full detector simulation
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and the same reconstruction and analysis chains as the data.

3.1.1 Frameworks and event generators

The Belle and Belle IT experiments use similar simulation and reconstruction chains
based on well-established software frameworks and detector-simulation tools.

For Belle, the generation and simulation of events are handled by the basf (Belle
analysis framework) and its associated libraries. Belle II uses the basf2 software
framework [33] (Belle II analysis framework), which integrates event generation, full
detector simulation, reconstruction, and analysis in a modular environment.

The main generators employed for the simulation are:

e EVTGEN for the simulation of b and c-hadron decays, including mixing and
C'P-violating effects [34],

e KKMC for efe™ — ¢g and lepton-pair production with initial-state radia-
tion [35],

e PYTHIA for hadronisation and fragmentation (PYTHIAS for Belle IT and
PYTHIAG for Belle) in both ¢¢ and BB events [30, [37],

e PHOTOS for the simulation of final-state radiation in decays [38], 39).

In the Belle simulation, beam-induced backgrounds from KEKB (such as beam—
gas interactions, Touschek scattering, and synchrotron radiation) are accounted for
by overlaying randomly triggered background events onto the simulated signal and
background events. This overlay procedure reproduces the occupancies and noise
conditions observed in the data and ensures that the MC adequately reflects the
detector conditions.

For Belle II, Monte Carlo samples are produced in campaigns corresponding to
different data-taking periods and detector configurations. Each campaign is charac-
terized by specific machine and detector conditions, including SuperKEKB optics,
beam currents, background levels, and detector status.

Beam-background conditions at SuperKEKB are modelled by dedicated back-
ground simulations for each data-taking period. Simulated hits from these back-
ground samples (arising from Touschek scattering, beam—gas interactions, radiative
Bhabha processes, etc.) are overlaid at the hit level on top of the physics events
in the detector simulation. The overlay rates are tuned to match the occupancies
observed in the data for each run period [2§].

In both experiments, the generated events are passed through the detector sim-
ulation (GEANT3 in Belle, GEANT4 in Belle II) to model interactions with the
detector material, including energy loss, multiple scattering, electromagnetic and
hadronic showers, and secondary interactions.

For the combined Belle+Belle II analysis, Belle events are converted into a
Belle TI-like data format using the b2bii conversion framework [40]. This enables
a uniform reconstruction and analysis chain in basf2, with common object defini-
tions and calibration strategies. The conversion preserves the kinematics and event
structure of the original Belle data and MC while mapping detector objects to the
Belle II reconstruction framework.

The reconstructed MC events are then processed through the same calibration
and skimming procedures as the real data, ensuring that selection efficiencies and
background estimates derived from MC are directly applicable to the analysis.
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3.1.2 Monte Carlo samples
The Belle MC samples used in this analysis include:

e Realistic BB samples, where ete™ — Y(4S) — BB is generated and both
B mesons decay inclusively into all known channels with branching fractions
taken from world averages [3], [6]. The size of the simulated sample used for

this work corresponds to 1422 fb™! (1440 fb ') in Belle (II).

e Continuum ¢q samples, where ¢ = u, d, s, ¢ quarks are produced and hadronize
into light- and charm-hadron final states. The size of the simulated sample
used for this work corresponds to 1422 fb~' (1440 fb!) in Belle (II).

e Dedicated background samples of b — ul~v, (¢ = e, ) and other, rarer b —
(s,d,u) processes (only in Belle, sample corresponds to 20 — 50 x 711fb™1),

e Signal-enriched samples in which one B meson from Y (4S5) decay is forced to
decay into the signal mode of interest, while the other decays according to the
SM prediction, existing measurements or empirical modeling. In the scope of
this work, the decay mode of interest is B® — K277~ for which 100 (60)
millions of events are generated for the Belle (II) dataset.

The simulations of other processes are also available, such as ete™ — 777~ and
ete” — ptp~ and other low-multiplicity processes. They are not utilized in the
scope of this work due to negligible contributions to expected backgrounds.

3.2 Multivariate analysis

If we consider a dataset of N elements: @, ...xy, each exhibiting M features x; =
(2}, ...,2M), which can be seen as the values of M observed variables for each event.
The multivariate classification consists in assigning to each element x; a label O €
[0, 1], which is a probability of how signal-like the element is.

Decision trees are a supervised learning algorithm used for multivariate classi-
fication. They consist of chains of nodes with binary decisions, determined by a
selection on the features of events, illustrated in Fig However, the decision trees
are often inaccurate (prone to overfitting statistical fluctuations), therefore boosted
decision trees (BDTS) are preferred in high energy physics. Boosting is an ensemble
learning method that combines a set of less accurate models (called “weak learners”)
to create a single, highly accurate model (a “strong learner”).

In the scope of this work, a FastBDT package is used [41], which implements a
speed-optimized and cache-friendly gradient-boosted decision tree multivariate clas-
sification algorithm. Such classification is used for electron identification in Belle II,
the reconstruction of partner (non-signal) B meson, and background suppression for
the B — K777~ search.

3.3 Hadronic B-tag reconstruction

The reconstruction of the tag-side (non-signal) B meson is performed using the Full
Event Interpretation (FEI) algorithm. The FEI performs a hierarchical reconstruc-
tion of B meson decay chains (only hadronic decay chains are used in the scope of
this work) using FastBDT multivariate classifiers at each stage, assigning a signal
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Figure 3.1: Simple example of a decision tree for a binary classifier. Here the features
of the dataset are called z,y, z. Decision trees are structured with nodes followed
by binary splits, arranged in multiple layers. The terminal node gives the output of

the tree. [41]
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Figure 3.2: Schematic representation of the FEI algorithm. Starting from basic
detector-level objects, final states particle are reconstructed and then combined to
form intermediate resonances and eventually the final B-tag candidate.

probability Ppg to each reconstructed Bi,, candidate [42]. The hierarchy of the
FEI algorithm is depicted in Fig. [3.2]

Kinematic variables can be used to discriminate correctly and wrongly recon-
structed By, candidates. If the Bi,s is reconstructed in exclusive hadronic decay
modes, the beam-constrained mass

Mie = (B /)2 = [P}y (3.1)

and the energy difference
AE =Eg—E} .. (3.2)

are used at B-factories. Quantities denoted with asterisk are computed in the CM
frame, where the ete™ collision is symmetric, therefore FEi = /s/2 and the
expected energy of both B mesons is £ = E}

beam*

eam

Once the tag-side B meson is reconstructed, the four-momentum of the signal-
side B meson can be inferred as

DBaz = PY(4S) — PBiag- (3.3)
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3.4. Template-based maximum-likelihood fit

This information enables the construction of kinematic observables sensitive to miss-
ing energy and missing mass, which are essential for suppressing background pro-
cesses.

3.4 Template-based maximum-likelihood fit

The signal yield is extracted using a binned maximum-likelihood fit to the distri-
bution of the multivariate classifier output, determined from simulation. The fit
compares the observed number of events in each bin with the expected signal-plus-
background predictions. The likelihood function is constructed as

L(p,0) = H Poisson(n; | 1.5:(6) + b:(6)) [ [ C(6x), (3.4)

where n; is the observed number of events in bin 7, s; and b; are the expected
signal and background yields, p is the signal strength parameter proportional to
the branching fraction, and @ denotes nuisance parameters associated with system-
atic uncertainties. The functions C(6y) represent constraint terms encoding prior
knowledge of the uncertainties.

The information on the parameters of interest y and the nuisance parameters 6
is encoded in the likelihood function L£(u,@). Point estimates of these parameters
are obtained using the maximum-likelihood (ML) principle. The corresponding esti-
mators, denoted by ji and é, are defined as the values that maximize the likelihood
function.

Equivalently, the ML estimators satisfy the conditions

OL(1,0) P ~0 (3.5)

O s o0 i |, 0,=6,

for all components 6; of the nuisance-parameter vector 6.

3.5 Statistical inference

In the absence of a significant signal excess, upper limits on the B(B® — K27777)
are set using the modified frequentist C'Ly method. The test statistic is based on
the profile likelihood ratio

E(,Ua éu)

= —2In B
K L(7,6)

, (3.6)

where /i and 6 denote the unconditional maximum-likelihood estimators, and éu is
the conditional estimator for a fixed signal strength .

The compatibility of the observed data with a given signal-strength hypothesis
1 is quantified using a p-value constructed from the distribution of the test statistic
qu- For a fixed value of p, the p-value for the signal-plus-background hypothesis is
defined as

o

CLsp(p) = Pp = f(Qu | ) dgq, (3.7)

qﬁbs
where f(g, | 1) denotes the probability density function of the test statistic under

the signal-plus-background hypothesis, and qzbs is the value observed in data.
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Chapter 3. Analysis strategy

Similarly, the compatibility of the data with the background-only hypothesis
(u = 0) is quantified by the corresponding p-value

o0

CLy=po = f(qM | 0) qu- (3'8)

qﬁbs

The modified frequentist confidence level C'L; is defined as the ratio of these two

quantities,

CL.(u) = CLC;L:(“) (3.9)

This construction reduces the probability of excluding signal hypotheses to which
the analysis has little sensitivity.

An upper limit on the signal strength ;o at confidence level 1 — «v is obtained by
determining the largest value of p for which

CLs(n) >1—a. (3.10)
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4. Event selection

This chapter describes the reconstruction and selection of BY — K777~ candidates.
The analysis targets events in which the companion B meson is fully reconstructed
in a hadronic decay mode, while the signal side contains a K? candidate and two 7-
daughter candidates, where only 7-decays with a single charged particle (one-prong)
are considered. This topology provides sensitivity to the signal while retaining
enough kinematic information to suppress backgrounds with missing energy.

The event reconstruction is organized around three parts of the event:

1. the fully reconstructed tag-side B meson, denoted Bgag;

2. the signal-side B® — K777~ candidate, reconstructed from particles not used

in the B, candidate;

3. the rest of event (ROE), defined as all remaining reconstructed objects not
associated with either the tag-side or signal-side candidate.

The chapter first describes the reconstruction of these objects and the baseline
selection criteria. It then introduces the categorization of signal candidates accord-
ing to the reconstructed 7-daughter composition, followed by the best-candidate
selection and the resulting signal efficiencies and background yields.

4.1 Partner B reconstruction

The reconstruction of the tag-side B meson is performed using the hadronic Full
Event Interpretation algorithm [42] for B® mesons. This algorithm exclusively re-
constructs B° candidates in the 32 decay modes listed in Tab. 4.1l By fully recon-
structing the Bp,,, we can infer the kinematic properties of the By, — K¢77, which
would be impossible to get directly as it has from 2 to 4 neutrinos in the final state.
At the cost of the low tag-side efficiency, we obtain a pure sample: in signal MC, a
purity of ~ 70% can be achieved for an efficiency of 0.4 + 0.5%.

For the tag side selection, we use the signal probability requirement (Pggp) to
reduce the combinatorial background coming from continuum events and the mis-
reconstructed BB events. As can be seen from Fig. (left) the cut logyy(Prr1) >
—2 greatly helps to purify our Bi,, sample: by reducing the truth-matched Bi,g
efficiency of ~ 7%, we can reject ~ 64% of background. This cut can hence be
seen as an efficient online pre-filter, which speeds-up the processing and reduces the
output size.

In addition to the Pggr, the beam-constrained mass M. is also used: with the
rather tight requirement Mj,. > 5.27GeV /c? we can remove the combinatorial back-
ground and reduce the mis-reconstructed backgrounds where pp, s not properly
reconstructed. The —0.15GeV < AFE < 0.1GeV requirement on the energy differ-
ence is also applied to further suppress misidentified Bi,g’s with wrong Ep,,,. This
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Chapter 4. Event selection

Table 4.1: FEI B° hadronic tag modes.

ID B’ ID B’

0 Dn* 16 D*ntnY

1 D—xtrd 17 D gt 070
2 D=t 070 18 D ntata™
3 D ntata™ 19 Dntpta—nd
4 D—ntrta—nd 20 Dt D~

5 Dt 21 D} D*=

6 D-D'K*+ | 22 DD

7 D—D*K* 23 J/ng

8 D*=DK+ 24 J/ YKt

9 D DK+ 25 J/Q/JKngLW*
10 D~DTK}, 26 A ptrtn
11 D* DTK?} 27 Dot p~

12 D~D*" K}, 28 D ptpnt
13 | D*D*K® | 290 | D ptpat
14 Dt D~ 30 Dtpntn
15 D* rt 31 DOptpntm

cut is not as effective as that on M., given that the FEI classifier uses AFE in
the training, resulting in a peaking distribution even for combinatorial backgrounds
(Fig. . Finally, for each event the By,, candidate with the highest Prg; is retained
to remove the candidate multiplicity coming from the Bi,, reconstruction.

U

e

mmm BOB°

B B*B-

Il rare
b-ulv
cc

mE ud/dd/s$

1 B%-K2tT

- E—

0 T
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l0g10(Pre1)

mm BOB° '
8 mm BB~ '
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Figure 4.1: Selection cuts on the FEI signal probability (called Pggr) and on the
cosTBTO (Belle MC). By,, candidates of signal events (in black) are truth-matched.

Another selection requirement related to the B,y is the cut cosTBTO < 0.9
(Fig. [4.1] right). In fact, this variable is defined as the cosine of the angle between
the thrust axis of the By,y and thrust axis of everything else in the event (B, and
rest of event). For a collection of N momenta, the thrust axis is the unit vector
along which their total projection is maximal.

4.2 Signal B reconstruction

The exclusive reconstruction of the B,y also allows to know its flavor and hence
that of the companion B (Bgg). As will be explained later in this section, the

92



4.2. Signal B reconstruction
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Figure 4.2: M. and AFE distributions of signal and background candidates with
Prrr > 0.01 (Belle IT MC).

flavor information is used for the background suppression. The two 7-daughters
candidates, completely symmetric in signal events, have instead specific signatures
depending on their charge (as a function of the B flavor) in background events. Due
to B® — BY oscillations, the flavor information inferred from the By, is not always
correct. The fraction of events with a pair of same-flavor B-mesons is equal to
Xa = 0.1874 £ 0.0018 [3], the time-integrated mixing probability for the B® meson,
assuming no C'P violation. On the contrary, for unmixed events, the flavor of the
B candidate can be correctly inferred, provided that the By,, meson is properly
reconstructed.

The By, candidates consists of three particles: one K and two oppositely
charged particles, each corresponding to a 7= and a 7" lepton. The K§ candi-
date is selected in Belle using from 77~ pairs. We apply a loose mass requirement
after performing a vertex fit using (though no cut on the vertex quality is applied,
except for the existence of the vertex itself). We also require the candidate to satisfy
the cut goodBelleKshort==1 (gBKS). It consists of a binned selection based on the
following variables:

- p The K? momentum;

- dr min(dy,dy) where d; is the dy computed with respect to the IP of the i-th
K? daughter;

- d¢ The azimuthal angle between the momentum vector and the decay vertex
vector of the K candidate;

z dast The distance in z between the two daughter tracks at their measured
vertex;

- fl The flight length of K candidate in the z-y plane.

The exact combination of cuts can be checked in Tab.

This criterion helps to significantly reduce the combinatorial background in sig-
nal events (98%) while retaining around 80% of truth-matched (TM) K’s, as can be
seen in the plot of Fig. [£.3] For background events, the rejection of wrongly recon-
structed K is even more effective; see Fig. which shows the large combinatorial
suppression, at the cost of little signal inefficiency.
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Chapter 4. Event selection

Table 4.2: goodBelleKshort cuts.

p(GeV/e) | dr(cm) | do(rad) | z_ dist(cm) | fi(cm)
<0.5 >0.05 <0.3 <0.8 -

0.5-1.5 >0.03 <0.1 <1.8 >(0.08

>1.5 >0.02 <0.03 <24 >(.22

Table 4.3: Efficiency of the goodBelleKshort cuts..

Belle | Belle IT | Belle/Belle 11
dr 0.924 0.911 1.013
do 0.861 0.884 0.974
2z _dist 0.824 0.871 0.946
fl 0.823 0.869 0.947
1.0 X104 Belle (Simulation)
— M
Unal ™
%0'8 1 gBKS
o 1 bBKS&TM
0.6
3
<
S04}
ool
S
0.0
. 1 eoeotoee,
% ‘....‘..0,.0...0 o..o..o..‘..‘,"¢’
0 0.‘48 O.‘49 O.I50 O.I51 0.52

M(KQ) (GeV/c?)

Figure 4.3: Invariant mass of K? candidates divided into truth-matched (TM) and
false-matched (FM) categories. The candidates passing the goodBelleKshort==
candidates (gBKS) are overlaid (black). Those that do not pass the goodBelleKshort
cut (bBKS) but are true K are represented in red. The lower pad contains the ratio
between the gBKS and TM candidates (Belle MC).

In Belle II, we select K from the from 777~ pairs in such a way that the
displaced-vertex candidates are prioritised with respect to the others. The vertex
fitting is performed and the K? daughters’ momenta are updated after the fit. A
similar background rejection coming from random combinations of (77, 77) pairs is
observed in Belle compared to Belle II. However, a higher signal efficiency is observed
when applying the cut goodBelleKshort==1. This effect can be seen in Fig. [4.5} for
K? with decay vertex distances above ~ lem the efficiency is higher for the Belle IT
sample.

The other two particle objects forming the By, candidates are the two 7 daugh-
ters, called t.orretated a0 tyncorrelated Dased on their charge sign compared to that of
the Bg,’s b-quark L. The distinction between correlated and uncorrelated particles

'For instance, the possible combinations are either Bf,,BY, (= Kgt;t}) or B{, B, (—

Kgttt,)
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4.2. Signal B reconstruction
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Figure 4.4: Invariant mass of the K¢ candidates in B° B® background events (Belle II
MC).
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Figure 4.5: goodBelleKshort==1 cut efficiency as a function of the 3D-vertex dis-
tance. The orange (black) points correspond to Belle (II) signal samples.

helps in background suppression, as will be explained in Section [6] For example, in
B — DX transitions, the .o, eiated Would correspond to the charged particle coming
from the D along with the kaon, while t,,correiated Would rather come directly from
the B. For simplicity, t.orreiated a0A tuncorrelated Will be from now on referred to as t.
and t,, respectively.

As we target the one-prong 7 decays, we select two oppositely charged tracks,
to which only impact parameter cuts (dr < 2cm and |dz| < 4cm) and a cut on
the minimal momentum p > 50MeV /c are applied. The visible decay composition
of individual 7 leptons and of 777~ pairs is shown in Fig. [4.6] the large fraction
of modes with exactly one charged particle motivates this signal-side topology. We
explicitly store the information about particle identity type for each track. The cri-
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Chapter 4. Event selection

teria used to categorize our tracks as leptons or hadrons are described in Section [
We also reconstruct 7 — pr decays by combining the selected tracks to a 7° can-
didate. Neutral pions are reconstructed using photons with energies of more than
120 MeV, 30 MeV, and 80 MeV in the forward, barrel, and backward regions of the
ECL, respectively. We also require the polar angle of the photons to lie in the range
(17°,150°) and apply quality cuts on the number of crystals in the cluster associated
to the photon, and on the energy distribution among the crystals within the cluster.
Photon pairs are combined to form a 7° candidate if their invariant mass is in the
range (121, 142) MeV/c?, and their maximum angular separation is 1.0 rad in the
transverse plane and 0.9 rad in the three-dimensional space. We also require the
7 to have momenta in the range (0.2,3.0) GeV/c. We save the p candidate if the
770 invariant mass belongs to the range (0.48,1.07) GeV/c?. In order to get a
reasonable candidate multiplicity, we consider only two random 7° candidates per
event. This criterion does not bias the final M (7®) distribution, which is restricted
to the range (0.120,0.150) GeV/c?, nor sculpts the M (7*7°) — that will be used
for the background suppression. The 7° multiplicity is small in the signal sample,
justifying the choice of random 7° candidate selection.

ThTh
eTh

et

11.5%
h +
9.5% 9.8% 4.8% other
h* om0 i h*h*h*n®
h*h h* HTh

Figure 4.6: Composition of visible 7-lepton decay modes. The left panel shows the
main decay modes of a single 7 lepton, grouped according to the visible charged and
neutral particles in the final state. The right panel shows the corresponding visible
final-state categories for a 777~ pair. Neutrinos, which are present in all 7 decays,
are not shown explicitly. One-prong 7 decays make up about 85% of all 7 decays
and define the signal-side topology used in this analysis.

A further cut is applied on the ¢? variable, computed using the reconstructed
Biag and K 4-momenta following the formula:

2 2 2 * * 4 * * 2
Groc = Mp + ng -2 (EbeamEKg/c + thag ’ ng/C ) (41)
where mp is the PDG B° mass [3|, Ef,,,, is the beam energy in the center-of-mass
frame. All other values correspond to the reconstructed ones. The ¢? resolution can

be seen in Fig. (left) for different event categories, based on whether the By,
and/or the signal K? are correctly reconstructed. We use true-level information
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4.3. Rest of Event

from simulation distinguish the truth-matched (TM) objects and the false-matched
(FM) ones. For TM K2’s and TM (FM) Bi,,’s, the resolution is ~ 0.07GeV?
(~ 0.2GeV?), with slightly better resolutions for Belle II.

g2 resolution for TM K2

10!
[ Belle, TM Btag
100 1 Belle Il, TM Brag
= Belle, FM By
: Belle I, FM Biag
=10! g
1 Belle, FM K2
Belle II, FM K2

1072

1073
—1.00—0.75—0.30—0.2520.00 0.252 02150 0.75 1.00
Qreco — Atrue (Gev?/c?)

Figure 4.7: On the left, ¢ resolution for truth-matched (TM) and false-matched
(FM) Biag’s or K’s. On the right, Belle and Belle II signal events are compared.

We apply the cut ¢2, > 12GeV?/c? as this allows to reject ~17% of background
events with a minimal signal loss (~0.5%). In fact, the minimum allowed ¢* for
B — K77 decays is ¢2;, = 4m?~ 12.63GeV?/c*. Therefore our cut should retain all
signal events and the little signal inefficiency is due to resolution effects (Fig. .

We stress that the SM predictions for B® — K77 decays are computed in the full
range ¢> € (4m2,q¢2,.) GeV2/c* (B = 1.55(11)x1077) or ¢* € (14.18,42,,) GeV?/c*
(B = 1.375(95) x 1077) to exclude the long-distance contribution from B° —
¥(25)(77)K° decays [16] !. We do not exclude the resonant contribution because it

is very small B(B® — K% (2S)(— 7777)) ~ 9 x 1077.
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Figure 4.8: Selection cut on the reconstructed ¢* (Belle MC).

4.3 Rest of Event

Once the Bi,g and By, are selected, the remaining tracks and ECL clusters in the
event (rest of event, or ROE) should be treated. We require no tracks in ROE

In the above sentence and throughout this note, ¢2,,, equals (mp — mg)? ~ 23GeV?/c*,
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Chapter 4. Event selection

(tracks with the requirement dr < 2cm and |dz| < 4cm), as it should be the case
for well-reconstructed Y (4S) with two 1-prong 7 decays. Concerning the residual
deposits in the ECL, we apply some selection to suppress those coming from beam
backgrounds and those related to clustering issues or hadronic split-offs (the so-called
fake photons).

The variables we use to separate the true photons from the collision events from
the rest are:

e minC2TDist defined as the distance between the ECL cluster and the closest
track in the event. The distance is computed considering the extrapolated
hits in the ECL volume. The minC2TDist variable can help to suppress the
fake photon component: ‘real’ photons coming from collision or from beam
backgrounds) tend to have higher isolation, hence larger distance with the
closest track.

e cluster energy. Photons from beam background tend to have lower energies
and hit the endcap regions more than the barrel. For this reason, usually
a region-dependent cut on the cluster energy with higher threshold for the
backward /forward photons is enough to largely suppress background. At Belle,
the thresholds were defined as:

1. 6 € (18°,37°) (forward region): E, > 0.10GeV
2. 0 € (47°,122°) (barrel region): E, > 0.05GeV
3. 0 € (130°,155°) (backward region): E, > 0.15GeV.

A qualitative representation of how true, fake and beam-induced ECL clusters
appear in the energy, minC2TDist and polar angle dimensions is shown in Fig. [1.9]
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Figure 4.9: Energy, polar angle and minC2TDist of ECL clusters for simulated
Belle 1T events (Obtained from BT — J/¢ K™ validation samples, plots are meant
as illustrative).

4.4 Event categorization

Once the main particle objects are reconstructed, we combine them to form Y (45)
candidates into the following modes:

e T(45) — K2 B?  track™ track™

tag

e T(4S) — Kg B, p* track™

e T(4S) — K2 B? track®™ p~

tag
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4.4. Event categorization

e T(45) = K2 B, p™ p~

tag

To each track a probability of the corresponding particle belonging to a spe-
cific particle type is assigned. In fact, as mentioned earlier, we target the 7% —
{etve, utv,, h*, pt}i, decays (with p~ — ntx?), which are selected with multiple
requirements on the tracks. Leptons are identified using selectors P‘ that com-
bine information from multiple subdetectors. In Belle, electron identification relies
on the ECL, CDC, and ACC [43], while muons are identified with the KLM [44];
in Belle II, all subdetectors except the PXD and SVD contribute [45]. The selec-
tors are likelihood-ratio-type observables, except for electrons in Belle IT where a
BDT classifier is used. We require P*) > 0.9, p > 200 MeV /c and polar-angle
ranges 17°-150° (18°-151°) for muons (electrons) in Belle, and 23°~150° (13°-155°)
in Belle II. The resulting efficiencies are 77% (81%) for electrons and 44% (67%) for
muons in Belle (Belle II), while the misidentification rates are below 1% (1%) and
6% (19%), respectively, as estimated from signal MC. Other tracks are identified as
hadrons (h/p).

Given that two 7’s are present in our By, we end up with ten possible final states.
We rank them based on the fact that leptonic final states should be preferred over
hadronic and that p should be preferred over e. Furthermore, whenever there is a p
candidate, there must also be a 7 one; in that case we prefer the former given the
further mass constraint (despite not being particularly loose). The variable

ID= (number of muons)-3.1 + (number of electrons)-3.0 + (number of p
mesons)-0.5

is designed to assign an importance score to each of the ten 77 final states.

Table 4.4: Possible final states of 77 decays with the corresponding ID and category
assignment. Importance of category assignment is based on the descending order of
the ID variable.

77 final state | ID Category
o 6.2
e 6.1 £
ee 6.0
wp 3.6
ep 3.9 pt
wh 3.1
e h 30 echuv euhc
pp 1.0
ph 0.5 £0
h h 0.0

Table [4.4] shows the ID number for each final state. With these criteria, for each
event we pick the candidate(s) belonging to the final state with highest ID. The
candidates are then divided into the four orthogonal categories defined as:

e /£ (lepton-lepton category): ID> 6.0
e pl (p-lepton category): ID> 3.5 and ID< 4

e ¢h (lepton-hadron category): 3.0 <ID< 3.5
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Chapter 4. Event selection

e £0 (lepton-less inclusive category): ID< 2.

The ¢h category is further split into £.h, and ¢,h. categories for a more effective
background rejection. The two subsets of /h have the same selection, and are split
via an orthogonal cut on whether we reconstruct the . as a lepton or not. Doing so,
we raise the amount of categories to 5. At this stage, there can be multiple T (45)
candidates belonging to the same category (i.e. having the same ID). The residual
candidate multiplicity, shown in Fig. 4.10| (Belle II) and Fig. (Belle), can be due
to many reasons. First, we do not truth-match here our signal events, allowing for
more swaps between signal and tag side side and for candidate multiplicity coming,
for example, from the 7¥ multiplicity (we allow for two 7%’s in the event because of
the B® — K{p*p~ final state). Another source of multiplicity is the K?: there are
cases where the K? is truth-matched but one (or both) of its daughters generates
clone tracks. This is the main cause of multiplicity in, for example, the ¢/ category.

Because of the several reasons behind the residual multiplicity, we decide to
remove it by randomly choosing a single candidate. The fractions of preserved
fully truth-matched signal events after performing a random candidate selection
are 99.93% for the ¢¢ category, 99.84% for the {.h, category, 99.81% for the ¢,h,
category, 92.43% for the pl category, 80.67% for the £0 category. Similar numbers
are obtained for the Belle MC: £/ - 98.89%, £.h, - 97.11%, £, h. - 96.93%, pl - 94.40%,
00 - 83.19%. The higher preserved amount of fully truth-matched signal events for
the pf and (0 in the Belle case is related to slightly lower candidate multiplicity,
therefore increased efficiency of random candidate selection. The explanation of the
truth-matching logic is given later in the text and is consistent with the one used in
Tab.

In Tab. the true 7 decay mode is shown as a function of the reconstructed
one (for Belle IT MC). Throughout this note, we obtain the true categories using
topoAna [46], a C++-based tool providing full access to the whole generated chain in
MC from the generation-level information of the samples. One can see that ~25% of
the 7 — e decays are mis-categorized as 7 — h due to the low momentum and that
the fraction is even higher for 7 — u decays taken as 7 — h (the minimum pr to
reach KLM, ~ 500MeV, already removes 40% of the 7 — p events, as demonstrated
in Fig. . Among the reconstructed 7 — h we have a large fraction of 7 —
¥ decays, for which the 7° was lost due its low momentum and finally, in the
reconstructed 7 — p category, a significant fraction comes from 7 — 7770 events
or other decays.

We also show in Tab. the composition of signal events in terms of recon-
structed 777~ decay combinations. In Belle II, most of the events belong to the
¢ + hadron category, given the fact that 7 — ¢ and 7 — p have the largest branch-
ing fractions (34% and 25%, respectively), and that, as seen before, many p’s are
reconstructed as pions. For Belle, the largest fraction of events falls into the hh
category, due to the lower lepton-ID efficiency.

While Table [4.6] gives averaged results over all the categories, Tables[E.I]to
in Appendix [E| show the true composition in terms of ¢., ¢, pairs (for Belle results
see Appendix. One can see that for the £¢ (Tab. category ~80% of the events
are correctly selected and that for the ¢.,h (Tab. [E.2] Tab. categories, ~90%
of the events have ¢ = t.,. Among the pl (Tab. events, only ~50% of them are
real 7 — 7% X 7 — fvv, and finally, for the £0 (Tab. category, ~80% of the
events have at least one 7 — 7% decay.
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Figure 4.10: T(4S) multiplicity per category before the random candidate selection
within the same category. The mean candidate multiplicities for ¢¢, ¢.h,,, C,h., pl
and (0 are 1.0006, 1.0023, 1.0023, 1.1306, 1.2526 respectively. Belle IT MC signal
and backgrounds are shown.

Table 4.5: Belle IT MC true composition of the reconstructed decay mode of the 7
(only one track taken). Integrated among all reconstructed categories. The table
is normalized to unity. Last row (column) shows the integrated values for a given
column (row).

truléeco € H P h
e 0.16 0.0110.040.21
W 0.14]0.010.06 |0.21
T 0.01/0.02/0.11/0.13
Tl 0.02]0.10|0.17]0.29
7wl 70 0.01]0.0310.05|0.09
K 0.01]0.01
rest 0.02]0.0410.06
0.160.17/0.19]0.48

Finally, we check the goodness of our reconstruction by counting the number of
events with good By,,'s and good Bgi,’s. While for the Bi,, we use the basf2 variable
isSignal to distinguish between good (TM) and bad (FM) tags, for signal we check
one by one the possible causes of mis-reconstruction — whether something is wrong
in the reconstruction of Kg , t. or t, or all of them. The numbers are summarized
in Tab. Fl;7| for the five categories. It can be seen that most of the By,,’s are correct
and that ~60% of events are totally correct for the ¢4, ¢h categories. A large fraction
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Figure 4.11: T(4S) multiplicity per category before the random candidate selection
within the same category. The mean candidate multiplicities for ¢¢, ¢.h,, C,he, pl
and ¢0 are 1.0046, 1.0238, 1.0234, 1.0887, 1.2151 respectively. Belle MC signal and
backgrounds are shown.

__0.025 _0.025

L 3 tt-etved, L 3 tt-etvei;

20.020 £ Tt v D0.020/ 3 w7 -u b

(O] [ Y v (O] 1 tr-nti,

= 3 tt-p*(~ntnv, - 1 tt-p*(~n*nv,

< = < L

00.015 Lo0.015

S S

C>0.010 - 00_010 L

S~ ~

g g

" 0.005 = 0.005

A -+

C [

m L 1 L m() 000 L L L
0.000 0.0 0.5 1.0 1.5 2.0 2.5 3.0 ' 0.0 0.5 1.0 1.5 2.0 2.5 3.0

p™RYE (GeV/c) pRUE (GeV/c)

+

Figure 4.12: True p and pr of signal 7 charged daughters (e*, u*, 7* prompt and

7% from p*) before any selection (Belle MC).

Table 4.6: Reconstructed composition of 77 pair in the event for the Belle (left) and
Belle II (right) dataset.

Nel €| p |k ¢ e |

¢ [0.07070.03140.1636 || 0.0970] 0.0559 | 0.1504
p_10.0307[0.0131[0.0753 [ 0.0543]0.0249[0.1190
I ]0.1659|0.0818 [ 0.3675 [ 0.1458 01229 0.2297
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4.4. Event categorization

Table 4.7: Fraction of signal events in different logical categories, according to the
number of wrong particles in the event (Belle II signal MC). Each group corresponds
to a reconstructed category; respectively €4, l.h,, C, h., pl, (0 categories. See text
for more details.

Bsig ™ Wrong Wrong ‘Wrong ‘Wrong FM Total
Biag K} to/u  Kditern  tuste
™ 0.59 0.02 0.13 0.01 0.01 0.00 0.75
FM 0.18 0.01 0.05 0.00 0.01 0.00 0.25 Y7/
Total 0.76 0.03 0.18 0.01 0.01 0.00 1.00
™ 0.61 0.02 0.06 0.00 0.00 0.00 0.70
FM 0.21 0.01 0.06 0.01 0.01 0.00 0.30 Lohy,
Total 0.83 0.03 0.12 0.01 0.01 0.00 1.00
™ 0.60 0.02 0.06 0.00 0.00 0.00 0.69
FM 0.22 0.01 0.06 0.00 0.01 0.00 0.31 L he
Total 0.82 0.04 0.13 0.01 0.01 0.00 1.00
™ 0.39 0.02 0.24 0.02 0.03 0.00 0.70
FM 0.14 0.01 0.12 0.01 0.02 0.00 0.30 pL
Total 0.52 0.02 0.36 0.03 0.05 0.01 1.00
™ 0.53 0.03 0.00 0.00 0.06 0.01 0.63
FM 0.25 0.02 0.00 0.00 0.09 0.01 0.37 £0
Total 0.79 0.05 0.00 0.00 0.15 0.02 1.00

of mis-reconstruction comes from the By,, but there is also a non-negligible amount
of candidates where the t., are not correctly assigned. On the other hand, the
fraction of candidates having a false-matched K? is almost negligible, thanks to
the goodBelleKshort cut. The reconstructed lepton object is considered correct,
if it is a truth-matched lepton that comes from 7. The reconstructed p object is
truth-matched by requiring that its 7° is correctly reconstructed and that it comes
from 7; additional true 7°’s are allowed (therefore, if the p is matched, but the 7
has decayed via the 77 7°7% channel, we still consider it as correct even though the
second 70 is lost). The h object is truth-matched as a true track coming from the
T, so it can also be a partially reconstructed p. Given a much looser requirement on
h, compared to p, the fractions of wrong track logical conditions differ a lot between
lepton-hadron and lepton-p categories. It can be seen that the higher the number of
leptons there is in the final state, the purer are both the tag-side and the signal-side
reconstructions. The exception is the pf category, which has a significant fraction of
wrong tracks due to a strict condition on what is a true p, but it is still expected to
be a “purer” object than the h. The tables with internal “true” composition for each
category, together with the table that summarizes the goodness of reconstruction
are shown in Appendix [F] for the Belle sample.

After all selections, categorization and best candidate selection, the signal effi-
ciencies and the expected background yields (normalized to 100/fb) are shown in
the Table (Belle IT) and Table (Belle) per each category. As expected, the ¢/
category is the purest, and £,h. has more BB background compared to £,h, due to
B — X/{v events. The pf has more ¢g background (in Belle IT) coming from random
combinations and ¢0 has the most ¢g background — at the same level of BB. The
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Chapter 4. Event selection

differences in the yields between the Belle and Belle II samples are coming from
multiple effects: lower overall lepton reconstruction efficiency in Belle, lower K? re-
construction efficiency in Belle, lower 7° reconstruction efficiency for the p* in Belle
etc. In general, a lower reconstruction efficiency is observed, leading to decreased
both signal and background yields. Only the lepton-hadron modes have comparable
yields, induced by a higher p— h leak in Belle, while also suffering only from lower
efficiency of a single lepton, as opposed to the ¢¢ category. Comparison of yields
within the symmetric /0 and /¢ categories gives the most fair representation of the
reconstruction efficiency differences in Belle and Belle II, given the similar selection
for the two datasets. However, the lower lepton-1D efficiency in Belle leads to larger
¢ — h migration. Similarly, the difference in the 7° reconstruction efficiency reduces
the p™ reconstruction efficiency in Belle, but the p— h leak makes all the p* mesons
that would fall into the ph subcategory be added into the hh category, which makes
these events stay in the same “leptonless” (0 category.

It is worth mentioning that the quoted numbers are not corrected for any data/MC
discrepancies and do not perfectly reflect the final working point. Such numbers will
be presented in Section

Table 4.8: Signal efficiencies and background yields per 100fb~! for the 5 categories
after the initial selection and the best candidate selection. The efficiency is computed
as the number of reconstructed events within a given category divided by the total
number of generated signal MC events. (Belle II MC).

Category Signal ‘Backgrounds /100 fb~!
Efficiency (107) BB qq total
174 1.30 +£0.02 1251 +9 53+ 2 1304 + 10
Cehy, 2.01 +0.02 1673+ 11 364 4+ 5 2037 £ 12
lyhe 1.95 4+ 0.02 2484 + 13 342 +£5 2826 + 14
pl 1.31 £ 0.01 1723 + 11 458 £ 6 2181 £ 12
) 5.41 +0.03 8492 4+ 24 7800 4+ 23 16293 + 34

Table 4.9: Signal efficiencies and background yields per 100fb~! for the 5 categories
after the initial selection and the best candidate selection. The efficiency is computed
as the number of reconstructed events within a given category divided by the total
number of generated signal MC events. (Belle MC).

Category Signal ‘Backgrounds /100 fb~?
Efficiency (107%) BB qq total
174 0.69 £ 0.01 559 + 6 14+1 573 £6
l.hy, 1.58 +20.02 1178 £9 1394+ 3 1317 £ 10
Cyhe 1.60 +0.01 2324 £ 13 144 £+ 3 2468 £ 13
pl 0.60 £+ 0.01 838 + 8 134 £ 3 972+ 8
L0 5.28 £0.02 9258 4= 26 8379 4 24 17628 + 35
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Before the background-suppression and signal-extraction steps, simulated MC events
are corrected for known differences with respect to collision, real data. These cor-
rections affect both the signal efficiency and the predicted background composi-
tion. The largest effects arise from the hadronic B-tagging efficiency, while smaller
corrections are applied for charged-track reconstruction, K reconstruction, lepton
identification, and other effects.

In addition to efficiency corrections, the normalizations of the dominant back-
ground components are constrained using data control samples. Continuum ¢g back-
grounds are calibrated with off-resonance data, while the normalization and uncer-
tainty of the combinatorial BB component are studied in dedicated sidebands.

This chapter describes the origin and impact of these corrections. The associated

systematic uncertainties are introduced here and propagated to the signal-extraction
model described in Chapter [§

5.1 Corrections to the simulation

5.1.1 B-tagging efficiency corrections

The tagging and tag-side efficiency of FEI can differ in data with respect to MC
for different reasons; the dominant one being that the modeling of B-decays heavily
depends on PYTHIA and is often based on old measurements. Moreover, as the
Belle II decay file developed independently from Belle’s, the data/MC differences
measured for the efficiencies of FEI-reconstructed Bi,s decay channels are different
for the two experiments. The FEI calibration is performed using two control samples
based on B — Dm or B — X/{v events. In the first case, the B,, is reconstructed
using FEI and the signal pion is selected; the Bi,, mode-dependent yields are ex-
tracted as fits to the recoil mass of the By, system. For the B — X/{v sample, the
B, is analogously reconstructed using FEI and the signal lepton is selected; the
Biag mode-dependent yields are extracted as fits to the lepton momentum. The sec-
ond approach has higher statistics due to the larger branching fractions but suffers
from the systematic uncertainty related to the fitting procedure and poorly known
B — D*{v, Dnmfv components. In both approaches the weights are provided as
functions of the By, final state for the main decay modes (mainly D" nr) while the
rest of the modes are combined due to the lower statistics. The treatment of FEI
corrections differs between Belle and Belle II:

Belle Only the calibration based on B — D decays is available for the
considered selection (B tags with Prgr > 0.01).

Belle II The correction factors are obtained from a x? combination of three
independent calibrations: one from B — D7 and two from B — X /v (sepa-
rately for £ = e and ¢ = p).
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Chapter 5. Calibrations

The Uncertainties on the calibration factors are evaluated using the full covari-
ance matrix provided by the calibration procedure. Variations are generated accord-
ing to a multidimensional normal distribution, and the resulting spread is used to
estimate the combined statistical and systematic uncertainty.

In simulation, the isSignal flag allows one to identify perfectly reconstructed
Biag candidates. However, candidates that do not satisfy this condition still contain
a non-negligible fraction of correctly reconstructed decays, as observed in control
samples such as B — Dw. To account for this, we introduce a refined classification
of Biae candidates based on their reconstruction quality.

Candidates are considered mis-reconstructed (combinatorial) if they include one
or more particles that are inconsistent with originating from the same B meson.
This is determined using information on the origin of the reconstructed particles in
simulation. All remaining candidates, which are largely consistent with a correctly
reconstructed decay, are classified as ‘peaking’.

The effect of this refined definition is illustrated in Fig. [5.1. The top row shows
the classification obtained with the default isSignal flag, while the bottom row
shows the custom classification introduced here. The comparison is shown both
in the beam-constrained mass M. and in the recoil-mass distribution used in the
B — D control sample.
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Figure 5.1: Comparison between the default isSignal-based classification and the
custom classification of reconstructed B,y candidates in simulation. The top row
uses the default flag, while the bottom row uses the custom definition introduced
in the text. The left column shows the beam-constrained mass M., and the right
column shows the recoil-mass distribution in the B — D7 control sample. ‘Peaking’
candidates are shown in black and ‘combinatorial’ candidates in blue.

The mean correction factors applied to the peaking tag-side B mesons in BB
background events are 0.768 4+ 0.052 for Belle and 0.786 + 0.050 for Belle II, which
are the largest in both datasets.

5.1.2 Tracking efficiency calibration

Corrections to the charged-track reconstruction efficiency are applied to all recon-
structed tracks, including those originating from 7 decays and prompt K daughters.
For momenta above 200 MeV /c:
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5.1. Corrections to the simulation

Belle: Corrections are valuated in Belle using a high-purity sample of D** —
Dzt with D° — K?7*7~. The pion from the K decay serves as the probe
track, while the event is kinematically constrained using the remaining two
pions from the D and the pion from the D** decay.

Belle II: The efficiency is determined using ete”™ — 777~ events, where
7t =Ty, and 77 — 7 7 7w, with one track from the hadronic 7 decay
used as the probe.

In both Belle and Belle II, no efficiency corrections are needed and per-track
systematic uncertainties of 0.35% and 0.27% are assigned, respectively.

For momenta below 200 MeV /c: Momentum-binned corrections from the
B — D*=(— D°r7)m* calibration samples are applied, as the pion 7~ emitted by
the D*~ allows to probe the low-momentum regime for both datasets.

The mean of the correction applied and the mean of the associated systematic
uncertainty in simulated background is 0.999 £ 0.004 for Belle and 0.998 £ 0.003 for
Belle II.

5.1.3 K‘S) efficiency calibration

Due to the displaced decay topology of K? mesons, their reconstruction efficiency
requires dedicated calibration. Data-MC efficiency differences in the K2 vertex re-
construction are measured using the D** — D°(— K2n"7~)7T calibration channel.

Belle The efficiency corrections are determined as functions of the K? mo-
mentum and cos @, averaged over different detector configurations.

Belle II The corrections are provided in bins of momentum, cosf, and the
three-dimensional decay vertex displacement.

For Belle II, it is verified that the corrections are stable under the application
of additional quality requirements on the K? candidates. The same assumption
is adopted for Belle. Due to negligible contribution of incorrectly identified K?
candidates, every object reconstructed as K? is efficiency-corrected.

The average correction factors are 0.985 4 0.006 for Belle and 0.989 4 0.021 for
Belle II.

5.1.4 70 efficiency calibration

Corrections to the 7 reconstruction efficiency are applied to 7 — pv decays where
the ¥ candidate is correctly reconstructed and matched to the true particle.

Belle The corrections are provided as functions of the 7° momentum, derived
from studies of 7 — 77’ decays.

Belle II The corrections are given as functions of (p,cosf) and are derived
from control samples of D-meson decays.

The mean correction factors are 0.948 + 0.022 for Belle and 1.010 4 0.041 for
Belle II.
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5.1.5 Lepton identification calibration

For 7 — [ decays, corrections are applied to account for differences between data
and simulation in lepton identification efficiencies and hadron misidentification rates.
The contribution from m — e misidentification is not considered due to its negligible
rate in the selected sample. The corrections to efficiencies and fake rates are applied
based on true particle identity.

The lepton identification efficiencies are determined with ete™ — £+¢~~ (Belle IT
only), ete”™ — ete (T¢~, and J/¢b — (T¢ events. The 7 — p misidentification
rates are obtained from K? — 7t7~ decays and, for Belle II, supplemented by
ete™ = 77 (— ntntn )7~ events. In Belle (Belle II), the mean systematic un-
certainty related to electron identification efficiency is 2.6% (1.9%). The efficiency
of muon identification has a systematic uncertainty of 2.1% (0.4%). The system-
atic uncertainty associated with incorrect identification of pions as muons is 4.2%

(5.4%).

5.1.6 Correction of branching fractions of signal-side 7 lep-
tons

The branching fractions of 7 decay modes in our simulations have small differences
with respect to the latest PDG averages, especially for the Belle MC. We fix the
branching fractions of the dominant 7 decays in both Belle and Belle II signal MC
samples to the current best experimental knowledge. The correction are overall
small — one to few percent for the most abundant 7 decay modes and are applied
only to signal MC, as it directly impacts signal efficiency. For each 7 decay mode
the uncertainty from PDG is assigned as a systematic uncertainty.

5.2 Data-MC comparison in background enriched
samples

Studies in background enriched samples (sidebands) are performed to check the
goodness of the corrections applied to MC to better reflect data. Furthermore,
these ad-hoc samples can also be used to measure possible additional data/MC
mismatches due to simulation issues. For example, it is known that ¢g samples
suffer from some normalization issues and that specific background components
are mismodelled (inclusive productions, spectra etc.). We carry out the studies
mentioned above mainly using three sideband samples:

1. E..s sideband. With off-resonance data, we can check the data/MC agreement
obtained with the full set of cuts in a BB-free sample.

2. K? sideband. With a selection on the K? candidate that excludes good, dis-

placed VO0’s, one can check in on-resonance data not only the BB normalization
but also the BDT training variables for each fitting category.

3. M, sideband. Despite the lower statistics compared to the K? sideband, this
sample provides a direct access to the combinatorial Bi,, component in events
with true K9 on the signal side.

Other sidebands were tried but they were considered as less appropriate. Below
a short summary of the attempts made and the main reason(s) why each sample
was discarded.
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5.2. Data-MC comparison in background enriched samples

Prri sideband. The sample is obtained by picking the Bi,, candidate with
0.001 < Prrr < 0.01. With this selection the Bi,,’s are mostly wrongly re-
constructed. So it could have been used to derive combinatorial BB scaling
factor. However, the final state composition of such Bi,,’s is very different
from our signal.

“Charge” sideband. B° — K2777" decays are reconstructed, allowing for
charge violation. This sample, despite being convenient as all the corrections
can be applied, shows enhancements in fake tracks for the 7 daughters.

¢? sideband. This sample can in principle be used for the BB normalization
but it has lower statistics compared to the K? sidebands (see Fig. [4.8). More-
over, with the same sample one cannot check the BDT training features, being
the ¢? one of them.

5.2.1 Off-resonance

When selecting the Bi,g’s, one must consider that the M, values get shifted towards
lower values due to the shift in the CM energy, E..,, of approximately 60 MeV. Hence,
for the off-resonance samples, the selection reads Mo™ > 5.27 GeV/c?, where the

‘corrected’ My, is defined as in Eq. 5.1}

E.. +0.06\2 E... +0.06 2
M = \/ (—2 ) . ((—E )p*/c) (5.1)

The effect is less pronounced on the AFE variable, which also gets corrected with
the same E.,, shift. It is important to stress that the My, correction relies on the
precise knowledge of the E,.

Due to less-known effects in the hadronization of produced ¢g pair, significant
mis-modelings can be present in simulation. For this work we notice that simple
scaling factors (SF’) are sufficient to obtain a good agreement. They are computed
as:

and are evaluated for the /X = 00 Ul h. ULl h, Upl and (0 categories separately.
Here we merge all the categories with at least one lepton into £X because of the
low statistics (especially in ¢¢). The values of SF; for Belle and Belle IT and their
statistical errors are shown in Tab. 5.2l

The Mg distributions for Belle and Belle II off-resonance samples are shown
in Fig. 5.2} MC shows good agreement once simple scaling factors are applied. This
holds true also for other dimensions like M(KY) or Frcy. Fig. m shows that the
data/MC yield discrepancies can be related to an excess of K? in off-resonance
MC; as a proof of that, such discrepancy disappears for the K?-depleted and BB-
enhanced samples.

5.2.2 Kg sideband

While for well-reconstructed B tags official data/MC efficiency corrections exist, for
the cross-feed component, made of wrongly-reconstructed tags in BY or BT events,
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Figure 5.2: Mg for Belle (upper) and Belle IT (lower) off-resonance samples — £X
category (left) and (0 category (right). The scaling factors defined in Eq. are

applied to MC events.
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categories. No scaling factors are applied.

possible mis-modelings must be addressed using control samples. For this check, we
choose the K? sideband, defined using the selection criteria in Table

As shown in Fig. , true KOs that have the goodBelleKshort==0 flag (called
bBKS, for ‘bad’ Belle K?) are more likely to be formed by combining two oppositely
charged pions from the IP. For those passing the goodBelleKshort==1 flag (called
gBKS, for ‘good’ Belle K?), the trend is opposite and they are mostly displaced
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5.2. Data-MC comparison in background enriched samples

Table 5.1: Definition of K sideband.

Object Selection
M(mt7~) € {(0.480,0.486) U (0.510,0.516) } GeV/c?
successful vertex fit
goodBelleKshort==0 (inverted quality criteria)

vertices originating from particle with zero charge(V0). As we want our sideband to
be approximately “signal-free” and the bBKS still contains true K2’s, we add the
invariant mass requirement to obtain two symmetric bands with same width. The
width was chosen in such a way that the obtained sample had enough events, and
that the fake K?’s mass would not too far compared to the true value.

0.8
0.7r 0.677

goodBelleKshort=1
B goodBelleKshort=0

on
X 0.6f
0.5¢
0.4}

0.3}
02l 0.192

Fraction of TM

L 0.092
0-1 0.039

VO composite

Figure 5.4: Composition of signal events in terms of K? reconstruction in Belle II.
Most of gBKS are reconstructed by the VOFinder while for the bBKS the trend is
opposite (more are reconstructed as combinations of prompt pions).

From Fig. [5.5 with the M. and decay modes for the mis-reconstructed Bia,'s,
one can see that the composition of “unmatched” Bi,g’s in the Kg sideband is close
enough to our background.

70 20 04 20
ol UM - SR
1 uM-sB
50 F 0.3
a0l )
2 Doaf
<30}
20¢ 01l
10F
0 | | | . 0.0 " naln I'Iﬂ “ nnﬂ.ﬂn"-l‘ln.
5270 5275 5280 5285 5290 5295 5300 0 5 10 15 20 _25 30 35
My (GeV/c?) My (GeV/c?)

Figure 5.5: My, and FEI mode distributions for the unmatched (UM) Bi,g’s in BB
events in the K? sideband (SB), compared to signal region (SR). Plots refer to Belle
IT MC. The distributions refer to the /0 category, taken as example.

The scaling factor SF' for the combinatorial Bi,, BB component is obtained

with the formula in Eq.
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Chapter 5. Calibrations

™
Ndata - Nqﬁ - NBE

comb __
SFBE - NcoLnb )
BB

(5.3)

where Ngata is the number of events in on-resonance data, Nz is the MC yield
of ¢q events corrected using off-resonance data (in the KU sideband), Ng}\g is the
corrected yield of truth-matched BB events and finally N;Ogb is the MC yield of
unmatched BB events. A visual representation of how the combinatorial B compo-
nent is calibrated can be seen in Fig. where the M, for false-matched events is
compared to the data subtracted.

no/ no{

—~5000} mm combinatorial BB . mmm combinatorial BB
e {7771 peaking B°B° e {7771 peaking B°B°
%4000 ¢ data subtracted %1500 ¢ data subtracted
G O
— data/MC: 0.85 — data/MC: 0.95
83000 810001
e e
~~2000[ =~
0 0
€ € 500
21000} g
L w

0 0

5.27 5.28 5.29 5.30 5.27 5.28 5.29 5.30

My (GeV/c?) My (GeV/c?)

Figure 5.6: My, for Belle (left) and Belle IT (right) in K¢ sideband (on-resonance)
samples, (0 categories. The ratios between the data subtracted yields and the MC
‘combinatorial’ yields provide the SF g?b.

As for the ¢g scaling factors, those for the combinatorial BB events are also
listed in Tab. [£.2] for Belle and Belle II MC.

In off-resonance K? SB, we notice a better data/MC agreement even without
any correction (i.e. scaling factors are closer to one). The computed factors for off-
and on-resonance K2 SB samples are listed in Tab. [5.2]

5.2.3 M, sideband

As an additional handle for background validation, we explore the M, sideband,
defined by the cut M, € [5.24,5.27) GeV/c?. We obtain this sample by just shifting
the My, requirement to M. > 5.24 GeV/ c?, making sure, when we check the out-
puts, that the signal region is kept veiled. As done for the signal region, we apply
a best-candidate selection based on the highest Ppg;. As can be seen from the M,
distributions, the BCS has some sculpting effect (positive slope) at lower M, values
in Belle.

To derive the SF g’gb for this sideband, we proceed analogously to the K? side-
band: first we derive normalization factors from the off-resonance data (Fig. |5.7)),
which we then apply to the gg of the on-resonance data. Finally, with the computa-
tion of Eq. we obtain the scaling factors for the combinatorial By,; component.
It should be stressed that no BB background is taken as ‘peaking’ in this sideband.
The obtained correction factors are listed in Tab.[5.2] From Fig.[5.8 one can see that
simple normalization factor gives already a good shape agreement, although some
slight shape mismatch can be seen in Belle, possibly due to the sculpting mentioned
earlier.
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5.3. Summary
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Figure 5.7: My, for Belle (left) and Belle II (right) off-resonance samples, (0 cate-
gories. Scaling factors are applied.
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Figure 5.8: M, for Belle (left) and Belle II (right) on-resonance samples, (0 cate-
gories. The signal region is veiled and both ¢¢g and BB scaling factors are applied.

5.3 Summary

Tab. (Belle II) and Tab. (Belle) show the final efficiencies and background
yields with all corrections applied, to be compared to the ‘uncorrected’ ones. As will
be presented in Section [6] the corrected samples are then used for the background
suppression, as they provide a more realistic description of data.
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Chapter 5. Calibrations

Table 5.2: Data/MC scaling factors for Belle and Belle II.

SF e | echy | tuhe | pt 0
qq (OFF res) 0.74 +0.05 0.659 +
0.011
4 (OFF res, K9 SB) 0.98 + 0.05 0747+ | 2
0.009 |&
BB (ONres, KYSB) | 1.16+ | 083+ | 0.76+ | 0.75+ | 0.851 +
0.13 0.05 0.03 0.05 | 0.018
qq (OFF res, M. SB) 0.87 + 0.06 0.703 +
0.010
BB (ON res, M. SB) | 0.82+ | 084+ | 076+ | 084+ | 0.82+
0.09 0.05 0.03 0.06 0.03
qq (OFF res) 0.79 £0.04 0.718 £
0.017 |
qq (OFF res, K° SB) 0.96 = 0.05 0.989 + %
0.020 |,
_ el
BB (ONres, KYSB) | 082+ | 085+ | 095+ | 093+ | 0.93+
0.07 0.05 0.04 0.06 0.03
qq (OFF res, M,. SB) 0.701 £+ 0.027 0.692 +
0.011
BB (ON res, M. SB) | 078+ | 086+ | 093+ | 094+ | 1.08+
0.06 0.05 0.04 0.05 0.04

Table 5.3: Signal efficiencies and expected background yields for Belle IIT MC. In the
corrected columns the reconstruction efficiencies, fake rates and normalization are
corrected for data/MC discrepancies. Additionally, the approximate overall weight
is shown. Uncertainties shown are coming from MC statistics only.

Signal eff. (107%) qq yields (100 fb~1) BB yields (100 fb—1)
uncorr corr weight ‘ uncorr corr weight ‘ uncorr corr weight
20 11.304+0.02 0.97+0.01 0.74 532 44+ 2 0.83 1251 +9 925+ 7 0.74
lehy |2.01£0.02 1.544+0.01 0.77 364+£5 293+ 4 0.80 1673 +£11 1308+ 9 0.78
Lyhe [1.954£0.02 1.48+£0.01 0.76 342+£5 273+ 4 0.80 2484 +13 2044+ 11 0.82
pl |1.31£0.01 1.05+0.01 0.80 458 £ 6 376+ 5 0.82 1723 £11 1443+9 0.84
0 |5.41£0.03 4.32+£0.02 0.80 7800 £ 23 5542+ 16 0.71 8492+ 24 7324421 0.86

Table 5.4: Signal efficiencies and expected background yields for Belle MC. In the
corrected columns the reconstruction efficiencies, fake rates and normalization are
corrected for data/MC discrepancies. Additionally, the approximate overall weight
is shown. Uncertainties shown are coming from MC statistics only.

Signal eff. (107%) qq yields (100 fb—1) BB yields (100 fb—1)
uncorr corr weight ‘ uncorr corr weight ‘ uncorr corr weight
2 |0.69+0.01 0.4840.01  0.70 14+1 841 0.61 559+6 43345 0.77
Lehy |1.5840.02 1.14+£0.01  0.72 139+ 3 90 +2 0.65 1178 +9 87847 0.75
Lyhe |1.6040.01 1.174£0.01  0.73 144 +3 9342 0.65 2324+13 168149 0.72
pf [0.6040.01 0.44+£0.01  0.73 13443 84+2 0.63 838+8 57846 0.69
20 |5.2840.02 4.03+£0.01  0.76 8379+ 24 5344415 0.64 9258 £26 7333+ 21 0.79
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6. Background suppression and
classification

After the baseline event selection, the selected sample is still dominated by back-
ground. The main contributions arise from BB decays, especially semileptonic and
hadronic B decays involving charm, and from continuum ete™ — ¢g production.
Their relative importance depends strongly on the reconstructed 77 category, moti-
vating a category-dependent background-suppression strategy.

This chapter first characterizes the dominant backgrounds after all selection and
calibration steps. Several notable background contributions are identified and, where
convenient, removed with dedicated vetoes. The remaining separation between sig-
nal and background is performed with multivariate classifiers trained separately
for each signal category and dataset. The classifier output is transformed into the
variable O, which is used both to define the signal-enhanced region and as the fit
observable in the signal-extraction model.

The final part of the chapter describes the choice of input variables, the classifier
training, the transformation of the classifier output, and the resulting expected signal
and background distributions.

6.1 Background characterization and vetoes

After the basic selection, the best candidate selection and the corrections to the sim-
ulation derived from the off-resonance sample and K2 sideband, the overall back-
ground composition in terms of BB and ¢g events is given in Tab. for
Belle (II). Generally speaking, the BB events tend to dominate: they are >90% for
the ¢ category, ~80 — 90% for the 1-lepton categories, and ~ 50% for the £0. On a
deeper level, we know that most of the BB events are actually B°B° events, given
the quite tight cut on Pggr— the fraction of neutral B’s being (75-95%).

Within the BB events, a very large fraction (~97%) have a generated hadronic
Biag, while the nature of the companion By, depends on the category. In particular,
the most frequent background is:

e B — Dylv decays for the ¢¢ category (~60%);

e B — DyXyaq decays for the £, h, category (~40%);

B — Dypaqlv decays for the £,h. category (~60%);
e B — Dyaqlv decays for the pl category (~35%);
e B — DyaaXhaa decays for the (0 category (~55%).
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Chapter 6. Background suppression and classification

The numbers above refer to Belle II samples but in Belle a similar composition
is found.

Given this composition, we expect that our background suppression based on
MVA will easily reduce backgrounds with large missing energy but little missing
mass (B — D/{v decays). Other components with unreconstructed particles and
less clear signatures (B — D**{v, B — D™ 7y, charmless B decays) will populate
our final signal region.

Furthermore, there are some backgrounds that can be visualized as peaks in
specific invariant mass distributions. For example:

1. D — K¥{r,p } in M(K2t,.)
2. vy —ete in M(t.t,)

3. J/¢p — 0 in M(t.t,)

4. D° — K270 in M(KJn°)

At this stage, we do not explicitly veto those resonances except for the 1. as it is
the most abundant. In particular, we apply the cut only for the ¢,h., 0 and the pf
categories using the cuts M (K2, t.) ¢ [1.8,1.9] GeV/c?. Before the veto is applied,
the distributions are shown in Fig[6.1} The vetoed events provide a useful validation
sample enriched in B® — D®~¢*y, events, as will be described in Section

To suppress the backgrounds, we rely on a Boosted Decision Tree classifier
(BDT). Events like those in 2. and 3. are easily rejected with the multivariate
approach.

6.2 BDT training

The MVA (MultiVariate Analysis) package called FastBDT [41] is employed as a
tool for classifying signal and background events. Since five different reconstructed
categories are created, each with specific background sources, the set of variables
used for training are not the same. Training is performed with unbalanced samples of
signal and background, where the sample with more entries gets weighted, therefore
receiving a higher penalty for the training. The BDT output score O is transformed
into @' via a Probability Integral Transform [47]. After the transformation, the
signal O’ shape is uniform in the [0.0,1.0] range (see Fig. for an example);
therefore a cut O’ > Y corresponds to a final efficiency of Y (provided that all
correction weights are already applied).

In order to use all the available MC events (2 streams for Belle, 4 streams for
Belle IT) we split the events into two sets based on their event number — even and odd.
In this way, the weights obtained by training with odd/even subsets can be applied
to the full even/odd testing subsets, after having checked that the two classifiers have
same performance (as demonstrated in Fig. [6.3] and Fig. [6.4] for the £.h, category —
the others are similarly good). This allows us to exploit the full available MC dataset
for the fit template creation to have the smallest possible statistical uncertainty on
the fit template, which would come from MC statistics.

As mentioned before, all the data/MC corrections described in Section [5| are ap-
plied to the MC distributions prior to the training, in order to provide more realistic
distributions, both in terms of shapes and relative composition of the background
events.

76



6.2. BDT training
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Figure 6.1: M(K2,t.) distribution for the 3 categories, in which the D veto is
applied. For the pf category, the distribution is not shown specifically for the case
when p is a t.. (Belle IT MC)
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Figure 6.2: Example of the BDT outputs before (left) and after (right) the Proba-
bility Integral Transformation for the ¢, h. category (Belle II MC)

The BDT classifiers are trained separately for each category and sample (Belle
and Belle II). The hyper-parameters used for the training are optimised in such a
way that, for a fixed ratio of train-test dataset sizes (equal to 80%) for odd and even
trainings independently, the Area Under Curve (AUC) of the ROC for the training
set is maximised, while not letting the AUC of the ROC for the test datasets differ
from the training ones by more than 2%. We do not tune all the hyper-parameters
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Chapter 6. Background suppression and classification
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Figure 6.3: Comparison of the BDT response for even and odd events (Belle IT MC,
l.h,, category). Signal MC is shown on the left and background events on the right.
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Figure 6.4: Comparison of the ROC (Receiver Operating Characteristic) curves for
the training sets for even and odd samples (Belle IT MC, pl category).

but rather focus on three of them: depth (maximum number of consecutive cuts
for each decision tree), nTrees (the number of decision trees used for the train-
ing), shrink (the level of learning rate for the method of gradient boosting). The
optimization results are shown in Table [6.1] The consistency of the odd and even
trainings is also checked as shown above.

Table 6.1: BDT training hyper-parameters. The values were optimised for each fit
category and for Belle and Belle II samples separately.

Belle Belle 11
depth nTrees shrink| depth nTrees shrink
o 2 150 0.05 3 160  0.04
lehy, 3 160  0.05 3 160  0.04
lyhe 3 180  0.04 3 180  0.04
pl 3 160  0.035 3 200 0.04
L0 4 200 0.04 4 250  0.04

The ROC curves for each category are shown in Fig. for the Belle II dataset,
odd split. Similar performance and ROC curves are obtained for Belle. ROC curves
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6.2. BDT training

for the odd and even splits for Belle and even for Belle II are shown in Appendix[B.1]
Fig. B.14] Fig. B.I5] Fig. [B.13
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Figure 6.5: ROC curve for test and train sets (Belle II MC), odd split. ROC curves
for Belle and even split for Belle IT are in Appendix [B.1]

The O (transformed BDT score output) distributions are shown in Fig.
(Belle) and Fig. [6.7 (Belle II). The correlations of the input features to the O are
shown in Fig. in Appendix [B.1]

The working point for the signal region is chosen at cut of @' > 0.3 for all
the categories, which retains exactly 70% signal and rejects 2 80% of background
events. The choice of the cut to define signal region is not optimized but rather
picked to cut out the backgrounds easily rejected by the BDT and retain reasonably
high signal efficiency.

6.2.1 BDT features

To quantify the separation power between signal and the backgrounds, we use the
distance metric defined in Ref. [48]: P = \/ fa—=n7f (g (@) Pos(®)® 43 The inte-

pmt(w)
gral is replaced by a sum over all the bins in which the 1D distributions for signal

psig and background events py, are divided. f is the fractional area covered by sig-
nal. Given the way P is constructed, perfect overlap between the two distributions
would lead to 0 while 100% separation translates to P = 1. We pick the features for
the training based on their separation power. The features used to train the BDT
classifier are introduced and described below.

- M(KZ2t.) The invariant mass of the system composed of the K¢ candidate
and the correlated 7 daughter candidate. This variable is used to suppress
B — DX background. Since the K? does not carry flavor information, the
flavor of the By, candidate is inferred from the reconstructed flavor of the
Biag. This determines which 7 daughter is assigned as the correlated one. The
assignment is reliable for unmixed B°B events, but is incorrect for mixed
events, as illustrated in Fig. [6.8
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Figure 6.6: BDT outputs after Probability Integral Transformation (Belle MC).
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Figure 6.7: BDT outputs after Probability Integral Transformation (Belle II MC).

For the /,h. category, the spectrum presents several resonant structures be-
sides the combinatorial background where the K? and the ¢, do not originate
from the same particle:

1. DT — K2r events (vetoed);

2. Partial D™ — K27t X events;
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6.2. BDT training
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Figure 6.8: M(KJ3t.) for mixed and unmixed neutral B events in ¢.h, (left) and
lyhe (right) categories (Belle IT MC).

3. D*" — D7 events where the ¢, is the pion from the D** and the K
is from the D° (typically the D° decays into a K? and a number of 7%’s
(1)
or n")’s;

4. K** — K2 events.

This can be seen qualitatively in Fig. [6.9]
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Figure 6.9: M (Kot.) for unmixed neutral B events in £,h,. category (Belle IT MC).
The main resonant structures are highlighted.

- m? defined as

miss’

Er\’

m2 . = D = ( m) ; Pmiss = Pete— — DBy — PBrag 5
Priss

is mostly used to separate between signal and B — Dl(lz)dfu decays, for which

the m2;  tends to be closer to zero. This background is predominant in £/

and (h categories.

- EgcL The energy of the deposits in ECL that are not associated to the object
used for By, nor By, reconstruction. For well-reconstructed signal events,
Egcr, should be zero or small, in case of beam-background induced or residual
neutral hadrons. This variables is particularly important for the ¢0 and p¢
categories, in fact for the ‘cleaner’ categories, the Fgcr, tends to peak at zero
in a similar way to the signal.
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Chapter 6. Background suppression and classification

Another variable related to the amount of missing 4-momentum of the event
is Umiss, defined as:

Umiss = Erss + ¢|P|miss; PMISS = Pete- — PBy, — PBiag — PROE -

We keep this variable as it proves to improve the classifier performance despite
its large correlation with Egcy,.

p*(t,) The momentum in the CM frame of the uncorrelated T daughter can-
didate. The momentum tends to be higher for B — X /v background events
with ¢, = /.

q2,. The reconstructed di-7 squared mass, obtained as a recoil of the Bp, K¢
system. The background events more frequently have ¢? closer to ¢* = (mp —
my)? while signal events have a more phase-space like distribution (for SM-
only contributions). We have also tried using the related variable M (t.,t,),
which provides information on background events with J/¢ and photon con-
versions, but given the correlation with ¢% . and the mild importance of the
latter, we decide not to include it in our final feature list.

AZ The difference in the z-coordinate between the By, and Bg,. The Bgg
vertex is obtained from the (K2t.) system. The AZ distribution is larger for
BB events compared to ¢g events, where the vertices are formed out of random
combination.

M (KZmy,) The invariant mass of the system composed of the K¢ candidate
and the 7° used for the daughter of the p from 7. The variable is used to check

backgrounds having K*° or D resonances.

cos TBTO See definition in 4.1} Although a pre-selection cut is applied at
the reconstruction level to easily discard a large fraction of ¢g background,
the rest of the distribution still allows to get some separation between BB
and ¢gq events. Other event-shape variables but were discarded due to high
correlations with other observables used for the training.

M (p) When the p from 7 is properly reconstructed, it peaks at the true
m,~ 770MeV /c®. Due to the large width of the p resonance, this variable is
not highly discriminating but it still holds some separation power and is used
for the p¢ and the (0 categories.

Figures to summarize the signal-to-background separation and the
validation in the sidebands for the most-important variable (Belle II training) for
cach category. In Appendix [B] we show the complete set of input features used for
building the ten classifiers (one for each fit category and experiment — Belle and

Belle II): see Figures to . The correlation matrices with the input features
are collected in the Appendix [B.1] Fig. (for Belle II), Fig. (for Belle).

The input features, as well as their importance computed by FastBDT, are also
summarized in Fig. for the 10 x {odd, even} trainings. The importance is
computed by summing up all separation gains along the path of the event through
the trees.
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the left, the MC backgrounds are compared to the signal shape. In the middle plot,
the data/MC agreement is checked in the K? sideband. On the right, the agreement
is checked in the M. sideband.
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Figure 6.12: Most important training feature for the ¢,h. category (Belle II MC).
On the left, the MC backgrounds are compared to the signal shape. In the middle
plot, the data/MC agreement is checked in the K? sideband. On the right, the
agreement is checked in the M), sideband.

6.3 Background characterization

We study the background composition as a function of the the signal region defi-
nition. First, we check the relative fractions of B'B°, Bt B~ c¢, etc. at different
O’ thresholds: see Figures for Belle MC and Fig. for Belle II MC. For
all fit categories, the fraction of B°B° backgrounds is dominant and its relative
abundance raises at higher signal purities, showing that BDT is more effective at
rejecting continuum and charged B backgrounds, while neutral B decays have more
irreducible-background signatures.
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Figure 6.15: Summary of BDT training features and their importance for the Belle
(left) and Belle II (right) datasets. The average of the odd/even training ranking
value is shown, + the standard deviation of the two.

Secondly, we check how the background composition, described at the beginning
of Section [6] changes while approaching the most sensitive region; this is shown in

Fig. (Belle), Fig. (Belle IT) for the BYB° simulation.
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Figure 6.16: Background composition in MC background events as a function of the
BDT cut (Belle MC).
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Figure 6.17: Background composition in MC background events as a function of the
BDT cut (Belle IT MC).

Additionally, we extract information about which B decays are present on the
signal side of the reconstructed events surviving the O’ > 0.3 cut is applied. The
fractions of the signal-side modes that contribute to our backgrounds, summarized
in Tables and [6.3] are obtained without applying any weights and without a
requirement on the tag-side to be truth-matched. This is done to quantify the
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Figure 6.18: Background composition in B°B° events as a function of the BDT
cut (Belle MC). Here the fraction is computed using the total number of events
(unmixed+mixed) for the normalization. The shaded bands correspond to the sta-
tistical uncertainties. In the plot legend, the labels i and .4 indicate whether the
decay is semileptonic or hadronic.

contribution of the modes that are less experimentally known, like the gap modes
or modes with the D**. Overall, we observe a high contribution of semileptonic B
decays in both Belle and Belle II samples.

Table 6.2: Fractional composition of the signal-side B-meson in the BB background
within the reconstructed categories in the fit region (O’ > 0.3) in Belle MC.

Background modes 174 l.h, lyh. pl 00
B — SL 0.939 0.644 0.808 0.665 0.361
B — D™y 0.761 0.444 0.565 0.347 0.206
B — D®ry 0.104 0.103 0.098 0.089 0.086
B — D**(v 0.066 0.083 0.127 0.202 0.055
B — D*rv 0.007 0.008 0.006 0.007 0.010
B — D¥n(n/7)(r/¢)v | 0.002 0.006 0.013 0.020 0.005
B — HAD (without D**) 0.055 0.327 0.173 0.297 0.590
B — HAD (with D**) 0.006 0.028 0.018 0.038 0.049
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Figure 6.19: Background composition in B°B° / B'B° events as a function of the
BDT cut (Belle IT MC). Here the fraction is computed using the total number of
events (unmixed+mixed) for the normalization. The shaded bands correspond to
the statistical uncertainties. In the plot legend, the labels i and 5,4 indicate whether
the decay is semileptonic or hadronic.

Table 6.3: Fractional composition of the signal-side B-meson in the BB background
within the reconstructed categories in the fit region (O’ > 0.3) in Belle IT MC.

Background modes 174 l.hy, lyhe pl {0
B — SL 0.884 0.617 0.773 0.619 0.349
B — DWWy 0.665 0.420 0.539 0.314 0.188
B — DWWty 0.113 0.120 0.112 0.103 0.096
B — D*(v 0.071 0.044 0.076 0.127 0.035
B — D**7rv 0.010 0.012 0.013 0.023 0.015
B — DWn(n/7)(r/0)v | 0.024 0.020 0.032 0.053 0.016
B — HAD (without D**) 0.110 0.371 0.219 0.364 0.630
B — HAD (with D**) 0.006 0.013 0.008 0.016 0.021
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7. Validation

This chapter presents the validation of the analysis strategy in data control regions.
The goal is to test the modeling of the variables used for background suppression
and signal extraction in samples that are kinematically close to the signal region
but depleted in signal. These studies are performed before interpreting the data in
the signal-enhanced region.

Two main classes of validation samples are used. The first consists of the K and
M, sidebands, which probe different mixtures of continuum and combinatorial BB
backgrounds. The second is a sample enriched in B® — D®~¢*y, decays, obtained
from events removed by the charm veto applied in the signal selection. Together,
these regions test the modeling of the BDT input variables, the transformed classifier
output @', and the normalization corrections applied to the signal and dominant
background components.

7.1 K and My, sidebands

We compare the distributions obtained in the K? signal region (SR) with those in
the K? sideband (SB). If a good agreement is obtained, then this indicates that the
K? sideband can be used to check the good modeling of the BDT training variables.
The BDT score and the most separating variable are shown for each background
source (u,d, s, c¢, B¥B~ and B°B° events). This comparison between SR and SB
sounds more reasonable compared to that of the total backgrounds because we know
there can be differences in the relative contributions of the background sources. The
plots for the Belle II categories are shown in Figures to in Appendix [G] (the
distributions for Belle are collected in Appendix [H| where we observe a slightly worse
agreement). Overall, we see that the BDT scores and the input features agree well
for all background sources and categories except for expected differences. This also
means that the K SB can be used for data/MC comparisons in the final fitting
region — O’ > 0.3, corresponding to @ > (0.7 + 0.8) depending on the mode.

The plots with the data/MC comparison of the training features in the K? side-
band can be checked in Figures to (Appendix [C]). Overall, the simulated
distributions agree well with data, although for some categories we do observe a slope
in the pulls distributions in variables involving ROE information (U, Fror) but
we believe dedicated corrections are not needed for this level of discrepancy. Be-
cause we observe a good agreement in the high O region for the K? sideband, the
BDT absorbs such discrepancies. While we also observe good agreement between
the K sideband and signal region MC, the BDT is also expected to absorb such
discrepancies in the signal window.

In Figures [7.2] and [7.3] we compare the O distributions in data and MC for the
K? sidebands in the signal region (defined as @' > 0.3). Given the fact that the
scaling factors obtained on all events (Tab. are not necessarily constant over
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the O’ threshold, we repeat the procedure described in Sections |5.2.1| and |5.2.2]

The same comparisons are done for the M. sideband. Compared to the K?
sideband, and even more, to signal region, this sample is much more ¢g enhanced.
Nevertheless, the agreement of the training features is checked in Figures[D.I]to
(Appendix @, probing different backgrounds with respect to K¢ sideband. The
distributions agree well with data, however some residual mismatches between data
and simulation can be be seen. Since the sideband is heavily ¢g contaminated, we
assume that such mis-modelings would be much less pronounced in the signal region.
In Figures [7.4] and [7.5| we compare the O’ distributions in data and MC for the M,
sidebands in the signal region (O’ > 0.3) with the SF&2" factors applied.

The normalization factors computed in the fit window are summarized for both
sidebands in Tab.[7.I] Overall we observe that a larger correction is required in Belle
compared to Belle I, and that the factors obtained in the @' > 0.3 region are more
consistent with the ‘global’ ones in Belle II. For each of the two sidebands, we cannot
be sure whether the data/MC discrepancy really comes from the combinatorial Bi,e
component and not from other sources (for example, in the K2 SB from the two
prompt pions combined into a K candidate, or, in the M. SB, from a different
composition in the By,, modes). Of course, the fact that the two sets of factors are
compatible in most cases (see Fig. reassures us on the goodness of the calibration
procedure. Nevertheless, due to our lack of certainty we decide to not correct the
combinatorial Bi,, component and keep the conservative approach where we assign
an uncertainty of 50% to it.

Coming to the ¢g simulations, the scaling factors from off-resonance signal region
are used to correct their normalizations, and the statistical uncertainties on the
corrections are assigned as systematic uncertainties.
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Figure 7.1: Scaling factors for By, combinatorics for Belle (left) and Belle II (right)
in K9 sideband and M, sideband (on-resonance) samples.

7.2 D-vetoed samples

As mentioned in other sections, an obvious background for the analysis consists of
semileptonic B° decays followed by the D~ — {K37~, K2p~} decays. In Section [
we explain that this background is vetoed by applying the selection M(K2,t.) ¢
[1.8,1.9] GeV/c? for the £yh., pl and (0 categories. Similarly to what was done
in [19, 20}, [49], we can check the analysis procedure before the BDT cut using the
vetoed regions. Figures|7.6/and [7.7|show the data/MC comparison in the M (K2, t.)
vetoed region for the ¢,h. and ¢,p. categories, respectively. For both Belle and
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Figure 7.2: Transformed BDT score in signal region, Belle K{ sideband, on-
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Figure 7.3: Transformed BDT score in signal region, Belle II K? sideband, on-
resonance data. All signal-region scaling factors are applied.

Belle IT data we check the distributions of M (K32, t.), m2, and O’. Despite the low

statistics, especially for Belle II, this indicates that the main efficiency corrections

(lepton ID, B,e, K and 7 reconstruction) applied to the MC samples yield to a
satisfactory agreement with data.

The different background components could be selected according to their m?
values: D~ (*v, in m2,, < 0.5GeV?/ct, D*~ (v, in m2,, € (0.5,1.0) GeV?/c* or
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resonance data. All signal-region scaling factors are applied.

DW=y in m2, > 1.0GeV?/c*. Similarly, low O’ values are enriched in B —

D®~¢+y, events while the right-end tails include B — D®~7+y_ and other BB
events which are more signal-like.

In Fig. [7.8  we show the M, distributions for the three categories ¢,h., £,p. and
00 to study the data/MC agreement for peaking/combinatorial Bi,e’s in both full
and signal BDT regions. We can see that for the ¢,h. and ¢, p. (selected subset of p)
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Table 7.1: Data/MC scaling factors for Belle and Belle II derived in the O’ > 0.3
region.
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Figure 7.6: M(K2t.) for £,h. events in the vetoed M (K3t.) region for Belle (upper
row) and Belle II (lower row) datasets. MC events are scaled to 711/fb and 365/fb

categories, where most of the B,,’s are peaking, the agreement is good, confirming
the goodness of the FEI corrections. The only category having a significant amount
of combinatorial By,’s is €0 (plots in the rightmost column); here we observe an
undershoot of data compared to MC, somewhat confirming what was obtained in the
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Figure 7.7: M(K3t.) for £,p. events in the vetoed M (K2t.) region for Belle (upper
row) and Belle II (lower row) datasets. MC events are scaled to 711/fb and 365/fb
respectively. All efficiency corrections are applied.

does need an ad-hoc scaling, which we cover with the 50% uncertainty assigned to
it.

To validate signal efficiency, or the BDT cut efficiency, we again utilize the £, h.
and p.l, categories in the D-vetoed region, as this sample is very pure in B°B° with
well-reconstructed tag side. Additionally, the sample includes all signal final state
objects: e, i, p, h, K. However, since both M (K9t.) and m2,, are used in the BDT
training as input variables, the B — D®)(v events are very much background-like
and so is the (0’ distribution, leading to very low statistics in the signal region. To
mitigate this difference between the D-vetoed sample and the signal, and enhance
the available statistics, we inject signal-like M(K%t.) and m?, distributions into
both data and MC samples. This procedure flattens the O’ distribution, making it
more signal-like. Figure shows the O’ distributions in the signal region before
and after the injection. The data/MC ratios obtained after the injection are listed in
Table[7.2} as they are all compatible with 1 within the uncertainties (at ~ 1 o-level),
we do not apply efficiency corrections but assign 10% systematic uncertainty to the
signal efficiency.

Table 7.2: Data/MC ratios after the injection in the D-vetoed sample.

Belle Belle II
lyhe | 0.99 +0.07 | 0.98 +0.09
lype | 1.11£0.07 | 0.95+ 0.06
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8. Signal extraction

This chapter describes the extraction of the B® — K277~ branching fraction. The
signal is extracted with a simultaneous binned maximum-likelihood fit to the trans-
formed BDT output variable O’ in the Belle and Belle II datasets and in the five
reconstructed 77 categories. The chapter first introduces the fit observable, the tem-
plate construction, the binning choice, and the statistical model. It then describes
the implementation of systematic uncertainties and the validation of the fit on sim-
ulated samples. The results obtained from Belle, Belle II, and the combined dataset
are then presented. Finally, the neutral-mode result is combined with the charged
pseudoscalar channel to obtain an isospin-averaged constraint on B — K77~ de-
cays.

8.1 Fitting strategy

The signal extraction is performed with a binned maximum-likelihood fit to the
transformed BDT output variable O’ in the range [0.3,1.0]. The fit is performed
simultaneously across the five signal categories and the Belle and Belle II datasets.
The statistical model is implemented with cabinetry, which uses pyhf [50, 51], a
pure-Python implementation of the ROOT HistFactory [52] framework for histogram-
based analyses and interval estimation.

The measurement relies on comparing the observed event yields with the predic-
tions from simulation. This comparison is described by a statistical model, which
gives the probability of observing the data for a given set of model parameters. In
a HistFactory or pyhf model, the data are represented by several binned distri-
butions, referred to as channels or categories. In each bin of each category, the
expected yield is obtained by summing the contributions from different physics pro-
cesses, or samples. These expected yields can depend on free parameters, such as the
signal strength, and on constrained nuisance parameters, which encode statistical
and systematic uncertainties.

As described in Section [ the fit categories are constructed using orthogonal
selections based on the reconstructed 77-pair daughter composition. The number of
observed signal events, Ny, is related to the branching fraction by

Nsg = 2 X Nyus) X [P x B(B® — K3rtr7) x e, (8.1)

where % = B(T(45) — B°BY) is the fraction of neutral B-meson pairs produced in
T (4S) decays, Ny(s) is the number of produced Y (45) mesons, and ¢ is the signal
reconstruction efficiency. The value of Ny(,g) differs between the Belle and Belle 11
datasets, while ¢ depends on the fit category. The central values and uncertainties
of Ny(s) and f% are discussed in Section .

For each category, three binned histograms, referred to as templates, are built
from simulation. They describe the expected distributions of the signal, BB back-
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ground, and ¢g background in the fit variable. The three templates are combined to
form the nominal model for the expected event yields. The templates are not fixed:
their normalizations and, where relevant, their shapes are allowed to vary according
to statistical and systematic uncertainties, whose implementation is described below
and in Section 8.2

The BB template contains the peaking B°B° component, in which the B, is
correctly reconstructed, and the combinatorial B°B° and B* B~ components. Since
the flavor of the signal-side B° meson is not known reliably on an event-by-event
basis, the BB template also includes peaking and combinatorial contributions from
same-flavor BB and B°B° events, where the By, candidate is combinatorial. The
qq template describes combinatorial backgrounds from continuum events.

All templates are weighted to account for known data/MC differences. The
background templates are additionally scaled to the integrated luminosity of the
data. The signal template is normalized to correspond to a branching fraction

B(BO—>KgT+T_) =103,

which defines the reference signal yield before the fit. As shown in Section [6] the
signal distribution is uniform by construction in the full range of O, up to small
variations due to finite sampling.

In addition to the templates, a pseudodata sample is constructed from the same
simulated background samples, assuming the absence of signal. This sample is
also referred to as Asimov data and is used to validate the fit and estimate the
expected sensitivity on simulation. The signal contribution is set to zero because the
Standard Model prediction, B(B® — K37777) ~ 1077, is approximately four orders
of magnitude below the current expected experimental sensitivity. The pseudodata
therefore correspond to the no-signal hypothesis.

Since signal events are uniformly distributed in (’, the binning is naturally
chosen according to signal-efficiency quantiles. The initial choice was to use bins
corresponding to 5% signal-efficiency quantiles in all categories. An additional re-
quirement was then imposed that each bin should contain at least 10 expected back-
ground events. For this reason, the bin size was increased to 10% signal-efficiency
quantiles in the ¢ and pf categories. In contrast, the (0 category has much larger
bin-wise background yields, so a finer binning corresponding to 2.5% signal-efficiency
quantiles is used. Even with this finer binning, the expected number of entries per
bin remains well above 10, so the asymptotic formulae used for the test statistic are
valid. Their applicability has also been checked with toy experiments.

In summary, all bins within a category have the same width in signal efficiency,
and the number of bins is chosen to be the following for both Belle and Belle II:

00, pl: 7 bins, corresponding to 10% signal-efficiency quantiles;
lehy, Cyhe: 14 bins, corresponding to 5% signal-efficiency quantiles;
00: 28 bins, corresponding to 2.5% signal-efficiency quantiles.

The pre-fit distributions of the constructed templates and pseudodata for the
combined fit are shown in Fig. with the yields scaled to the data integrated
luminosity. The uncertainties shown on the templates are statistical only and are
computed as

Ustat(i—th bln) =V Ni/Ns,
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8.1. Fitting strategy

where N7 is the number of entries in the i-th bin and N, is the ratio between
the effective integrated luminosities of simulation and data. The uncertainty on
the pseudodata is taken as the square root of the number of entries in each bin,
assuming the integrated luminosity of data. As discussed in Section [0}, two effective
luminosities of Belle MC and four effective luminosities of Belle II MC are used
to reduce the statistical uncertainty on the background templates. For Belle, the
effective integrated luminosity corresponds approximately to the same number of
events as in the Belle I MC sample.
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Figure 8.1: Pre-fit distributions of the BDT output @’. The signal template cor-
responds to B(B? — K2r777) = 1073, Data points labeled as pseudodata are
constructed assuming the absence of signal and correspond to the Asimov data.
The shown yields correspond to the integrated luminosity in data. The five upper
plots correspond to Belle MC, while the five lower plots correspond to Belle II MC.
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8.1. Fitting strategy

The setup described above is implemented in the cabinetry framework, which
allows one to:

create binned templates from the signal B — K277 and background samples,
namely BB and qq;

include an unconstrained normalization scale factor for the signal sample, de-
noted by u;

parametrize variations in the normalization and/or shape of any sample due
to systematic effects;

include bin-by-bin statistical uncertainties from the limited MC sample sizes;

combine multiple categories and correlate nuisance parameters across them.

The templates in each category are characterized by statistical and systematic
uncertainties, which can be either unique to a category or shared among several cate-
gories. The separation into categories is useful not only for background suppression,
but also for the treatment of systematic effects related to the background compo-
sition. For example, normalization uncertainties on the ¢g or BB yields can be
derived in a category-specific or multi-category way and then treated as correlated
or uncorrelated among categories, depending on their origin.

The systematic uncertainties are included in the fit through nuisance parameters
with Gaussian constraints. The modifiers used in the model are:

normsys: a constrained scaling of a template, representing a normalization
uncertainty. It is applied coherently to all bins of a given sample and is con-
trolled by a single nuisance parameter. This modifier is used for uncertainties
related to

the sample luminosity,
the number of T(45) mesons, Ny(s),

the ¢¢g normalization.

histosys: a correlated per-bin shape uncertainty applied to a sample. Two
variations, corresponding to upward and downward shifts of the expected event
rate, are provided for each bin of the sample. In this analysis, some uncertain-
ties are implemented with a combined normsys+histosys treatment, using a
single Gaussian constraint term for both the normalization and shape compo-
nents. This category includes uncertainties related to

efficiency corrections, including FEL, lepton ID, K? and 7° reconstruction,
and tracking;

normalization corrections, such as the correction to the combinatorial BB
component, which affects only part of the BB template and therefore
changes its shape;

MC generation inputs, such as g, f%, the signal form factor, and B-
meson branching fractions.
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Chapter 8. Signal extraction

- normfactor: an unconstrained scaling of a sample. It is used for the signal
strength parameter pu.

- staterror: a set of bin-wise scale factors applied to each sample, used to
model the uncertainty due to finite MC statistics. There is one nuisance pa-
rameter per bin.

In summary, the likelihood function f is a product of Poisson probability density
functions, which combines the information from all bins and categories, multiplied
by Gaussian constraint terms for the nuisance parameters:

flp]x) = H HPOIS New | Ven(t, X)) X HGausX ay | x)- (8.2)
categorles bmsc XGX
Here, n.; is the number of observed events in bin b of category ¢, while the corre-
sponding expected value is denoted by 1,;. The systematic uncertainties discussed
in the next section are embedded into the likelihood through the nuisance param-
eters x, which modify the expected event counts and are constrained by Gaussian
probability density functions Gaus,, linked to auxiliary data a,.
The expected number of events in each bin can be written as

Vel X) = 112+ Negas) - foo- BB = KL777) - ea() + vEE () + 183(x)- (8:3)
Here, I/fbé and Vgg are the expected yields of the BB and ¢q templates, respectively.
Although the nominal signal efficiency is uniform in the fit variable, it becomes bin-
dependent through the inclusion of shape systematic uncertainties and is therefore
denoted by €.;. The multiplicative factor p, which is free in the fit, scales the overall
normalization of all signal templates relative to the assumed reference branching
fraction.

8.2 Systematic uncertainties

Other than those related to the efficiency corrections described in Section [5 our
fitting procedure suffers from other systematic uncertainties that we should esti-
mate and take into account. Below we list the sources of uncertainty and how we
incorporate them into our fit model. The summary of the systematic uncertainties,
the corresponding categories and the samples that are affected by them is shown in
the modifier grid in Fig. [8.6]

e Efficiency corrections The efficiency corrections (/ID, fake rates, K, FEI,
70, tracking) come with systematic uncertainties. These corrections are usu-
ally binned, and the usual way is to treat the systematic uncertainties across
different bins as fully correlated. We treat such systematic sources as follows:
the systematic uncertainty is assigned to every event belonging to the bin for
which the correction is provided. Then, as these events populate the bins of
our @ template, they still remain fully correlated. For the “up” or “down”
variation of the template, the central value of the event weight is raised up or
down by a corresponding uncertainty, unique to each event (as displayed in
Fig. . In such a way, we treat the reconstruction efficiency uncertainties
and fake rates.
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Figure 8.2: Left: Signal template for FEI efficiency modifier in ¢¢ category. Right:
qq template for pID fake rate modifier in ¢, h. category (Belle IT MC).

If there are both statistical and systematic uncertainty for the correction
to the simulation, we treat the statistical part separately and consider it
as fully uncorrelated. In order not to create a large amount of nuisance
parameters, these uncertainties are combined with the MC statistical un-
certainty of the template, thus slightly enlarging it. In fact, the fully un-
correlated shape treatment of such statistical uncertainties would result in
correction X category x sample X bin more nuisance parameters (where the
category, bin, sample are affected by a given correction). Although, due to a
simplicity in implementation, the statistical uncertainties of a specific correc-
tion within a specific sample are treated as fully correlated within a given bin,
therefore our treatment is slightly more conservative compared to the fully
uncorrelated treatment. The inclusion of the statistical uncertainties into the
staterror modifier is performed by following the steps below:

— A fully-correlated among bins (b) normalization+shape systematic is cre-
ated for each correction co, same as done for the systematic uncertainties,
with the oga¢.005 uncertainties used.

— The £04t41,c0p shifts are symmetrized.

— This symmetrical uncertainty is extracted for every bin of every affected
sample.

— For each bin, we sum in quadrature the o4 0 Of all the affected cor-
rections and add the resulting o4 to the initial statistical uncertainty
Omcstatpy Of the sample by a sum in quadrature.

— Then, as the staterror modifier is created per category, the per-sample
per-bin modified statistical uncertainties are summed in quadrature into
the total per-bin statistical uncertainty o odified,b-

— The initial fully correlated normalization+shape systematic modifiers are
removed from the model.

This way we keep the same number of nuisance parameters as before the im-
plementation of the statistical uncertainties of the corrections. The impact
on the result is validated to be same as if the statistical uncertainties of the
corrections would be implemented as fully correlated, while significantly im-
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proving the stability of the fit. The effect of the increase of the total statistical
uncertainty per bin is illustrated in Fig. for the ¢¢ category in Belle II.

it Belle 1l

-

@

wn

Ostaterror
[*7] S

[}
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3 Modified 3 MC stat.
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© oBin °
Figure 8.3: In red, the per-bin statistical error in ¢¢ category after the statistical
(uncorrelated) part of the efficiency corrections was merged into the total statistical
uncertainty per bin. In black, the initial statistical uncertainty per bin, known from
MC statistics (Belle II MC).

e Luminosity The luminosity collected at the Y(4S) resonance is 365.4 +
1.7fb™" at Belle II [53] and 711 4 10fb~' at Belle [54]. The uncertainties on
the luminosities are incorporated to the ¢ and BB templates as normalization
nuisance parameters (one fully correlated parameter for each experiment).

e Ny (4s) The number of BB pairs produced at the Y(4S) resonance is (387 +
6) x 105 at Belle IT [55] and (772 £11) x 10° at Belle [56]. These uncertainties
are taken as normalization uncertainties and treated as fully correlated for the
signal templates among all five categories within the Belle or Belle II sam-
ples. We do not consider correlations between the Ny(g) and the luminosity
normalization.

e Npogo The number of neutral B-meson pairs is Ngogo = Nyus) X f%. The
numerical value we consider for f% from the latest HFLAV average [6] is

1% = 0.4861 4 0.0080

As mentioned in Eq. , the central values of Ny(s) and f% are used to
deduce the expected number of signal events for a given branching fraction,
here set to 1073. The uncertainties (we sum in quadrature the statistical and
the systematic terms) are propagated to the signal and BB templates. While
for signal the uncertainty on the number of B-pairs can be treated as simple
normalization term, for the BB templates the underlying B*B~ and B°B°
events undergo the same fractional variation, but opposite in sign, resulting in
an overall change of the template shape. Nonetheless, to fully correlate both
signal and the B°B° part of the BB template, the modifier for signal is also a
normalization+shape, but with no shape variation.

e x4 The amount of mixed events changes as a function of the BDT cut and is
different for each fit category. The events are generated with a mixing rate x4

104



8.2. Systematic uncertainties

that is compatible with the PDG value for Belle IT samples and almost compat-
ible for Belle (~20 discrepancy). Therefore, we decide to use the uncertainty
on the current PDG best-fit value of x,; as a systematic uncertainty to be
applied to all B events (BB and signal templates) as a shape+normalization
uncertainty (e.g. if the fraction of mixed events goes up, then fraction of
unmixed events goes down).

gq normalization For each fit category, the data/MC yield ratio of the off-
resonance events belonging to the region O’ > 0.3 is computed; the central
value is used to re-scale the ¢g overall yield and the (statistical) uncertainty
is used as normalization systematic uncertainty for the ¢q fit template.

Combinatorial Bi,, normalization For each fit category, a 50% “normal-
ization” systematic uncertainty is assigned to the BB template’s events with
non-peaking By,,’s. Because this nuisance affects only part of the template, it
is implemented as normalization+shape (and not pure normalization, despite
being called such). The justification for this systematic is discussed in Sec-
tion . The fractions of events with the non-peaking By,,’s within the BB
template, are:

— Belle: 14% (£0), 28% (£.hy), 29% (Luhe), 35% (pl), 46% (£0)
— Belle II: 19% (£0), 30% (Lohy), 30% (Luhe), 37% (pl), 45% (£0)

Signal modelling The BTOSLLBALL model in evtGen, used to generate the
signal events, is based on the B — K form factors (FF) computed in [57]
using the light cone QCD sum rule approach. In the default configuration, the
set of values are those providing the loosest bounds on the Cy and C;y Wilson
coefficients. As an alternative signal model, we use the SM predictions from
the flavio package [58|, which relies on different form-factor parameteriza-
tions and Wilson-coefficient inputs [59, [60]. We have checked that the total
integrated BF for B® — K377 obtained with flavio is consistent with the
SM prediction computed in [61]. The binned differences in the ¢2 . distribu-
tion between the nominal (BTOSLLBALL) and the alternative model provided
by flavio (see left plot of Fig. are used to establish event-based weights
w:

o d—Palt/dq'L2 - dl_\nom/dqz2
v AT pom/dq?
The right plot of Fig. shows an example of how the signal template varies if
one considers the alternative model. The modifier type used for such template
is a one-sided normalization+shape. The fact that at high O’ values we get
slightly higher signal yield, when using the alternative model of the left plot
of Fig. , can be easily explained: the BDT favors lower ¢* values (because
backgrounds tend to have larger values).

Uncertainties on the BB background decays While for the By, side the
data/MC efficiency differences are corrected and the systematics uncertain-
ties computed, for the By, side there can be additional mismatches we want
to address. For example, the B modes selected in our BB background and
belonging to the B, side can have generated branching fractions (BF) that
significantly differ from the most recent PDG/HFLAV averages. Even when
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Figure 8.4: Systematic uncertainty related to the signal model used for the selection
optimization. On the left, the default model (BTOSLLBALL) is compared to the
alternative one (SM flavio). The ¢*-binned event-by-event weight resulting by
comparing the two distribution is propagated into the template modifiers whose
envelope is represented in the right plot for the Belle ¢/ category.

the generated BFs are up to date, the uncertainties on the averages and their
impact on the BB templates shapes should be taken into account. As de-
scribed in Section (and summarized in Tables and , a large fraction
of BB background events has a semileptonic decay on the signal side. This
fraction ranges from ~ 90% for the ¢¢ category to ~ 40% for the (0 category.
Besides the well known B — D®/¢v and B — D®rv decays, we observe a
non-negligible component of B — D**{v, which are less precisely measured.
Similarly, among the hadronic By, decay modes, many of them have not been
measured or have poor precision. The general strategy is the following: we
correct the number of events entering the signal region by applying weights
wpr equal to
wgr = BFeas/ BFuc-

where BFjeas uses either the PDG [3] or the HFLAV [62] averages depending
on the mode. Once the known branching fractions are corrected, we must
also propagate their uncertainties o (B Fipeas); for the unmeasured modes, we
assume a 100% uncertainty. This approach is rather conservative and results in
large uncertainty on the final result. To get the variations, an ensemble of 5000
toy experiments following a lognormal distribution (In N(wgp, 0(BFpeas))) 18
generated to get the correlation and the covariance matrices. As we treat
the PDG/HFLAV averages as a single auxiliary measurement, the toy weight
applied to the BF is fully correlated between the Belle and Belle II datasets
for each mode within a toy replica. Five toy replicas are shown in Fig. [8.5]
where the spread in the bin yields roughly represents the uncertainty on the
BB template due to this systematic source. The total dimensionality of such
matrices are 140 x 140, dictated by the 70(Belle)+70(Belle II) bins in O'.

To capture the uncertainty obtained via toy variation, we take all eigenvectors
from the obtained covariance matrix and incorporate them as yield and shape
modifiers via 140 (70 for Belle or Belle II disjoint results) nuisance parameters
into the fit model.

e Uncertainty on K production modeling Following Ref. [18], we consider
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Figure 8.5: Five toy replicas of the BB template in bins of @' in the fit region.

a large uncertainty on the K inclusive production. As we do not perform a
dedicated measurement ourself to investigate this component directly, we do
not upscale the D — K? component, instead, we assign a +40% normalization
uncertainty on this component in B backgrounds (separately in Belle and
Belle II) to cover both the quoted central value and its uncertainty. We do not
allow this component to additionally float in ¢g, as our scaling factor obtained
from the off-resonance sample corrects also the data/MC differences induced
by D — K? modeling. Therefore, the systematic uncertainty is assigned to
B — D — K inclusive events. This uncertainty is treated as uncorrelated
for the Belle and Belle II, while within the experiment, this systematic is
implemented as fully correlated normalization-+shape.

e BDT selection efficiency uncertainty An uncertainty associated with the
signal efficiency after the BDT selection is derived using the modified D(Kot..)-
vetoed region, described in Sec. . In this region, the data/MC scale factors
can be measured with a statistical precision of about 10%, which is taken as
the corresponding systematic uncertainty. The calibration is performed only
in two of the five fit categories, ,h. and ¢, p., where the B°B° purity is high,
approximately 98% for t. = m and 90% for t. = p. For this reason, the
uncertainty is treated as fully correlated among all five fit categories within
the same experiment. The uncertainties assigned to Belle and Belle II are
treated as uncorrelated and affect signal normalization.

e 7 Branching Fraction uncertainties As the 7 decay mode composition di-
rectly impacts the signal shape and efficiency, we assign the uncertainty from
PDG as a systematic uncertainty for each considered mode. Such systematic
is implemented as normsys-histosys for each weighted 7 decay mode (10 nui-
sance parameters). As a reminder, the most abundant 7 branching fractions
are fixed to PDG values within the signal template.

The comparison of pre- and post-cut signal efficiencies and (normalized) back-
ground yields is shown in Tab. [8.I] The normalization factors for the ¢g and com-
binatorial Bi,e components for the pre-cut case are “global” as described in Para-
graphs [5.2.1] and [5.2.2l For the post-cut case the qg weights are derived using the
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Figure 8.6: Modifier grid showing the systematic uncertainties, their type and the
affected samples and categories.

the same procedure, but after the BDT cut is applied and explained in Section [7.1]
For the combinatorial Bi,e no scaling is applied for the post-cut case to be represen-
tative of the template yields. Additionally, for the post-cut columns the branching
fractions of the most abundant known background decays are weighted in MC to
match the latest PDG/HFLAV averages as described in this section.
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Table 8.1: Signal efficiencies and expected background yields for Belle II MC both
before and after the cut @ > 0.3 is applied. In both cases the reconstruction
efficiencies, fake rates and normalization are corrected for data/MC discrepancies.
The pre-cut values are given with the normalization corrections obtained in the
full O’ region (global) as described in Sections |5.2.1f and [5.2.2] while the post-cut
values are shown with separate combinatorial ¢g normalizations, obtained in the fit
region. There is no combinatorial By,, normalization factor for the post-cut case to
be representative of the yields of the templates. The uncertainties are not shown as
they are entangled through complicated systematic and statistical effects discussed
in this section.

Signal eff. (107%) qq yields (100 tb~!) BB yields (100 fb~!)
pre-cut post-cut | pre-cut post-cut pre-cut  post-cut

o 0.97 0.68 44 6 925 165

lehy, 1.54 1.08 293 40 1308 278

Cyhe 1.48 1.04 273 48 2044 318

pl 1.05 0.74 376 41 1443 216

00 4.32 3.03 5542 567 7324 1295

Table 8.2: Signal efficiencies and expected background yields for Belle MC both
before and after the cut @' > 0.3 is applied. In both cases the reconstruction
efficiencies, fake rates and normalization are corrected for data/MC discrepancies.
The pre-cut values are given with the normalization corrections obtained in the
full O’ region (global) as described in Sections |5.2.1f and [5.2.2] while the post-cut
values are shown with separate combinatorial ¢g normalizations, obtained in the fit
region. There is no combinatorial By,, normalization factor for the post-cut case to
be representative of the yields of the templates. The uncertainties are not shown as
they are entangled through complicated systematic and statistical effects discussed
in this section.

Signal eff. (107%) qq yields (100 tb~!) BB yields (100 fb~!)
pre-cut post-cut | pre-cut post-cut pre-cut  post-cut

o 0.48 0.34 8 0.5 433 61

Lehy, 1.14 0.80 90 13 878 195

Cyhe 1.17 0.82 93 14 1681 281

pl 0.44 0.31 84 7 978 81

00 4.03 2.82 5344 593 7333 1808

8.3 Results on simulation

To get the result on MC and validate our fitting procedure we perform the fit of our
model to the Asimov data.

One of the common health checks for the fit performance is the pull plot of the
fit to Asimov data. A pull is computed by calculating the difference between the
fitted parameter value (6), the initial value (6,), and dividing it by the width of that
constrained parameter(Af) as shown in the equation:

~

— 0,

N (8.4)

pull = 4
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The pull plot for the combined fit to the Asimov data can be seen in Fig. 8.7 As
expected, all the nuisance parameters in the fit give zero pulls after the fit to the
Asimov data. The errors on the pulls do not deviate much from the nominal 1o con-
straints, although the errors on the uncertainties derived with the most conservative
approaches are slightly shrank after the fit. The post-fit correlations of the nuisance
parameters, obtained from the fit to the Asimov dataset are shown in Fig. 8.8

It can be noticed that some systematics have rather high (anti-)correlations be-
tween each other. In particular, a high anticorrelation is seen between the D — K9
modeling uncertainty and the normalization uncertainties assigned to the combina-
torial By, components in the BB templates. This arises from the relatively similar
shape of these components and the comparable size of their associated uncertainties.
Moderate anticorrelations are also observed between the first two leading eigenvec-
tors from the branching fraction (BF) uncertainty decomposition. This behavior
indicates some level of mutual compensation between these parameters, which is
expected due to the construction of eigenvectors. In addition, some anticorrelations
are found between various systematic sources and the leading BF uncertainty vector.
This is attributed to their entanglement through the dominant B — D background
contributions, which result in similar shape variations. On the other hand, high cor-
relations are observed in combinatorial Biag BB normalization systematics within
a given experiment, but show no correlation to Bi,, BB normalization systemat-
ics from the other experiment as expected. This is an expected behavior, as each
normalization uncertainty covers the same part of the template and is allowed to
fluctuate by the same amount. MC statistical uncertainties, as anticipated, gener-
ally show weak correlations. Rare exceptions occur when normalization systematics
or certain efficiency corrections mimic similar behavior in specific bins. These are
uncorrelated statistical uncertainties, hence their general independence.

The impact of the single systematic uncertainties on the POI is computed by
repeating the fit to the Asimov while varying the nominal value of the nuisance
parameter by its systematic uncertainty as explained in [63, [64]. The nuisance
parameter is not held fixed, as would be done by using the method implemented in
cabinetry, as fixing the parameter would modify the shape of the likelihood. The
deviation of y from 0 for a given fit with a shifted systematic represents the impact
of that systematic source on the fit observable. The values of the “up” and “down”
impacts on the signal strength are averaged. For the MC statistical uncertainty,
the values of impact on POI are summed in quadrature across all bins. The total
uncertainty is again represented by a sum in quadrature of the impacts on POI
from every systematic. The numeric values for the combined fit are shown in the

Table R.3l

We check for possible fit biases by fitting our model to an ensemble of toy Asimov
datasets, sampled with a Poisson distribution. A 10,000 toy samples are used for each
signal strength hypothesis. If the central value and the uncertainty of the parameter
of interest p is correctly estimated by the fitter, the distribution of the fitted p is
expected to be centered at the injected p hypothesis with a width corresponding to
the statistical uncertainty. The distribution of the fitted p for four signal strength
hypotheses is shown in Fig. [8.9] where the median is utilized to estimate the fit bias
and 68% quantiles around the median are used to estimate the statistical uncertainty
(04). The fit shows almost no bias (O g 1%), which is also influenced by the
number of toys being used. Due to the toy precision, to estimate the statistical
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Figure 8.7: Pull plot from the fit to the Asimov dataset.

uncertainty we prefer to subtract the systematic uncertainty in quadrature from
the best-fit value of u, while the result of such operation is almost compatible with
the o, and the o_, obtained from the toy Asimov data. The fact that the values
are not entirely compatible is a consequence of: 1) number of toys precision 2)
symmetrized uncertainty of the systematics estimate 3) the distribution of the fitted
i is not entirely Gaussian itself and is slightly asymmetric due to the Poissonian
sampling of the bins with low yields. Therefore some information is lost due to the
symmetrization of statistical and systematical uncertainties on p. Same tests as
mentioned here are performed for the disjoint fits of Belle and Belle II; they can be
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Figure 8.9: The distribution of the fitted p to the ensemble of the toy Asimov
datasets for four injected signal strength hypotheses (10000 toys each). The median
and the o, ,0_ values are shown, estimated from the 68% quantiles of the distribu-
tion.

For a non-significant signal strength, an upper limit is derived using the C'L;
method described in Sec. The expected exclusion limit derived on Asimov data
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Table 8.3: Uncertainty on fitted signal strength p for the combined fit to the Asimov
data, ranked from highest to lowest.

Source Ap Source o
B branching fraction uncertainties 0.20 MC stat 0.17
Belle FEI efficiency 0.05 Belle IT D — K? modelling 0.04
foo (HFLAV 2024) 0.03 Belle D — K? modelling 0.02
Belle IT FEI efficiency 0.02 Belle II comb. BB norm. pf 0.02
Belle eID efficiency 0.02 Belle comb. BB norm. /0 0.02
Belle IT comb. BB norm. #4,h, 0.02 Belle IT comb. BB norm. 0 0.02
Belle comb. BB norm. £/ 0.02 Belle comb. BB norm. £, h. 0.02
Belle comb. BB norm. p/ 0.01 Belle IT 70 efficiency 0.01
Belle IT elD efficiency 0.01 Belle comb. BB norm. ¢.h, 0.01
Belle II comb. BB norm. /,h, 0.01 Belle II 20 qq norm. 0.01
Belle luminosity 0.01 Belle II comb. BB norm. ¢/ 0.01
Belle pID efficiency 0.01 Belle IT pID fakes 0.01
Belle IT /X ¢gg norm. < 0.01 | Belle £X ¢ norm. < 0.01
Belle IT K2 efficiency < 0.01 | Belle K2 efficiency < 0.01
Belle tracking efficiency < 0.01 | Belle 7° efficiency < 0.01
Belle 0 gG norm. <0.01 | xq < 0.01
Belle IT pID efficiency < 0.01 | Belle IT luminosity < 0.01
Belle uID fakes < 0.01 | Belle II tracking efficiency < 0.01
7 — m27° BF unc. < 0.01 | Signal efficiency uncertainty Belle IT < 0.01
Belle IT T(4S) counting <0.01 | 7— m37° BF unc. < 0.01
Signal efficiency uncertainty Belle <0.01 | 7— 377" BF unc. < 0.01
Belle B counting <0.01 | 7— 747" BF unc. < 0.01
7 — p BF unc. <0.01 | 7 — e BF unc. < 0.01
7 — Knr® (n < 3) BF unc. <0.01 | 7 — 37 BF unc. < 0.01
7 — 7% BF unc. <0.01 | 7 — m BF unc. < 0.01
Form factor < 0.01

Total 0.29

is shown in Fig.
The simultaneous fit to the 10 (5 in Belle and 5 in Belle II) fit categories leads to

the results on the fitted parameter of interest 1 shown in Table[8.4] together with the
Belle and Belle II disjoint fit results. The result of the branching fraction measure-
ment with the separate impacts of the statistical and systematic uncertainties are
shown in Table The quoted systematic uncertainty is taken from the Table
(or a corresponding table for a disjoint fit from Appendix [[, while the contribution
of the statistical uncertainty is computed as a difference in quadrature between the
total uncertainty (obtained from the fit) and the systematic uncertainty.

Table 8.4: Results based on Belle ([ £dt = 711fb™!) and Belle II ([ Ldt = 365fb™")
MC samples with the background-only hypothesis.

Sample | M UL @ 90% CL
Belle 0.00 £ 0.55 0.95 x 1073
Belle 11 0.00 + 0.66 1.12 x 1073
Combined 0.00 £ 0.44 0.74 x 1073
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Figure 8.10: C'L, scan from the fit to the Asimov dataset.

Table 8.5: Branching fraction measurement results based on Belle ([ £dt = 711fb™")
and Belle II ([ £dt = 365fb~") MC samples with the background-only hypothesis.

Sample | B(B" — K2r777)(1073)

Belle 0.00 £ 0.41(stat.) 4 0.36(syst.)
Belle II 0.00 % 0.49(stat.) = 0.43(syst.)
Combined 0.00 £ 0.33(stat.) 4= 0.29(syst.)

One can notice that the statistical uncertainty for Belle and Belle II scale almost
correctly with the square root of the luminosity (0.49/0.41) x 1/365/711 ~ 0.86 ~ 1.
The mismatch is driven by the differences in reconstruction efficiencies between Belle
and Belle IT and the separate BDT trainings.

8.4 Results on data

8.4.1 Measurement in control sample

We validate the efficiency in simulation and the fit procedure using semileptonic B°
decays with D~ — Kor~ or K3p~, selected within the vetoed region of M (Kot.).
First, we fit Nyaia (D7) /Nyc(D®7) in B — D®~¢*v events and measure 1.09 4
0.11 (1.04£0.14), thereby confirming good agreement between data and simulation.

8.4.2 Belle II partial result

The result of the fit to Belle II data shows satisfactory agreement between the
data and the model. No significant signal is observed. The measured branching
fraction is found to be Bpepe 11 data( B — Ko77) = [0.20+£0.50(stat.) £ 0.44(syst. )] x
1073, The result is compatible with the MC expectation. The upper limit on the
Bgelle 11 data (B® — K277) is found to be 1.31 x 1072 at 90% confidence level. The pull
plot of the Belle IT only fit is shown in Fig. The contributions of all systematic
sources are summarized in Tab. R.6
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Figure 8.11:
from the fit to Belle II

data only.

Table 8.6: Uncertainty on fitted signal strength p for

the Belle II-only fit.

Source

B BF uncertainties

MC stat

Belle II FEI efficiency
Belle II D — K% modelling
Belle II eID efficiency

foo (HFLAV 2024)

Belle II 70 efficiency

Belle 11 Kg efficiency

Belle II comb BB norm pf
Belle IT 20 ¢g norm

0.35
0.23
0.09
0.07
0.04
0.04
0.04
0.03
0.03
0.03

signal efficiency uncertainty Belle 11 0.02

Belle II comb BB norm ¢, h,

Belle II comb BB norm /0
Belle II comb BB norm ¢/
Belle IT ulID fakes

form factor

Belle IT /X g norm
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Belle I comb BB norm #.h,,
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< 0.01
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< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01

Total

0.44

Pull plot

8.4.3 Belle partial result

The result of the fit to Belle data shows satisfactory agreement between the data and
the model. No significant signal is observed. The measured branching fraction is
found to be Bpelie data(B® — K377) = [0.0740.42(stat.)+0.36(syst.)] x 1073, The re-
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sult is compatible with the MC expectation. The upper limit on the Bgepe data(BO —
K277) is found to be 1.01 x 1073 at 90% confidence level. The pull plot of the Belle
only fit is shown in Fig. The contributions of all systematic sources are sum-
marized in Tab.
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from the fit to Belle data

only.

Table 8.7: Uncertainty on fitted signal strength u for

the Belle-only fit.

Source

MC stat

B BF uncertainties

Belle FEI efficiency

Belle comb BB norm ¢/
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foo (HFLAV 2024)

Belle comb BB norm 4,h,
Belle comb BB norm ¢.h,
Belle Luminosity

Belle 70 efficiency

Belle uID efficiency

form factor

Belle /X qq norm

Belle tracking efficiency
Belle Kg efficiency

signal efficiency uncertainty Belle
7 — m2r° BF unc.

Xd

Belle B counting

Belle 0 gg norm

7 — 37 BF unc.

7 — e BF unc.

7 — 3w’ BF unc.

7 — 737 BF unc.

7 — m47° BF unc.

7 — 7 BF unc.

7 — u BF unc.

7 — 7w BF unc.

7 — Knn®(n < 3) BF unc.
Belle plID fakes

0.24
0.23
0.09
0.05
0.04
0.03
0.03
0.03
0.03
0.02
0.02
0.02
0.02
0.02
0.01
0.01
0.01
0.01
0.01
0.01
0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
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Total
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8.4.4 Final result

The result of the simultaneous fit to the full available data yields no observation
of significant signal. Already at the pre-fit stage the agreement between data and
model is good as shown in Fig. 8.13] The distributions of the fit variable after the
fit is performed are shown in Fig.[8.14] A selection of approximations of the post-fit
distributions of the BDT input features is summarized in Appendix [J} The measured
branching fraction is found to be

B(B" — K2r7) = [0.12 + 0.33(stat.) & 0.29(syst.)] x 107.

The result is compatible with the MC expectation. It is worth noting that the central
value of the B(BY — K377) from the simultaneous fit does not lay in between the
disjoint Belle and Belle II results, with the reason for this being different fit models
used for the three fits and inclusion of correlations of the nuisance parameters for
the models of the two datasets. The upper limit is set to be

Byr(B® — Kor7) < 0.83 x 107

at 90% confidence level. The C'L, scan plot is shown in Fig.|8.15 The pull plot of
the full simultaneous fit is shown in Fig. The contributions of all systematic
sources are summarized in Tab. R.8

Table 8.8: Sources of systematic uncertainties, their treatment in the fit and their
contribution to the uncertainty on the signal strength pu.

Source Uncertainty type, parameters| o,
Leading B-decay branching fractions Correlated shape, 140 0.20
MC statistics Uncorrelated shape, 140 0.18
B-tagging efficiency Correlated shape, 2 0.06
Combinatorial Btoag normalization Correlated shape, 10 0.05
D — K9 modeling Correlated shape, 2 0.05
Lepton ID Correlated shape, 6 0.03
foo Correlated shape, 1 0.02
Signal efficiency uncertainty Normalization, 2 0.02
70 efficiency Correlated shape, 2 0.02
qq normalization Normalization, 4 0.02
Signal model Correlated shape, 1 0.01
K9 efficiency Correlated shape, 2 < 0.01
Number of T(45) Normalization, 2 < 0.01
Luminosity uncertainty Normalization, 2 < 0.01
Tracking efficiency Correlated shape, 2 < 0.01
Leading 7-decay branching fractions Correlated shape, 10 < 0.01
Xd Correlated shape, 1 < 0.01
Total 0.29
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8.5 Isospin average

The recent search for BT — K777~ using Belle and Belle II data provides the
most stringent constraint in the pseudoscalar-kaon sector, setting an upper limit of

BuL(BT — K*r717) < 0.56 x 1073

at 90% confidence level [9]. Together with the search for B® — K777~ presented in
this work, it probes the same underlying b — s7*7~ transition with a pseudoscalar
kaon in the final state. In many beyond-SM scenarios, the NP contribution is ex-
pected to affect the charged and neutral modes in a closely related way, up to known
lifetime factors. The neutral mode therefore provides an independent measurement
with different signal selection, background composition, and systematic uncertain-
ties, allowing the two results to be combined into an isospin-averaged constraint on
B— Ktt71™.

The two measurements are not identical in their experimental strategy. The
BY — K777~ analysis described in this work uses several 77 final-state categories
and extracts the signal from a simultaneous binned maximume-likelihood fit to the
transformed BDT output distribution. In contrast, the BT — K*717~ analysis uses
only leptonic 7 decays and determines the signal yield from the event counts in the
most sensitive region of the residual calorimeter energy. Although these approaches
appear different, the counting measurement can be written as a binned likelihood
with one signal-region bin for Belle and one for Belle II. This makes it possible
to reinterpret the charged-mode result in the same pyhf framework used for the
neutral-mode analysis.

For this purpose, the observed yields, expected background yields, signal efficien-
cies, and systematic uncertainties of the BT — K777~ measurement are used to
construct a two-bin pyhf model. The two bins correspond to the Belle and Belle II
signal regions. Signal-efficiency uncertainties are implemented as normalization un-
certainties, while the uncertainty on the expected background yield is implemented
as a bin-wise statistical uncertainty. The resulting model reproduces the nominal
charged-mode central value and uncertainty,

B(BT — K*r777) = (0.04 £ 0.30) x 107,

as well as the published upper limit. This validates the use of the pyhf implemen-
tation for the isospin average.

The neutral-mode likelihood is then modified to express the result in terms of
the underlying B® — K°7+7~ decay rather than the experimentally reconstructed
B® — K27%7~ final state, assuming B(B® — K% "77) = 2-B(B® — K’t777). The
lifetime difference between charged and neutral B mesons is also included, since the
isospin relation applies to the decay widths rather than directly to the branching
fractions. The common branching fraction parameter is therefore defined through

TB+

B(B— Kt )=B(B" - Ktrtr7) =2—B(B" = KXr777),

TBO
where 7+ /Tpo = 1.076 £0.004 [3]. The uncertainty on the lifetime ratio is included
as an additional normalization systematic uncertainty.
The charged- and neutral-mode models are combined into a single likelihood with
one shared parameter of interest, B(B — K7777). Correlations between systematic
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uncertainties are treated according to the origin of each effect. The uncertainties
related to the number of produced BB pairs and to tracking efficiencies are cor-
related between the charged and neutral modes within the same experiment. The
uncertainty associated with the YT (45) branching fractions into charged and neutral
B-meson pairs is treated as anticorrelated between the two modes. The uncer-
tainties related to the hadronic B-tagging efficiency are kept uncorrelated between
the charged and neutral channels, due to different performance and calibration for
neutral and charged channels. The particle-identification uncertainties are also not
correlated between the two measurements, as lepton-identification uncertainty for
the charged channel is combined with the hadron-identification uncertainty, absent
in B® — K°*7~ measurement.
The fit to the combined likelihood gives

B(B — K7t777) = (0.06 + 0.28) x 10~*.

The upper limit is derived using the same CLs prescription as for the neutral-mode
analysis. The expected upper limit improves by nearly 10% relative to the charged-
mode result alone, while the observed limit improves by about 5%. The comparison
of the observed and expected CLs scans for the charged-mode-only and combined
fits is shown in Fig.
We obtain
BuL(B — Kt777) < 0.54 x 1073

at 90% confidence level. This result provides the most stringent constraint to date
on b — sTT7~ transitions involving a pseudoscalar kaon in the final state.
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A
O 0.10
0.08 -
0.06 +

0.45 0.50 0.55 0.60 0.65 0.70
True B(B=PT* 1 )(1073)

Figure 8.17: Comparison of the observed and expected CLs scans for the BT —
K*777~ fit and for the isospin-averaged B — K777~ combination.

As an illustrative reinterpretation, the isospin-averaged upper limit can be trans-
lated into a constraint on a benchmark new-physics contribution to the left-handed
b — sTt7~ operators that can explain Ry excess (see Fig. and Sec. . Fol-
lowing Ref. [5], we consider the scenario

CoPT=—A, O =+A, (8.5)
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so that, using the notation of Eq. (1.12)),
Cq=CM— A, =0 A (8.6)

In the large-A limit, related to the Rx/R3M as

2t Vg Rx
A= — —1 8.7
ach (,/@M ) 87

the branching fraction of the pseudoscalar mode is

B(B— Kt777) = (8.84+0.8) x 1077 A% (8.8)
Using the observed isospin-averaged limit, we obtain (see Fig. [8.18))
|A| < 2.6 x 10°. (8.9)

This bound should be interpreted as a benchmark recast rather than a model-
independent constraint, since it assumes that the dominant new-physics effect enters

through the left-handed vector and axial-vector operators, with opposite shifts in
C§ and C7,,.

1073

RxIR$M, 20
1074 4 Rx/IR$M, 10

—~
I
~
+ —— Rx/RZM central 7
~ B-Kt* T~ prediction /
3 B-K"t* 1~ prediction.
A4 —— B-KT*T~ 90% CL limit
1T —— B-K T T~ 90% CL limit
Q
K

105 { ——- B-K: |A| <260 7
e BoK": |A|<1y/

A4
7

10! 102
|Alin CIT=C3M — A, CIE=C3)' + A

Figure 8.18: Benchmark reinterpretation of the upper limits on B(B — K7777)
and B(B — K*r"77) in terms of the parameter |A|, defined through C37 = C5M —
A and C7f = CPM + A, The red and blue shaded regions show the large-new-
physics predictions for the K and K* modes, including the theory uncertainties.
The horizontal lines show the observed 90% confidence-level upper limits, while the
vertical lines indicate the corresponding conservative constraints on |A|. The green
bands show the |A| region associated with the Ry /RSM excess and its £10 and 420
ranges.
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9. Conclusion and outlook

This thesis presents the first search for the rare decay B® — K27+7~. The anal-
ysis uses the full Belle dataset and the Belle II Run 1 dataset collected at the
Y (4S) resonance, corresponding to integrated luminosities of 711 fb™' and 365 fb™*,
respectively. The decay proceeds through the flavor-changing neutral-current tran-
sition b — s777~, which is highly suppressed in the Standard Model but can be
significantly enhanced in presence of possible New Physics mediators that couple
preferentially to third-generation leptons.

The experimental signature is challenging because the two 7 leptons produce
multiple neutrinos, preventing a full reconstruction of the signal decay. The analysis
therefore exploits the clean environment of ete™ — Y(4S) — BB events. One of the
two B mesons is fully reconstructed in hadronic decay modes, providing constraints
on the signal-side kinematics, otherwise inaccessible in final states with missing
energy.

Signal candidates are formed by combining a K? — 777~ candidate with two
oppositely charged tracks. Only the candidates consistent with topologies where
7 decays to a final state with a single charged particle are considered. The se-
lected events are divided into five mutually exclusive categories according to the
reconstructed 77 final-state composition: ¢4, ¢.h,, {,h., pf, and £0. This categoriza-
tion exploits differences in signal efficiency, background composition, and charge-
correlation information between the reconstructed 7 daughters and the inferred By,
flavor.

Several corrections are applied to the simulated samples to account for known
differences with data. The dominant correction is associated with the hadronic
B-tagging efficiency, while additional corrections account for charged-track recon-
struction, K? reconstruction, lepton identification, 7° reconstruction, 7 branching
fractions, and background-normalizations. Continuum backgrounds are constrained
using off-resonance data, and the combinatorial BB component is studied with data
sidebands. The uncertainties associated with these corrections are propagated to
the final statistical model.

Background suppression is performed with multivariate classifiers trained sepa-
rately for the different categories and datasets. The classifier output is transformed
into the variable O’ for which the signal distribution is uniform by construction.
The final signal extraction is performed in the range @ > 0.3, using a simultaneous
binned maximum-likelihood fit to the Belle and Belle II samples and to all signal
categories. The fit model includes templates for the signal, BB background, and
continuum background, with statistical and systematic uncertainties implemented
as nuisance parameters. Main systematic sources arise from poor knowledge of the
signal-side B-meson decay branching fractions and from limited simulated sample
statistics.
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The analysis strategy is validated in several control regions before inspecting the
signal-enhanced region. The K and M, sidebands are used to test the modeling
of the BDT input variables, the transformed classifier output, and the background-
normalization corrections. The validation of the signal efficiency is performed in a
sample enriched in B — D®~¢+y, decays, obtained from the charm-vetoed region.
The agreement observed in these regions supports the use of the simulated templates
and justifies the uncertainties assigned for the signal extraction.

No significant signal is observed in the Belle, Belle II, or combined datasets. The
simultaneous fit gives

B(B" — K27"77) = [0.12 4 0.33 (stat.) 4= 0.29 (syst.)] x 1072,

which is compatible with the background-only expectation. The corresponding up-
per limit is

B(B" — K%"77) <083 x 107
at 90% confidence level. This result represents the first experimental con-
straint on this decay mode.

The neutral-mode result is also combined with the recent measurement of BT —
K777~ to obtain a constraint on the B — K717~ transition. This isospin average
is performed with a common likelihood in which the charged and neutral modes
share a single branching-fraction parameter, and correlations between systematic
uncertainties are treated according to their physical origin. The combined fit gives

B(B — K7777) = (0.06 £ 0.28) x 1072,
and the corresponding upper limit is
B(B— Kt777) <0.54 x 107°

at 90% confidence level. This provides the most stringent constraint to date
on b — sTT7~ transitions involving a pseudoscalar kaon in the final state.

The results presented in this thesis were also reported as preliminary results at
the Electroweak and QCD sessions of the 60th Rencontres de Moriond, and are
documented in the corresponding conference proceedings [65, [66]. At the time of
writing, the paper describing the full analysis is in the final stages of the Belle II
collaboration review, with submission for publication expected to follow after the
completion of this process.

The methodology developed in the scope of this work, in particular the simul-
taneous treatment of Belle and Belle IT data and simulation, the improvements in
category-dependent multivariate suppression, and the likelihood-based combination
with related channels, provides a foundation for future searches for rare b — stt7~
processes at Belle II. The achieved sensitivity is still several orders of magnitude
above the Standard Model prediction, but close to the range of branching fractions
relevant for some new-physics scenarios with enhanced couplings to 7 leptons. In or-
der to confirm or exclude such models, a significant advancement in the experimental
techniques is required. Possible improvements involve the B-tagging performance
(either hadronic or with higher efficiency approaches), the particle identification,
and more precise calibration of tag-side and signal-side efficiencies. A further boost
to the sensitivity to b — s777~ decays will be driven by the significantly larger
dataset expected to be collected in the near future by the Belle II experiment.
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Data management plan

0. General information
0.1 Name of the doctoral student Ihor Prudiiev

0.2 Doctoral programme and scientific field Doctoral programme in Physics,
scientific field: experimental particle physics

0.3 Title of the doctoral dissertation Search for B — K277~ decays at
Belle and Belle IT

1. Type of data and methods used if new data was
collected or produced

1.1 What data have you collected and/or produced? The research presented
in this dissertation is based on experimental data collected by the Belle and Belle 11
detectors in electron—positron collisions at the T (4S5) resonance, together with sim-
ulated Monte Carlo samples produced within the Belle and Belle II collaborations.
These data were not collected individually by the doctoral student, but as part of
the long-term data-taking programmes of the Belle and Belle II collaborations.

1.2 How did you collect and/or produce new data and how did you use
existing data for your thesis? The primary collision data were collected by
the Belle experiment at the KEKB collider and by the Belle II experiment at the
SuperKEKB collider. These data were not collected individually by the doctoral
student, but as part of the long-term data-taking programmes of the Belle and
Belle II collaborations. The corresponding simulated samples were produced using
the standard collaboration production chains, including event generation, detector
simulation, beam-background overlay where applicable, and event reconstruction.

For this dissertation, the existing centrally reconstructed datasets were processed
to produce analysis-specific ntuples. The selected samples were then used to opti-
mize the event selection, train and validate multivariate classifiers, evaluate signal
efficiencies, estimate backgrounds, derive systematic uncertainties, construct binned
templates, and perform the statistical interpretation of the result.

The main derived datasets produced in the course of the analysis are:

e reduced analysis ntuples containing reconstructed event-level and candidate-
level quantities;

e histograms and templates of the final discriminating variable used in the signal
extraction fit;
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e observed data histograms in the fit region;

e signal-efficiency estimates, including their dependence on the generated ¢?
distribution;

e generated ¢? distributions used to evaluate the signal-model dependence;
e systematic-uncertainty inputs, including normalization and shape variations;

1.3 If you have been dealing with sensitive data, please state how you
handled the data in accordance with ethical standards and legislation.
The research does not involve sensitive data.

2. Data storage and protection during research

2.1 How did you store the data? The primary Belle and Belle II collision data
and centrally produced Monte Carlo samples are stored and managed according to
the computing and data-management policies of the Belle and Belle II collabora-
tions. The storage is distributed across collaboration computing resources, including
Grid storage and computing sites, as well as the KEK Computing Center (KEKCC)
in Japan. Access to these datasets is restricted to authorized collaboration members
and is controlled through the standard collaboration authentication and authoriza-
tion mechanisms.

2.2 If you have worked with sensitive data, how have you ensured that it
was kept safe and secure? The research does not involve sensitive data.

3. Long-term data availability and storage

3.1 In which (data) repository will you publish and ensure long-term
preservation of the data after the completion of the research work in
accordance with Article 50 of the Rules and Regulations for Doctoral
Studies at UL? The primary collision and simulated datasets are governed by the
data-management and publication policies of the Belle and Belle II collaborations.
These datasets are preserved within the collaboration computing infrastructure and
are not deposited independently by individual analysts.

After publication of the analysis, the numerical material needed to interpret and
reuse the published result will be made publicly available in a suitable high-energy-
physics data repository, such as HEPData, subject to the approval procedures of the
Belle and Belle II collaborations. The material planned for public release includes the
binned fit templates and observed data entering the final signal extraction, the signal
efficiencies, the signal-efficiency dependence on ¢?, the generated ¢? distribution used
in the analysis, and other numerical inputs needed to reproduce or reinterpret the
published result.

3.2 If you plan to restrict access to the data for a certain period, please
state the reasons for this. Access to the raw and centrally reconstructed Belle
and Belle II data is restricted according to the policies of the Belle and Belle II
collaborations.
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Figure B.1: Training features for the ¢¢ category (Belle MC).
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Figure B.5: Training features for the ¢0 category (Belle MC).
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Figure B.6: Training features for the ¢¢ category (Belle IT MC).
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Appendix B. BDT training variables

B.1 BDT training - additional plots

This Appendix contains additional plots related to the background suppression, in
particular, the BDT training. Fig.|B.11| (Belle II) shows the correlations among the
features used for the training.
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Figure B.11: Correlation matrix for the input variables used for the BDT training.
The lower-left (upper-right) diagonal part represents the signal (background) events
(Belle 1T MC).
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Figure B.12: Correlation matrix for the input variables used for the BDT training.

The lower-left (upper-right) diagonal part represents the signal (background) events
(Belle MC).
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Figure B.14: ROC curve for test and train sets (Belle MC), odd split.
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Figure B.15: ROC curve for test and train sets (Belle MC), even split.
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Appendix C

BDT training variables check in K g
sideband

In all the plots shown here, the MC distributions are corrected with the “globalscaling
factors from Tab. K? SB.

80 =

= T < 550

5 40 2 s

260 3 & 840

o

S40 8 S 2

= S20 s S

bkl = = =

£20 ° ° B

8 £10 &

8 8 & 810,
0

Yo

=08

2 =0T

T NI __j

e —— “| EF:[”.r'v--r.‘r-"v'-—'--:”|

LA SR N A iu ] |
5 0.0 0.5 25 3.0

pull

2 0 2 4 6 -5 0 5 10 1!
Emiss + CPmiss 9bgd20 (GeV) miie (Gev?/ct)

1 2 3 4 1.0 15 2.0
M(K2tc) (GeV/c?) p*(t,) (GeV/c)

Jeata1

5
8

Cand. / (0.0060 cm)
N w
-]

Iy
S
Cand. / (0.2600 GeV?/c*)

) X=0965

3 ;;[».I-\,-_ Py r-‘""'-'frﬂ

s
-015 -010 -0.05 000 005 010 015 2 14
AZ (cm)

e -.-—.-\.. .' ‘
5

o
Lo Wy -l _n . —|

22 24

pull

ooput

16 _ 18 20 T > 3 7
q° (GeV?/c*) Eeci gbgd20 (GeV)

Figure C.1: Data/MC comparison of the training features for the £¢ category (Belle
K? sideband).
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Figure C.3: Data/MC comparison of the training features for the ¢,h. category
(Belle K9 sideband).
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Figure C.4: Data/MC comparison of the training features for the pf category (Belle
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Appendix C. BDT training variables check in K? sideband
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Appendix D

BDT training variables check in Mj,.

sideband

In all the plots shown here, the MC distributions are corrected with the “globalscaling
factors from Tab. M, SB.

N
S

w
S

N
S

Cand. / (0.2500 GeV)

s

o wo

——

$
=y
6

-2 0 2 4
Emiss + CPmiss 9bgd20 (GeV)

%
>
v
o]
=3
=]
=3
al
e
-]
€
8
o

pull

N
5
w s
s &

20

»-
G

N

S

S
o
15

g
s
3
8
°
<1
]
-
e
°
2
5
S

o w

-—*h-r--m-»--—.‘;ﬁ Sol e - ‘

5 10 15 20 “o 1 2 3
m2r (Gev?/c) M(K2t.) (GeV/c?)

f
s a 5 60 o5 25 30

Cand. /(0.0120 cm)
[e R NV P
S 8 8 5 &

S

o

Cand. / (0.2000 GeV)
N wTs o
S & &

§n|_f7_7—_—.—————.-

~6.15 -0.10 —0.05_0.00
AZ (cm)

005 010 015 1 2 3 4
Eeci gbgd20 (GeV)

Figure D.1: Data/MC comparison of the training features for the ¢¢ category (Belle
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Appendix D. BDT training variables check in M, sideband
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Appendix D. BDT training variables check in M, sideband
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Appendix E
Signal composition in Belle 11 MC

Table E.1: Belle II MC true composition of the reconstructed ¢¢ category (normal-
ized to unity). Last row (column), separated by a thicker line shows the integrated
values for a given column (row), or the total contribution of a given 7 decay mode
to t. (t,) within the ¢¢ category.

t>te| e | p | 7 jma? w7 K| rest
e 0.23]10.2010.01]0.03| 0.01 0.48
0 0.19]0.17/0.01]0.02 | 0.01 0.41
T 0.01]0.01 0.02
7w’ 0.03]0.02 0.06
7 70(0.01/0.01 0.02
K 0.00
rest 0.01
0.4710.4110.02{0.06 | 0.02 [0.00]0.01

Table E.2: Belle II MC true composition of the reconstructed ¢.h, category (normal-
ized to unity). Last row (column), separated by a thicker line shows the integrated
values for a given column (row), or the total contribution of a given 7 decay mode
to t. (t,) within the ¢.h, category.

el e | p | 7 |ma’ || K| rest
e 0.05]0.04 0.10
I 0.07{0.06 0.01 0.14
T 0.11{0.10(0.01| 0.01 0.23
m " [0.17/0.15[0.01| 0.02 0.36
7 70 0.04]0.04 0.08
K 0.01{0.01 0.02
rest {0.03]0.03 0.07
0.49/0.42/0.03{0.05| 0.01 ]0.00{0.01
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Appendix E. Signal composition in Belle IT MC

Table E.3: Belle IT MC true composition of the reconstructed £, . category (normal-
ized to unity). Last row (column), separated by a thicker line shows the integrated
values for a given column (row), or the total contribution of a given 7 decay mode
to t. (t,) within the ¢, h. category.

t>del e | p | o jma? w7 K| rest
e 0.04]0.07/0.1110.17| 0.04 |0.01|0.04]0.48
W 0.04]0.06|0.10|0.15| 0.04 [0.01/0.03|0.42

s 0.01{0.01 0.03

T 0.01]0.010.02 0.05
7w 70 0.01 0.01
K 0.00
rest 0.01

0.0910.14(0.230.36 | 0.08 |0.02{0.08

Table E.4: Belle IT MC true composition of the reconstructed pf category (normal-
ized to unity). Last row (column), separated by a thicker line shows the integrated
values for a given column (row), or the total contribution of a given 7 decay mode
to t. (t,) within the p¢ category.

>l e | p | 7o |ma® 7w a®a® K |rest
e 0.13| 0.06 0.0210.23
L 0.01{0.01/0.01|0.11| 0.06 0.02]0.21
s 0.01]0.01 0.01 0.03
7 10.13]0.11[{0.01[0.04| 0.02 0.01]0.33
7 7°10.060.05/0.01|0.02| 0.01 0.14
K 0.00
rest |0.020.02 0.01 0.06
0.2310.2110.03{0.32| 0.15 |0.00]0.06
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Table E.5: Belle II MC true composition of the reconstructed (0 category (normal-
ized to unity). Last row (column), separated by a thicker line shows the integrated
values for a given column (row), or the total contribution of a given 7 decay mode
to t. (t,) within the (0 category.

>t e | p | o jma? || K| rest
e 0.01{0.01/0.03| 0.01 0.01]0.07
W 0.01/0.01/0.02|{0.05| 0.01 0.01]0.11
s 0.01/0.02/0.03(0.07 | 0.02 0.01]0.16
77 10.03/0.05/0.07]0.17| 0.05 0.04]0.41
7 n®7010.01/0.02/0.02]0.06| 0.02 0.01/0.14
K 0.01
rest [0.01]/0.01{0.02/0.04| 0.01 0.01(0.10
0.07{0.11/0.17]0.42| 0.13 ]0.01/0.10
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Appendix F
Signal composition in Belle MC

Table F.1: Belle MC true composition of the reconstructed decay mode of the 7"
(only one track taken). Integrated among all reconstructed categories. The table
is normalized to unity. Last row (column), separated by a thicker line shows the
integrated values for a given column (row).

- reco| [ p h
e 0.16 0.05]0.22
" 0.0910.01/0.12(0.22
T 0.1210.13
p 0.06 {0.210.27
a; 0.02]0.080.10
K 0.01]0.01
rest 0.01/0.05(0.06
0.1710.100.11]0.63
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Appendix F. Signal composition in Belle MC

Table F.2: Fraction of signal events in different logical categories, according to the
number of wrong particles in the event (Belle signal MC). Each group corresponds
to a reconstructed category; respectively ¢¢, (. h,, {,h., pl, (0 categories.

Bsig TM Wrong Wrong Wrong Wrong FM Total
Biag K2 tom  Kdte tuste
™ 0.57 0.01 0.04 0.00 0.00 0.00 0.62
FM 0.34 0.01 0.03 0.00 0.00 0.00 0.38 | ¢¢
Total | 0.91 0.02 0.07 0.00 0.00 0.00 1.00
™ 0.55 0.01 0.02 0.00 0.00 0.00 0.58
FM 0.35 0.01 0.05 0.00 0.01 0.00 042 | ¢.h,,
Total | 0.90 0.02 0.07 0.00 0.01 0.00 1.00
™ 0.55 0.01 0.02 0.00 0.00 0.00 0.59
FM 0.34 0.01 0.06 0.00 0.00 0.00 0.41 L he
Total | 0.89 0.02 0.08 0.01 0.00 0.00 1.00
™ 0.39 0.01 0.20 0.01 0.02 0.00 0.62
FM 0.18 0.00 0.16 0.01 0.02 0.00 0.38 | pt
Total | 0.57 0.01 0.36 0.02 0.04 0.00 1.00
™ 0.47 0.01 0.00 0.00 0.05 0.00 0.54
FM 0.34 0.01 0.00 0.00 0.10 0.01 0.46 | ¢0
Total | 0.81 0.03 0.00 0.00 0.15 0.02 1.00

Table F.3: Belle MC true composition of the reconstructed ¢¢ category (normalized
to unity). Last row (column), separated by a thicker line shows the integrated values
for a given column (row), or the total contribution of a given 7 decay mode to ¢,
(t,) within the ¢¢ category.
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t, el e | p | | p | a | K |rest
e 0.38]0.2010.01]0.01 0.61
I 0.2210.12 0.01 0.36
T 0.01 0.01
p |00t 0.01
ax 0.01
K 0.00
rest 0.00
0.6210.3410.01/0.02(0.01{0.00|0.00



Table F.4: Belle MC true composition of the reconstructed ¢.h,, category (normalized
to unity). Last row (column), separated by a thicker line shows the integrated values
for a given column (row), or the total contribution of a given 7 decay mode to t,.
(t,) within the £.h, category.

t>del e | p | T | p | a | K |rest
e 0.05]0.03 0.09
u o 0.12]0.07 0.20
T 0.13/0.07 0.21
P 0.20]0.11 0.01 0.32
a1 0.06 |0.04 0.11
K 0.01 0.01
rest [0.04]0.02 0.06
0.6110.35/0.01{0.02(0.01{0.00|0.00

Table F.5: Belle MC true composition of the reconstructed ¢, h. category (normalized
to unity). Last row (column), separated by a thicker line shows the integrated values
for a given column (row), or the total contribution of a given 7 decay mode to t,.
(t,,) within the £, h, category.

t,o>de| e | p | T | op | a | K |rest
e 0.06/0.1210.13(0.19]0.06 | 0.01 | 0.04 | 0.61

L 0.03]0.07/0.07]0.11 [ 0.04 0.02]0.35
s 0.01
p 0.02
ay 0.01
K 0.00
rest 0.00

0.0910.20{0.20/0.31|0.11|0.01|0.07
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Appendix F. Signal composition in Belle MC

Table F.6: Belle MC true composition of the reconstructed pf category (normalized
to unity). Last row (column), separated by a thicker line shows the integrated values
for a given column (row), or the total contribution of a given 7 decay mode to ¢,
(t,,) within the pf category.

t,>del e | pw | | p | a | K |rest
e 0.19]0.08 0.03(0.31
o 0.09|0.05 0.02]0.17
m 0.01
p 0.19]0.11 0.01]0.01 0.33
a1 0.08]0.05 0.14
K 0.00
rest [0.03]0.02 0.05
0.3110.1810.01/0.31(0.14{0.00 | 0.05

Table F.7: Belle MC true composition of the reconstructed £0 category (normalized
to unity). Last row (column), separated by a thicker line shows the integrated values
for a given column (row), or the total contribution of a given 7 decay mode to t,.
(t,) within the (0 category.

t,o>Jel e | p | T | p | a | K |rest
e 0.0110.01/0.01/0.03(0.01 0.01]0.08
1 0.01/0.0310.03|0.06 | 0.02 0.01]0.17
s 0.01/0.0310.03|0.06 | 0.02 0.01]0.17
p 0.03]0.0610.06|0.13]0.05 0.03]0.36
a1 0.01]0.0210.02|0.05(0.02 0.01]0.15
K 0.01
rest |0.01{0.01(0.01{0.03]0.01 0.01]0.07
0.0710.17/0.17,0.36 | 0.14 | 0.01 | 0.08
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Appendix G

Kg SR and SB comparison for

Belle 1T MC
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Appendix G. K? SR and SB comparison for Belle IT MC
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Appendix H

K g SR and SB comparison for Belle
MC
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Appendix H. K? SR and SB comparison for Belle MC
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Appendix I

Disjoint fits to Belle and Belle 11 MC
samples

1.1  Fit to Belle MC

Figure I.1: Correlation matrix for the B branching fractions corrections computed
with 1000 toys(Belle only).
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Appendix I. Disjoint fits to Belle and Belle IT MC samples
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Figure 1.2: C'L; scan from the fit to the Asimov dataset (Belle only).
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I.1. Fit to Belle MC
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Figure 1.3: Pull plot from the fit to the Asimov dataset (Belle only).
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Appendix I. Disjoint fits to Belle and Belle IT MC samples

100
8.8 BR uncertainty vector 0 . 16 011 011 011 038 025 007 004 003 001 -003 007 006 -0.03
B8°,8* BR uncertainty vector 1 021 018 008 -008 014 018 -022 014 002 -006 001 004 001 005 -0.02
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Figure I.4: Correlation matrix for the nuisance parameters in the fit model, obtained
from the fit to the Asimov dataset (Belle MC). Parameters that have correlation less
then 0.2 are not shown.
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Figure 1.5: The distribution of the fitted p to the ensemble of the toy Asimov datasets
for four injected signal strength hypotheses (10000 toys each). The median and the
o,0_ values are shown, estimated from the 68% quantiles of the distribution. Belle-
only fits.
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I.1. Fit to Belle MC

Table I.1: Uncertainty on fitted signal strength p for the Belle-only fit to the Asimov
data.

Source o,
B Branching fractions uncertainties 0.23
MC stat 0.23
Belle FEI efficiency 0.09
Belle comb BB norm £/¢ 0.05
Belle elD efficiency 0.04
Belle D — K¢ modelling 0.04
Belle comb BB norm /(0 0.03
foo (HFLAV 2024) 0.03
Belle comb BB norm pf 0.02
Belle comb BB norm (,h, 0.02
Belle Luminosity 0.02
Belle comb BB norm /.h, 0.01
Belle 7° efficiency 0.01
Belle pID efficiency 0.01
Belle /X ¢g norm 0.01
Belle tracking efficiency 0.01
Belle K efficiency 0.01
Belle /0 qq norm < 0.01
Xd < 0.01
Belle plID fakes < 0.01
7 — m27° BF unc. < 0.01
7 — m37" BF unc. < 0.01
7 — mr¥ BF unc. < 0.01
form factor < 0.01
7 — 3rm® BF unc. < 0.01
7 — 7 BF unc. < 0.01
7 — e BF unc. < 0.01
7 — Knn%(n < 3) BF unc. < 0.01
7 — m47° BF unc. < 0.01
signal efficiency uncertainty Belle < 0.01
7 — 1 BF unc. < 0.01
7 — 37 BF unc. < 0.01
Belle B counting < 0.01
Total 0.36
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Appendix I. Disjoint fits to Belle and Belle IT MC samples

I.2 Fit to Belle II MC
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Figure 1.6: Correlation matrix for the B branching fractions corrections computed
with 1000 toys (Belle II only).
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Figure 1.7: C'Lg scan from the fit to the Asimov dataset (Belle II only).

174



1.2. Fit to Belle IT MC
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Figure 1.8: Pull plot from the fit to the Asimov dataset (Belle II only).
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Appendix I. Disjoint fits to Belle and Belle IT MC samples
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Figure 1.9: Correlation matrix for the nuisance parameters in the fit model, obtained
from the fit to the Asimov dataset (Belle II MC). Parameters that have correlation
less then 0.2 are not shown.
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Figure 1.10: The distribution of the fitted p to the ensemble of the toy Asimov
datasets for four injected signal strength hypotheses (10000 toys each). The median
and the o, ,0_ values are shown, estimated from the 68% quantiles of the distribu-
tion. Belle IT-only fits.
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I.2. Fit to Belle IT MC

Table 1.2: Uncertainty on fitted signal strength p for the Belle Il-only fit to the
Asimov data.

Source o,
B Branching fractions uncertainties 0.34
MC stat 0.22
Belle II FEI efficiency 0.07
Belle IT D — K} modelling 0.07
foo (HFLAV 2024) 0.04
Belle II 7Y efficiency 0.04
Belle II eID efficiency 0.04
Belle II comb BB norm p/ 0.03
Belle IT K efficiency 0.03
Belle II /0 gq norm 0.02
Belle 1T comb BB norm (0 0.02
Belle II comb BB norm /.h, 0.02
Belle IT pID fakes 0.01
Belle IT comb BB norm ¢/ 0.01
Belle II comb BB norm /,h. 0.01
Belle IT Luminosity 0.01
Belle II tracking efficiency 0.01
Belle 1T uID efficiency < 0.01
Belle IT /X g norm < 0.01
form factor < 0.01
7 — 37 BF unc. < 0.01
7 — m27° BF unc. < 0.01
7 — 377w’ BF unc. < 0.01
7 — Knn’(n < 3) BF unc. < 0.01
signal efficiency uncertainty Belle 11 < 0.01
7 — 737" BF unc. < 0.01
7 — 7’ BF unc. < 0.01
Xd < 0.01
7 — 7 BF unc. < 0.01
7 — e BF unc. < 0.01
7 — p BF unc. < 0.01
Belle IT T (4S5) counting < 0.01
7 — m4r" BF unc. < 0.01
Total 0.43
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Appendix J

“Post-fit” distributions of the BDT
input features in signal enhanced
region

The binned weight is extracted in post-fit O’ and applied to the pre-fit distribu-
tions of BDT input features in order to approximate post-fit distributions of them.
A signal-enhanced region @' > 0.7 is shown in this Appendix. As the post-fit
uncertainty of the fit variable can not be translated into the uncertainties of the
histograms in other dimensions, only the data uncertainty is used to calculate the
residuals. Therefore, the significance of the residuals is overestimated. Nevertheless,
a good overall data-simulation agreement is observed. Signal in the plots corresponds
to the measured branching fraction B(B? — K27777) = 0.21 x 1072. The excluded
signal corresponds to the By (B° — Kort77) = 0.84 x 107 and is multiplied by
ten for better visibility.
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Appendix J. “Post-fit” distributions of the BDT input features in signal
enhanced region
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Figure J.1: Data/MC comparison of the training features for the ¢¢ category (Belle
signal enhanced region).
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Appendix J. “Post-fit” distributions of the BDT input features in signal
enhanced region
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Figure J.3: Data/MC comparison of the training features for the ¢, h. category (Belle
signal enhanced region).
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Appendix J. “Post-fit” distributions of the BDT input features in signal
enhanced region
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Figure J.5: Data/MC comparison of the training features for the ¢0 category (Belle
signal enhanced region).

184



2 Belle I 2t Belle Il 21 Belle II

14 . qg 25 - 25 - g
5 - 55 - 55
12 |- signal W -—Signal —ignal
3 Signal excluded x10 T 20 z L3 Signel excluded x10 =20 L3 Signel excluded x10
s Data 2 Data k) 4 Data
8101, mcstat 3 i mCstat, 3 22 e stat.
2 8 8
E 8 8 15 § 15
5 8 §
S o e
3 S0 S
S a z 5
8 8
5 5
2
0 o
25 25
ER . . L D— 8l DQo o L
i 00 0.0 < o i 00
3 — . g — -
-25 W ° -25 -25
-1 0 1 2 3 a 5 6 -5 [ 5 10 15 20 0 1 2 3 4 5
Enmiss + CPmiss M2ss M(KStc)
1t Belle Il 1t Belle Il 11 Belle Il
200 - - -
: = 60 -5 20 -5
175 m—signal " -—signal —Signal
- N 3 signal excluded x10 50 3 signal excluded x10 N 3 signal excluded x10
3 150 4 Data £ + Data 3 T oata
3 v M stat, § v e stat, 315 s MCstat,
8 o
g 125 g 40 °
g ) g
S 100 <30 S 10
S H =
5 75 H .
5 820 2
© 50 )
10
0.0 0
25 25 ;
g N o T
1 00 5 0.0 0.0 <
-25 . -25 -25
0.0 05 10 15 2.0 25 3.0 -100 -075 -050 —0.25 000 025 050 075 1.00 12 14 16 18 20 22 24
p'(t) nz 7
1 Belle I
-
66
40 () - signal
£ Signel excluded x10
2
3 30 s
s
8
2
e
S /{
b
2
5
© *
10 L
4
0.5 1.0 15 2.0 25 3.0
Eect

Figure J.6: Data/MC comparison of the training features for the ¢/ category (Belle 11
signal enhanced region).
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Appendix J. “Post-fit” distributions of the BDT input features in signal
enhanced region
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Figure J.7: Data/MC comparison of the training features for the ¢.h, category
(Belle 1II signal enhanced region).
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Figure J.8: Data/MC comparison of the training features for the ¢,h. category

(Belle 1II signal enhanced region).
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Appendix J. “Post-fit” distributions of the BDT input features in signal
enhanced region
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Figure J.9: Data/MC comparison of the training features for the pf category (Belle 11
signal enhanced region).
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Figure J.10: Data/MC comparison of the training features for the 0 category
(Belle 1II signal enhanced region).
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Razsirjeni povzetek v slovenskem
jeziku

Uvod in fizikalna motivacija

Standardni model fizike osnovnih delcev izjemno uspesno opisuje elektromagnetno,
Sibko in moc¢no interakcijo. Kljub temu ne predstavlja popolne teorije narave, saj ne
vkljucuje gravitacije, ne pojasni izvora temne snovi, ne razlozi hierarhije mas fermi-
onov in ne daje zadostnega pojasnila za opazeno asimetrijo med snovjo in antisnovjo
v vesolju. Zato se v fiziki osnovnih delcev izvajajo tako neposredna iskanja novih
delcev pri visokih energijah, tipi¢no pri ¢edalje vigjih energijah, kot tudi posredna
iskanja, pri katerih se natan¢ne meritve redkih procesov primerjajo z napovedmi
Standardnega modela. Drugi pristop je posebej pomemben v fiziki okusov, kjer bi
lahko virtualni prispevki tezkih delcev nove fizike (NF) znatno povecali verjetnost
za redke razpade mezonov B.

Tema disertacije je prvo iskanje razpada B® — K977~ z uporabo podatkov
eksperimentov Belle in Belle II. Razpad pripada skupini procesov s prehodom b —
sTT77. Taksni prehodi potekajo preko efektivnih nevtralnih tokov, ki spreminjajo
okus; znacilni prispevki diagramov v Standardnem modelu so prikazani na Sliki [I}
Drevesni diagrami so prepovedani, zato potekajo le preko diagramov z zankami, kot
so elektrosibki pingvinski in Skatlasti diagrami. Zaradi tega potlacenja so njihova
razvejitvena razmerja zelo majhna, tipi¢no reda 10~7 za ekskluzivne kanale z dvema
leptonoma 7. Hkrati so ravno zaradi tega obcutljivi na prispevke tezkih delcev NF,
ki bi lahko vstopali v iste efektivne operatorje.

Motivacija za razpade z leptoni 7 je povezana tudi z eksperimentalno opazenimi
neskladji v semileptonskih razpadih mezonov B. V zadnjem desetletju so meritve
razmerij, ki testirajo univerzalnost leptonskega okusa, pokazale ve¢ odstopanj od
napovedi Standardnega modela. Nekatera neskladja v kanalih z elektroni in mioni
o se z novej$imi meritvami zmanjsala, vendar globalna slika prehodov b — s/~ e
vedno kaze odstopanja v kotnih opazljivkah in diferencialnih razvejitvenih razmerjih.
Poleg tega so v prehodih b — c7v razmerja R(D) in R(D*) Se vedno nad napovedmi
Standardnega modela. Veliko modelov NF, npr. modeli z lepto-kvarki ali dodatnimi
bozoni Z’, predvideva okrepljene sklopitve s tretjo generacijo leptonov. V takih
scenarijih lahko razvejitvena razmerja procesov b — sT7~ narastejo za dva ali tri
velikostne rede glede na napoved Standardnega modela.

V disertaciji je ta motivacija postavljena v SirSi okvir fizike okusov. Fermioni
Standardnega modela so razporejeni v tri generacije, pri ¢emer imajo delci z ena-
kimi kvantnimi Stevili, vendar iz razlicnih generacij, enake umeritvene sklopitve,
razlikujejo pa se po njihovih masah. V kvarkovskem sektorju Sibka interakcija ne
deluje na lastna stanja mase, temvec na njihove linearne kombinacije. To neujemanje
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Slika 1: Primeri diagramov okus spreminjajocij nevtralnih tokov za prehode b — s
v Standardnem modelu.

opisuje matrika Cabibbo-Kobayashi-Maskawa (CKM),

d, Vud Vus Vub d
sl = Va Ves Vi s . (1)
v Via Vis Vi b

Nevtralni tokovi s spremembo okusa se v Standardnem modelu ne pojavijo na dre-
vesni ravni, saj so na tej ravni prepovedani zaradi unitarnosti matrike CKM. Zato so
procesi b — s¢*¢~ dostopni le preko vigjih redov perturbacijske teorije. Ta lastnost
jim daje posebno vlogo: majhna amplituda Standardnega modela pomeni, da lahko
tudi majhen prispevek Nove Fizike opazno spremeni merljivo razvejitveno razmerje
ali obliko kinemati¢nih porazdelitev.

V primerjavi s kanali z elektroni in mioni so kanali z leptoni 7 eksperimentalno
veliko zahtevnejsi. Lepton 7 razpade Se preden doseze aktivne dele detektorja, nje-
govi razpadi pa vsebujejo vsaj en nevtrino. Pri razpadu B — K277~ sta prisotna
dva leptona 7, zato kon¢no stanje vsebuje dva do Stiri nevtrine. Zaradi tega ni mo-
goce uporabiti ozkih vrhov v invariantni masi ali popolne rekonstrukcije signalnega
mezona B, kot je to pogosto pri drugih redkih razpadih. Analiza mora zato zdruziti
informacije o celotnem dogodku, rekonstrukciji asociiranega ali oznacenega (ang.
tag) mezona B, manjkajo¢i gibalni koli¢ini in dodatni aktivnosti v kalorimetru.

V efektivnem opisu lahko prehod b — s¢*/~ zapiSemo s hamiltonianom

AGp. . .
Heg = —WthVts Z C,0; + h.c., (2)

kjer so C; Wilsonovi koeficienti, O; efektivni operatorji, oznaka h.c. predstavlja her-
mitsko konjugirani ¢len. Prispevki NF se kazejo kot premiki Wilsonovih koeficientov
ali kot pojav novih operatorjev. Ker so procesi z leptoni 7 eksperimentalno slabo
omejeni, dopuscajo bistveno vecji prostor za prispevke NF kot kanali z elektroni ali
mioni.
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Slika 2: Napovedana razvejitvena razmerja za procese b — s7t7~ kot funkcija
anomalij v opazljivkah R(X).

Eksperimentalno okolje Belle in Belle 11

Analiza uporablja podatke, zbrane pri resonanci Y(45), ki skoraj vedno razpade v
par mezonov BB. Eksperiment Belle je deloval na trkalniku KEKB, eksperiment
Belle II pa deluje na nadgrajenem trkalniku SuperKEKB. Obe napravi sta asime-
tri¢ni tovarni B-mezonov, kjer trki elektronov in pozitronov potekajo pri energiji v
tezis¢énem sistemu blizu mase resonance Y (45). Prednost tak$nega okolja je dobro
poznano zacetno stanje. Ce je eden od mezonov B v dogodku popolnoma rekon-
struiran, lahko iz znane kinematike zacetnega stanja sklepamo na lastnosti drugega
mezona B, tudi kadar njegov razpad vsebuje nevtrine.

Uporabljena integrirana luminoznost znasa 711 fb™' za Belle in 365 fb™' za
Belle II. To ustreza polnemu vzorcu Belle in podatkom prvega obdobja delova-
nja Belle II. Eksperimenta imata podobno geometrijo: okoli interakcijske tocke so
razporejeni sistemi za rekonstrukcijo sledi, identifikacijo delcev, merjenje energije
fotonov in elektronov ter identifikacijo mionov in mezonov K. Belle IT vkljucuje
pomembne nadgradnje glede na svojega predhodnika Belle, med drugim pikselni de-
tektor PXD, izboljsan silicijev verteksni detektor SVD, centralno prehodno komoro
CDC, detektorja TOP in ARICH za identifikacijo nabitih delcev ter elektromagnetni
kalorimeter ECL.

KEKB in SuperKEKB sta zasnovana kot asimetri¢na trkalnika elektronov in po-
zitronov. Asimetrija energij zarkov povzrod¢i, da je sistem Y (4S) v laboratorijskem
sistemu pospeSen, kar je klju¢no za meritve ¢asovno odvisne krsitve simetrije C'P.
SuperKEKB uporablja nadgrajeno optiko zarkov in tako imenovano shemo nano-
zarkov, pri kateri se velikost trkalnega obmocja mo¢no zmanjsa. Namen nadgradnje
je doseci bistveno vecjo luminoznost kot pri KEKB, pri ¢emer vecja intenziteta in
manjSe dimenzije zarkov hkrati povecajo ozadja, povezana z zarkom. Zaradi tega je
pri Belle II se posebej pomembno razumevanje nevtralnih energijskih skupkov, za-
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Slika 3: Shema detektorjev Belle in Belle II s prikazom glavnih poddetektorjev okoli
interakcijske tocke.

sedenosti poddetektorjev in vpliva ozadij na rekonstrukcijo dogodkov z manjkajoco
energijo.

Detektorja Belle in Belle 1T sta shematsko prikazana na Sliki |3|in sta v disertaciji
opisana po funkcionalnih sklopih. Sledilni sistem meri trajektorije nabitih delcev in
omogoca rekonstrukcijo verteksov razpadov. Identifikacija nabitih delcev zdruzuje
informacije iz prehodne komore, detektorjev sevanja Cerenkova, kalorimetra in sis-
tema za mione. Elektromagnetni kalorimeter meri energijo fotonov in elektronov ter
je pomemben za rekonstrukcijo 7° in za oceno dodatne energije v dogodku. Sistem
KLM sluzi identifikaciji mionov in mezonov K7. Pri tej analizi so vsi ti sistemi po-
membni: signal vsebuje K? — 777~ elektrone ali mione iz razpadov 7, potencialne
nevtralne pione iz razpadov p, in manjkajoco energijo zaradi nevtrinov.

Simulirani vzorci Monte Carlo so uporabljeni za modeliranje signala in oza-
dij. Dogodki ete™ — ¢q7 z ¢ = u,d,s,c opisujejo kontinuumsko ozadje, gene-
ri¢ni vzorci BB pa opisujejo razpade mezonov B. Signalni vzorci opisujejo razpad
B — K377~ z ustreznimi oblikovnimi faktorji. Simulacija vklju¢uje hadroniza-
cijo, sevanje v kon¢nem stanju, prekrivanje ozadja zarka in odziv detektorja. Podatki
Belle so pretvorjeni v format programske opreme Belle II s pomocjo orodja b2bii,
kar omogoca ¢im bolj enoten potek analize za oba eksperimenta.

Podatkovni in simulirani vzorci. Za Belle se uporablja vzorec pri resonanci
T (4S5) z integrirano luminoznostjo 711 fb™', za Belle II pa vzorec prvega obdobja
delovanja z integrirano luminoznostjo 365 fb™'. Simulacija ozadij je razdeljena na
kontinuumske dogodke ete™ — ¢g, generi¢ne razpade BB in dodatne redke razpade,
ki so pomembni za koné¢no stanje z manjkajoco energijo. Ker je pricakovano razveji-
tveno razmerje signala zelo majhno, so signalni vzorci Monte Carlo mnogo vecji od
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podatkovnega vzorca. To omogoca dovolj natan¢no oceno signalne ucinkovitosti po
celotnem zaporedju izborov.

V primerjavi z meritvijo preprostega ekskluzivnega razpada je tukaj vloga si-
mulacije kljuénega pomena. Simulacija dolo¢a signalno ucinkovitost po celotnem
zaporedju izborov, prispevke razli¢nih vrst ozadja, obliko porazdelitve O in ve¢ino
sistemati¢nih negotovosti. Hkrati se zaradi skrite analize optimizacija ne sme opi-
rati na signalno obmocje v podatkih, zato se simulacija vedno preverja v kontrolnih
obmo¢jih. Z izrazom stranski pas (ang. sideband) oznacujemo vzorec oznacujemo
vzorec, osiromaSen s signalom, ki lezi ob signalnem obmodju v izbrani kontrolni
spremenljivki. V disertaciji so opisani vzorci zunaj resonance, K¢ “sideband”, M.
“stdeband” in obmocja z vetom na razpade preko mezonov D. Ti vzorci pokrivajo
razlicne mehanizme ozadja in omogocajo loc¢ene preglede kontinuumskih dogodkov,
kombinatori¢nih kandidatov K, napa¢no rekonstruiranih asociiranih mezonov B in
ozadij iz razpadov B — DX.

Za Belle so dogodki najprej obdelani v izvornem okviru Belle, nato pa se s pre-
tvorbo b2bii preslikajo v obliko, zdruzljivo z analizo v basf2. To omogoca uporabo
enotnih definicij objektov, podobnih popravkov uc¢inkovitosti in enotne statisti¢ne
obravnave. Vendar pa pretvorba ne pomeni, da sta Belle in Belle II eksperimentalno
enaka. Razlike v detektorjih, rekonstrukceiji, ozadjih in simulacijah ostanejo, zato se
veliko popravkov in sistemati¢nih negotovosti obravnava lo¢eno za oba eksperimenta.

Vzorci zunaj resonance so posebej pomembni za preverjanje kontinuumskega
ozadja, saj ne vsebujejo prispevka resonan¢nih razpadov Y(4S) — BB. S tem se
lo¢i modeliranje dogodkov ¢q od modeliranja razpadov mezonov B. Vsi vzorci so
po rekonstrukeciji obdelani v skupnem analiznem okviru, da so razlike med Belle in
Belle II ¢im manjse.

Rekonstrukcija dogodkov in zacetni izbor

Razpada B — K277~ ni mogoce popolnoma rekonstruirati, ker leptona 7 razpa-
deta v kon¢na stanja z nevtrini. Zato je analiza zgrajena na hadronskem oznac¢evanju
mezona B. V vsakem dogodku se najprej rekonstruira asociirani mezon Btoag z al-
goritmom Full Event Interpretation (FEI), katerega shema je prikazana na Sliki .
FEI hierarhi¢no rekonstruira ekskluzivne hadronske razpade mezonov B s pomocjo
zaporedja multivariatnih klasifikatorjev. S tem dobimo cetverec gibalne kolicine,
okus in kakovost rekonstrukcije asociiranega mezona B. Preostali del dogodka se
nato uporabi za iskanje signalnega razpada.

Za asociirani mezon B se zahteva dovolj dober rezultat iz algoritma, to je Prgr >
0.01. Hadronsko oznacCevanje omogoc¢i uporabo kinemati¢nih koli¢in, katerih po-
razdelitvi sta prikazani na Sliki 5] in ki predstavljata moc¢ni zahtevi na pravilnost
rekonstrukcije asocciranega mezona B,

e = Bl = P 2/ (3)

in

AE = Egtag - Eﬁeam? (4)
kjer zvezdica oznacuje koliCine v tezis¢nem sistemu. Zahteve na M, in AFE zmanj-
Sajo kombinatori¢no ozadje in koli¢ino napac¢no rekonstruiranih asociiranih kandi-

datov. Ce je v dogodku ve¢ asociiranih kandidatov, se izbere kandidat z najvecjo
vrednostjo Prgr.
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Slika 4: Shematski prikaz algoritma Full Event Interpretation.
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Slika 5: Porazdelitvi M, in AE za signalne in ozadne kandidate po zahtevi na Pgg;.

Osnovna logika rekonstrukcije je naslednja. Najprej se iz vseh delcev v dogodku
sestavi najbolj verjeten asociirani mezon B. Vsi delci, uporabljeni v tem kandidatu,
se odstranijo iz nadaljnje obravnave signalne strani. Med preostalimi delci se poisce
kandidat K — 777~ in dve nasprotno nabiti sledi, ki sta interpretirani kot vidna
razpadna produkta leptonov 7. Dodatni nabiti delci niso dovoljeni, ker bi kazali na
napacno rekonstruiran dogodek ali na razpad 7 z ve¢ nabitimi sledmi. Nevtralni
energijski skupki pa se ne odstranijo popolnoma, saj so potrebni za rekonstrukcijo
70 in za spremenljivke preostanka dogodka.

Poleg kinematicnih zahtev se uporabi tudi spremenljivka cosTBTO; oba zacetna
izbora sta ilustrirana na Sliki[6] Spremenljivka cosTBTO opisuje kot med osjo potiska
asociiranega mezona B in osjo potiska preostanka dogodka. Kontinuumski dogodki
ete™ — ¢ imajo bolj pljuskasto topologijo, medtem ko so dogodki BB pri resonanci
T (4S) bolj sfericni. Ta razlika je koristna Ze v zacetnem izboru in se pozneje uporabi
tudi v multivariatnem razlo¢evanju ozadja.

Signalni mezon B je rekonstruiran iz kandidata K in dveh nasprotno nabitih
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Slika 6: Izbor na verjetnosti FEI in na kotni spremenljivki cosTBTO.

sledi, ki predstavljata vidna razpadna produkta leptonov 7. Kandidat K je rekon-
struiran v razpadu K2 — 777 ~. Zahteva se masa v Sirokem oknu okoli nominalne
mase KU in uspesna prilagoditev verteksa. Za dodatno zmanjSanje kombinatoric-
nega ozadja se uporabi izbor goodBelleKshort, ki temelji na geometriji razpada
K?, razdaljah sledi od interakcijske tocke, smeri leta in poloZaju verteksa. Njegov
ucinek na porazdelitev mase je prikazan na Sliki [7]
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Slika 7: Invariantna masa kandidatov K? pred in po izboru goodBelleKshort.

Za signalno stran se rekonstruira razpad 7 z eno nabito sledjo. Uporabljeni
so leptonski nacini 77 — e Vv, in 7 — pu v,v, ter hadronska nacina 77 —
7 v, in 7~ — p~v,;. Nabite sledi morajo izvirati iz blizine interakcijske tocke in
ne smejo biti uporabljene pri rekonstrukeiji asociiranega mezona B ali kandidata
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K?. Identifikacija elektronov in mionov uporablja informacije iz ve¢ poddetektorjev.
Sledi, ki niso identificirane kot leptoni, se obravnavajo kot hadroni; ¢e skupaj s
kandidatom 7° tvorijo maso skladno z razpadom p* — 7%, se razvrstijo kot
kandidati p.

Razpadi 7 — pv zahtevajo rekonstrukcijo nevtralnega piona, kar je del istega
opisa signalne strani. Kandidati 7% so sestavljeni iz parov fotonov v elektromagne-
tnem kalorimetru. Pri tem se uporabijo zahteve na energijo fotonov, geometrijsko
obmocje kalorimetra, obliko energijskega skupka in invariantno maso para fotonov.
Ker lahko naklju¢ni fotoni povzrocijo veliko Stevilo napa¢nih kombinacij, se Ste-
vilo kandidatov 7° na dogodek omeji. Dodatni nevtralni skupki, ki niso povezani
z asociiranim mezonom B ali signalnim kandidatom, niso takoj zavrzeni; namesto
tega se uporabijo pri izracunu spremenljivk preostanka dogodka. Te spremenljivke
vsebujejo pomembno informacijo o manjkajoc¢i energiji in dodatni aktivnosti v kalo-
rimetru; primeri lastnosti skupkov v ECL so prikazani na Sliki [§]
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Slika 8: Lastnosti skupkov v ECL, uporabljene pri razumevanju preostale energije
v kalorimetru.

Za signalne dogodke se pricakuje malo dodatne aktivnosti v detektorju, saj so
vsi vidni delci pripisani asociirani ali signalni strani, nevtrini pa uidejo detekciji.
Ozadja iz semileptonskih in hadronskih razpadov mezonov B pogosto vsebujejo do-
datne fotone, nevtralne pione ali napacno pripisane delce. Zato so spremenljivke
preostanka dogodka med najpomembnej$imi vhodnimi koli¢inami za multivariatno
klasifikacijo signala (Boosted Decision Tree — BDT).

Pomembna kinemati¢na koli¢ina je rekonstruirani kvadrat invariantne mase para
T )

Tt

(5)

Eﬁ * o p* . p* o
2 _ 02 2 eam ™ Ky Brag P K
Grec = Mp + mK(S) -2 ( ct + c2 ’
Ker je minimalna dovoljena vrednost za signal priblizno 4m?2, se zahteva ¢2,. >
12 GeV?/c!. Ta zahteva odstrani o¢itno ozadje z majhno izgubo signalne uc¢inkovi-

tosti, pri ¢imer je loc¢ljivost ¢? povzeta na Sliki @

Kategorije signalnih kandidatov

Ekskluzivna rekonstrukcija asociiranega mezona B omogoc¢a napoved okusa signal-
nega mezona B. Zaradi meSanja B~ B° ta napoved ni vedno pravilna, vendar je
za nemesSane dogodke koristna za locevanje signala od ozadja. Dve nabiti sledi na
signalni strani se oznacita glede na korelacijo njunega naboja z okusom asociiranega
mezona B: t. je korelirana sled, ¢, pa nekorelirana sled. Na podlagi identifikacije
teh dveh sledi se dogodki razdelijo v kategorije, povzete v Tabeli [ V kon¢nem
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Slika 9: Lo¢ljivost rekonstruirane koli¢ine ¢? za razliéne kombinacije pravilno in
napacno rekonstruiranih objektov.

prilagajanju se uporablja pet medsebojno izklju¢ujocih se kategorij: ¢, £.h.,, €, h.,
pl in (0. Kategoriji ¢.h, in ¢, h. sta obravnavani lo¢eno, ker imajo vodilna ozadja
drugacno odvisnost od naboja in okusa. S tem se izboljSa izloCevanje ozadja. Ka-
tegorija (0 zajema dogodke brez identificiranega leptona med vidnimi razpadnimi
produkti leptonov 7.

Tabela 1: Mozna kon¢éna stanja razpadov 77 z ustrezno vrednostjo ID in razvrsti-
tvijo v kategorije. Pomembnost razvrstitve sledi padajoc¢emu vrstnemu redu spre-
menljivke ID.

kon¢no stanje 77 | ID | kategorija
iy 6.2
e 6.1 175
ee 6.0
wp 3.6
ep 3.5 pt
wh 3.1
e h 30 ‘echu’ euhc
pp 1.0
ph 0.5 £0
h h 0.0

Popravki simulacije in validacija ozadij

Pred koné¢nim prilagajanjem se na simuliranih dogodkih uporabijo korekcijski fak-
torji, ki popravijo znane razlike med podatki in simulacijo. Najvecji popravek je
povezan z ucinkovitostjo hadronskega oznacevanja asociiranega mezona B, saj je
ucinkovitost FEI v podatkih drugacna kot v simulaciji. Dodatni popravki upo-
Stevajo ucinkovitost rekonstrukeije sledi, rekonstrukcijo K?, identifikacijo leptonov,
rekonstrukcijo 7°, razvejitvena razmerja razpadov 7 in normalizacijo ozadij. Konti-
nuumsko ozadje se omeji z uporabo podatkov izven obmocja resonance, kombinato-
ri¢na komponenta ozadja BB pa se preveri v kontrolnih obmodjih.
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Kalibracijski del analize je v disertaciji obravnavan lo¢eno, ker neposredno doloca
zanesljivost kon¢nega modela. Uc¢inkovitost rekonstrukcije nabitih sledi, identifika-
cije leptonov in rekonstrukcije nevtralnih pionov se popravi s faktorji, izmerjenimi v
neodvisnih kontrolnih vzorcih. Pri K? je pomembna tako u¢inkovitost rekonstruk-
cije dveh pionov kot tudi pravilno modeliranje geometrijskih zahtev, ki izkoriscajo
razmaknjen verteks razpada. Pri leptonih je potrebno upostevati, da se u¢inkovitost
in delez napac¢ne identifikacije razlikujeta med Belle in Belle II ter med elektroni in
mioni. Vsi te popravki vstopijo v predloge za signal in ozadje pred konénim prila-
gajanjem.

Validacija v podatkovnih obmoc¢jih z majhnim pricakovanim signalnim prispev-
kom je namenjena preverjanju, ali je mogoce simulaciji zaupati tam, kjer bo upo-
rabljena za napoved ozadja v signalnem obmodcju. K¢ “sideband” preverja kombi-
natori¢ne kandidate K?, M, “sideband” preverja napa¢no rekonstruirane asociirane
kandidate, podatki zunaj resonance pa izolirajo kontinuumsko ozadje. V vsakem od
teh obmocij se primerjajo porazdelitve vhodnih spremenljivk BDT in tudi porazde-
litve izhoda BDT. S tem se preveri, da klasifikator ne uporablja spremenljivke, ki bi
bila v simulaciji slabo opisana.

Analiza uporablja ve¢ validacijskih vzorcev. Obmo¢je mase K zunaj signalnega
okna tvori K? “sideband”. Dodatni “sideband” je definiran z uporabo spremenljivke
My,.. Ti vzorci preverjajo, ali simulacija pravilno opisuje porazdelitve spremenljivk,
uporabljenih za treniranje BDT, ter izhod klasifikatorja. Posebej pomembna je tudi
validacija v obmocjih, kjer se odstrani ozadje z razpadi preko mezonov D, saj so ta
ozadja topolosko podobna signalu.
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& ¢
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Slika 10: Porazdelitev M (K?,t.) v kategorijah, kjer se uporabi veto na ozadja z
mezoni D.

Razkritje signalnega obmocja. Veto na obmocje mase mezona D je pomemben
predvsem v kategorijah, kjer lahko korelirana hadronska sled skupaj s kandidatom
K? tvori kinemati¢no strukturo, znacilno za razpade B — DX. Slika [10| prikazuje
porazdelitve, povezane z vetom na obmocje mase mezona D. Odstranitev tega
obmocja zmanjsa vodilna ozadja, hkrati pa zagotovi neodvisno kontrolno obmodcje
za preverjanje modeliranja teh komponent.

V disertaciji je poudarjeno, da validacijska obmodja niso samo tehni¢ni dodatek,
temvec osrednji del strategije meritve. Signalno obmocje je po definiciji majhno in
statisticno omejeno, zato morebitnega neskladja v njem ni mogoce enostavno raz-
lo¢iti od statisti¢ne fluktuacije. Nasprotno imajo “sideband” obmocja in obmocja z
vetom na razpade preko mezonov D ve¢ dogodkov in so obogatena z znanimi kom-
ponentami ozadja. Ce je v teh obmodjih vidno neskladje med podatki in simulacijo,
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ga je mogoce obravnavati pred razkritjem signalnega obmocja. TaksSna organiza-
cija analize je posebej pomembna za razpade z manjkajoco energijo, kjer ne obstaja
ena sama ozka kontrolna spremenljivka, temvec je zanesljivost rezultata odvisna od
usklajenega opisa ve¢ medsebojno povezanih koli¢in.

Pri validaciji se ne preverja samo skupna normalizacija, temve¢ tudi oblike po-
razdelitev. To je pomembno, ker kon¢no prilagajanje uporablja obliko porazdelitve
@', ne le stevila dogodkov po izboru. Napacno modeliranje vhodne spremenljivke
BDT se lahko po transformaciji preslika v napa¢no obliko prilagojene predloge. Zato
so v disertaciji prikazane primerjave vhodnih spremenljivk v ve¢ kontrolnih obmo-
¢jih, nato pa Se primerjave izhoda BDT. Sele ko so te primerjave zadovoljive, se isti
model uporabi za napoved ozadja v signalnem obmocju.

Pri vseh validacijah se uporablja enak pristop: najprej se definira obmocje, ki ne
vsebuje signalnega prispevka ali pa ga vsebuje zanemarljivo malo, nato se primer-
jajo podatki in simulacija po vseh relevantnih popravkih. Ce se opazi sistemati¢no
neskladje, se uvede popravni faktor ali dodatna negotovost. S tem se zmanjsa mo-
znost, da bi kon¢ni rezultat izhajal iz napa¢nega modeliranja ozadja in ne iz pravega
signalnega presezka.

Odstranjevanje ozadja z BDT

BDT uporabimo kot fizikalno motivirano orodje za odstranjevanje ozadja, pri ¢emer
so vhodne spremenljivke izbrane glede na njihovo povezavo s topologijo signalnih
in ozadnih dogodkov. Nekatere spremenljivke opisujejo signalno stran, na primer
invariantne mase kombinacij K%., K7° in 7¥7° Druge opisujejo globalno kine-
matiko, kot so ¢2., manjkajo¢a masa in kot med osmi potiska. Tretja skupina opi-
suje nesignalni preostanek dogodka, predvsem energijo dodatnih skupkov v ECL ter
kombinacije manjkajoce energije in manjkajoce gibalne koli¢ine. Tak izbor vhodnih
spremenljivk je pomemben, saj BDT locuje signal od ozadja na podlagi robustnih
fizikalnih razlik in ne na podlagi artefaktov simulacije.

Za vsako kategorijo in za vsak eksperiment je ozadje drugacno. V kategoriji £/
prevladujejo semileptonski razpadi z dvema leptonskima sledema. V kategorijah
l.hy, in £, h. je pomembno, ali je hadronska sled korelirana ali nekorelirana z okusom
asociiranega mezona B, saj to lo¢i razli¢ne prispevke iz razpadov preko mezonov
D. Kategorija p¢ vsebuje dodatno informacijo iz kandidata 7°, kategorija £0 pa
ima vecje ozadje, ker ne zahteva identificiranega leptona. Loceno treniranje BDTjev
omogoca, da izkoristimo informacijo teh razlik, namesto da bi bile povprecene v
enem samem klasifikatorju.

Po zacetnem izboru je razmerje med signalom in ozadjem Se vedno zelo majhno.
Ucinkovitost lo¢evanja je za primer Belle IT povzeta z ROC krivuljami na Sliki [I1]
Zato se za vsako kategorijo in za vsak eksperiment loc¢eno natrenira BDT. Izho-
dne spremenljivke BDT uporabljajo informacije o signalni strani, asociirani strani
in preostanku dogodka. Med najpomembnejsimi so ¢2., manjkajoc¢a masa, energija
dodatnih nevtralnih skupkov v ECL, invariantne mase kombinacij K z vidnimi raz-
padnimi produkti 7, kot med osmi potiska obeh strani dogodka in koli¢ine, povezane
z manjkajoco gibalno koli¢ino.

Uspesnost BDT se preveri z lo¢enimi u¢nimi in testnimi vzorci ter z razdelitvijo
dogodkov na sode in lihe podvzorce. Taksna delitev preprecuje, da bi isti dogodek
hkrati sodeloval pri ucenju klasifikatorja in pri oceni njegove konc¢ne porazdelitve.
Za vsako kategorijo se preveri stabilnost odziva med obema podvzorcema. Ce bi bila
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Slika 11: Primer ROC krivulj za testne in u¢ne vzorce v Belle II.

razlika med sodim in lihim treningom velika, bi to kazalo na preucenje ali na pre-
majhen simulirani vzorec. V koné¢ni analizi so odzivi stabilni, zato se transformirani
izhod BDTja uporablja kot zanesljiva spremenljivka prilagajanja.

Primer izhoda pred in po transformaciji je prikazan na Sliki Izhod BDTja
se transformira s transformacijo verjetnostnega integrala, tako da je porazdelitev si-
gnala priblizno enakomerna. Transformirana spremenljivka se oznac¢i z O’. Konéno
prilagajanje se izvede v obmocju O > 0.3, ki ohrani velik delez signala in hkrati
mocno zmanjSa ozadje. Ker je O kon¢na spremenljivka prilagajanja, je njeno mode-
liranje preverjeno v ve¢ validacijskih obmocjih pred razkritjem signalnega obmocja.
Analiza je zasnovana kot skrita analiza: signalno najbolj obc¢utljivo obmocje se pre-
gleda Sele po dolocitvi izborov, popravkov, sistemati¢nih negotovosti in statisticnega
postopka.

Postopek razkritja signalnega obmocja zato nastopi Sele po zakljucku odstranje-
vanja ozadja in validaciji. Izbori, popravki simulacije, trening BDTjev, obravnava
sistematic¢nih negotovosti in statisticni model so doloc¢eni z uporabo simulacije in
kontrolnih obmodij. Sele po zakljucku teh korakov se pregleda obmocje z visoko
vrednostjo O'. Taksna skrita analiza zmanjsuje tveganje, da bi se izbori nenamerno
prilagodili statisti¢nim fluktuacijam v podatkih.

Statisticni model in sistemati¢ne negotovosti

Statisticni model mora hkrati izkoristiti informacijo iz desetih kanalov in pravilno
prenesti sistemati¢ne negotovosti med njimi. Zato je prilagajanje zgrajeno kot sku-
pen model, ne kot zaporedje neodvisnih prilagajanj. Parameter zanimanja je razve-
jitveno razmerje oziroma ekvivalentna jakost signala. Vsi moteci parametri so profi-
lirani, kar pomeni, da se pri vsaki testirani vrednosti signala izberejo tiste vrednosti
motecih parametrov, ki najbolje opisejo podatke ob upostevanju njihovih omejitev.
Tak pristop omogoca, da podatki sami omejijo nekatere komponente ozadja, vendar
le v meri, ki je skladna z zunanjimi negotovostmi.

Histogramske predloge so pripravljene za signal in ve¢ komponent ozadja. Nego-
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Slika 12: Primer izhoda BDT pred in po transformaciji verjetnostnega integrala za
kategorijo ¢, h. v vzorcu Belle II.

tovosti oblike spremenijo relativno vsebino stolpcev v porazdelitvi ', medtem ko
normalizacijske negotovosti spremenijo skupno pri¢akovano stevilo dogodkov. Sta-
tisticne negotovosti simuliranih vzorcev so pomembne, saj je po kon¢nem izboru
Stevilo simuliranih dogodkov v nekaterih stolpcah majhno. Njihova obravnava pre-
preci, da bi statisticne fluktuacije simulacije bile interpretirane kot natan¢no po-
znana oblika ozadja.

Signal se izlo¢i s hkratnim prilagajanjem histogramskih predlog v desetih kanalih:
pet kategorij za Belle in pet kategorij za Belle II. V vsakem kanalu je spremenljivka
prilagajanja OO’. Model je implementiran v okviru HistFactory s paketoma pyhf in
cabinetry. Funkcija verjetja je produkt Poissonovih verjetnosti za vse stolpce in
kategorije, pomnozen z Gaussovskimi omejitvenimi ¢leni za motece parametre:

Flx) =TI TIPoises | ves(r,x)) x J] Gausy(ay | x)- (6)
kate-cgeorije blific xex
Tukaj je n., Stevilo opazenih dogodkov v stolpcu b kategorije ¢, 1., pa ustrezno
pricakovano $tevilo dogodkov. Sistemati¢ne negotovosti so vklju¢ene preko motecih
parametrov x, ki spreminjajo pricakovane vsebine stolpcev in so omejeni z Gausso-
vimi ¢leni Gaus,, povezanimi s pomoznimi podatki a,,.
Pri¢akovano stevilo dogodkov v posameznem stolpcu lahko zapisemo kot

Ves(tts X) = - 2+ Nyy(as) - foo - B(B® = K{777) - eep(X) + fo(x) + Vg,%(x)- (7)

Tukaj sta Vbe in 1/3% pri¢akovani vsebini predlog za ozadji BB in ¢q. C‘eprav je
nominalna signalna u¢inkovitost enakomerna v spremenljivki prilagajanja, postane
zaradi negotovosti oblike odvisna od stolpca, zato je oznacena kot .. Faktor pu, ki
je prost parameter prilagajanja, mnozi celotno normalizacijo signalnih predlog glede
na privzeto referen¢no razvejitveno razmerje.

Sistemati¢ne negotovosti so razdeljene glede na njihov izvor. Najvecji prispevki
izvirajo iz razvejitvenih razmerij vodilnih razpadov mezonov B, statistike simulacije,
ucinkovitosti hadronskega oznacCevanja asociiranega mezona B, normalizacije kom-
binatori¢ne komponente asociiranega mezona B in modeliranja razpadov D — K.
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Negotovosti oblike se vkljucijo kot spremembe histogramskih predlog, normalizacij-
ske negotovosti pa kot pomnozevalni faktorji. Kadar je negotovost skupna Belle in
Belle IT ali ve¢ kategorijam, je v modelu opisana s koreliranim motec¢im parametrom.
Glavni viri so v istem vrstnem redu kot v glavnem besedilu povzeti v Tabeli

Tabela 2: Viri sistemati¢nih negotovosti, njihova obravnava v prilagajanju in njihov
prispevek k negotovosti jakosti signala .

Vir Vrsta negotovosti, parametri oy
Vodilna razvejitvena razmerja razpadov mezonov B | korelirana negotovost oblike, 140 | 0.20
Statistika MC nekorelirana negotovost oblike, 140| 0.18
U¢inkovitost B-oznacevanja korelirana negotovost oblike, 2 0.06
Normalizacija kombinatoriénih B, korelirana negotovost oblike, 10 0.05
Modeliranje D — K7} korelirana negotovost oblike, 2 0.05
Identifikacija leptonov korelirana negotovost oblike, 6 0.03
foo korelirana negotovost oblike, 1 0.02
Negotovost signalne u¢inkovitosti normalizacija, 2 0.02
U¢inkovitost 7° korelirana negotovost oblike, 2 0.02
Normalizacija qq normalizacija, 4 0.02
Signalni model korelirana negotovost oblike, 1 0.01
Utinkovitost K korelirana negotovost oblike, 2 | < 0.01
Stevilo Y(4S) normalizacija, 2 < 0.01
Negotovost luminoznosti normalizacija, 2 < 0.01
Ucinkovitost rekonstrukcije sledi korelirana negotovost oblike, 2 | < 0.01
Vodilna razvejitvena razmerja razpadov 7 korelirana negotovost oblike, 10 | < 0.01
Xd korelirana negotovost oblike, 1 < 0.01
Skupaj 0.29
Rezultati

Rezultate na podatkih interpretiramo previdno. Ker je pri¢akovani signal v Stan-
dardnem modelu dale¢ pod trenutno eksperimentalno obc¢utljivostjo, namen analize
ni meritev Standardnega modela, temvec iskanje morebitnega velikega povecanja,
ki bi lahko izviralo iz nove fizike. Zato je pomembno, da se poleg centralne vre-
dnosti navede tudi pricakovana in opaZena zgornja meja. Pri¢akovana meja opisuje
obc¢utljivost analize v primeru, ko je prisotno samo ozadje; opazena meja pa vklju-
¢uje dejansko statisticno fluktuacijo podatkov. Ce sta si ti dve vrednosti blizu, to
pomeni, da podatki ne kazejo nepricakovanega presezka ali primanjkljaja glede na
model ozadja.

Loceni rezultati Belle in Belle II so koristni za navzkrizno preverjanje. Belle ima
veéjo integrirano luminoznost, Belle II pa drugacen detektor in druga¢ne ucinkovi-
tosti rekonstrukcije. Ce bi bil presezek prisoten samo v enem eksperimentu ali samo
v eni kategoriji, bi bilo treba podrobno preveriti moznost napacnega modeliranja. V
kon¢nem rezultatu so centralne vrednosti locenih prilagajanj skladne z ni¢lo znotraj
negotovosti, zdruzeni rezultat pa je prav tako skladen s hipotezo brez signala.

Koné¢no prilagajanje je izvedeno hkrati za Belle in Belle II.

Na ravni posameznih eksperimentov sta dobljena rezultata

Bgee(B® — Kom777) = [0.07 £ 0.42 (stat.) £ 0.36 (sist.)] x 107, (8)
Bpene (B — Kgrt77) = [0.20 £ 0.50 (stat.) 4 0.44 (sist.)] x 107°. (9)

204



Oba rezultata sta skladna s pricakovanjem v odsotnosti signala. Hkratno prilaga-
janje ni preprosto povprec¢je obeh loc¢enih rezultatov, ker so v zdruzenem modelu
nekatere sistemati¢ne negotovosti korelirane med Belle in Belle II, prilagajanje pa
hkrati uporablja vseh deset kategorij. Zato lahko centralna vrednost skupnega rezul-
tata nekoliko odstopa od intuitivnega aritmeti¢nega povprecja locenih prilagajanj.

Pred prilagajanjem je ujemanje med podatki in modelom dobro. Po prilagajanju
ni opaznega presezka v konénih porazdelitvah @', prikazanih na Sliki [13] ki bi kazal
na signal BY — K777~ Prilagojena vrednost razvejitvenega razmerja je

B(B® — Kgrt77) = [0.12 £ 0.33 (stat.) & 0.29 (sist.)] x 107 (10)

Ker po prilagajanju ni opazen statisti¢no znacilen presezek, se rezultat izrazi tudi
kot zgornja meja. Za dolocitev zgornje meje se uporablja metoda C'Ly,

CLstp  Pstb
CL, = - . 11
CLy 1—py (1)

Rezultat je zdruzljiv s hipotezo ozadja. Sken CLg je prikazan na Sliki [14], odmiki
motecih parametrov pa na Sliki[I5] prispevki sistemati¢nih negotovosti pa so povzeti
v Tabeli 2] Ustrezna zgornja meja je

B(B" — Kirt77) < 0.83 x 107° (12)

pri 90-odstotni stopnji zaupanja. To je prva eksperimentalna omejitev za ta razpadni
kanal.

Izospinsko povprecenje

Rezultat nevtralnega kanala zdruzimo tudi z meritvijo razpada BY — K777, s
¢imer dobimo skupno mejo za psevdoskalarni prehod B — K777, Pri tem je treba
upostevati, da opazovani konéni stanji vsebujeta KT oziroma K¢, medtem ko se iz-
ospinska povezava nanasa na razpade v psevdoskalarni kaon. V kombinaciji, povzeti
7 istimi enacbami kot v glavnem besedilu, se zato upostevata projekcija K° — K?
in razmerje zivljenjskih dob nabitega in nevtralnega mezona B. Skupno prilagaja-
nje uporablja en sam prost parameter, sistemati¢ne negotovosti pa so korelirane ali
nekorelirane glede na njihov fizikalni izvor.
Kombinirani rezultat je

B(B — K7777) = (0.06 £ 0.28) x 1072, (13)
zgornja meja pa
B(B— Krt717) <0.54 x 107° (14)

pri 90-odstotni stopnji zaupanja. Ta rezultat predstavlja najstrozjo trenutno omeji-
tev za prehode b — s7t7~ s psevdoskalarnim kaonom v kon¢nem stanju.

Sklep

V okviru tega dela je bilo izvedeno prvo iskanje razpada B® — K277~ z uporabo
podatkov Belle in Belle II. Analiza zdruzi oba podatkovna vzorca v enotnem sta-
tisticnem modelu, rekonstruira asociirani mezon B v hadronskih razpadih, razdeli
signalne kandidate v ve¢ kategorij glede na vidne razpade leptonov 7, odstranjuje
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Slika 13: Porazdelitve transformiranega izhoda BDT O’ po prilagajanju za Belle in
Belle II.

ozadje z lo¢eno natreniranimi klasifikatorji BDT in izvede hkratno prilagajanje po-
razdelitvam O'. Sistemati¢ne negotovosti oblike in normalizacije so vkljucene kot
moteci parametri, pri cemer so korelacije med eksperimenti in kategorijami obrav-
navane glede na njihov fizikalni izvor.

V koné¢énem prilagajanju ni opazen statisticno pomemben presezek nad pric¢ako-
vanim ozadjem. Izmerjena vrednost razvejitvenega razmerja je skladna z niclo, zato
je rezultat podan tudi kot zgornja meja. Delo prvi¢ izmeri oziroma omeji razveji-
tveno razmerje za kanal B® — K277 in dolo¢i najstrozjo trenutno zgornjo mejo
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Slika 14: Skeniranje C'L4 za hkratno prilagajanje podatkom Belle in Belle II.

za prehode b — s7777 s psevdoskalarnim kaonom v kon¢nem stanju. éeprav je ob-
¢utljivost Se vedno nad napovedjo Standardnega modela, rezultat omejuje dolocene
scenarije NF z moc¢no povec¢animi sklopitvami na leptone 7.

Prihodnji podatki Belle IT bodo neposredno izboljsali statisticno komponento
obcutljivosti, vendar bo za dosego bistveno bolj natanc¢ne meritve pomembno tudi
zmanjSanje sistemati¢nih napak. Med njimi so boljse modeliranje hadronskih raz-
padov mezonov B, natanc¢nejSa kalibracija FEI, vecji simulirani vzorci, izboljsana
obravnava ozadij zarka in morebitna uporaba dodatnih razpadov 7 z eno nabito
sledjo. Ker se pri vec¢jih podatkovnih vzorcih statisti¢ne negotovosti zmanjsajo,
bodo prav negotovosti oblike in zanesljivost modeliranja ozadja postale Se bolj kri-
ticne.
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