TARBES
® ST, B

Qaasz®

UNIVERSITA DEGLI STUDI DI TRIESTE

DIPARTIMENTO DI FISICA

Corso di Laurea Magistrale in Fisica

PRIMA RICOSTRUZIONE DI DECADIMENTI
CHARMLESS DEL. B A BELLE 11

Candidato: Relatore:
Sebastiano Raiz Dott. Diego Tonelli
Correlatore:

Dott. Fernando J. Abudinén G.

ANNO ACCADEMICO 2019-2020






TARBES
® ST, B

Qaasz®

UNIVERSITA DEGLI STUDI DI TRIESTE

DIPARTIMENTO DI FISICA

Corso di Laurea Magistrale in Fisica

FIRST CHARMLESS B DECAY
RECONSTRUCTION IN BELLE II DATA

Candidato: Relatore:
Sebastiano Raiz Dott. Diego Tonelli
Correlatore:

Dott. Fernando J. Abudinén G.

ANNO ACCADEMICO 2019-2020






The risk I took was calculated,
but man,

I am bad at math.
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Sunto

Questo ¢ un lavoro di fisica sperimentale delle particelle finalizzato alla prima ricostruzione
di decadimenti charmless dei mesoni B nei dati dell’esperimento Belle II. Belle II & un
rivelatore ottimizzato per la ricostruzione di miliardi di decadimenti di mesoni pesanti e
leptoni 7 prodotti in collisioni elettrone-positrone a 10 GeV. Il suo obiettivo scientifico ¢ la
ricerca indiretta di estensioni del Modello Standard, la teoria attualmente accettata.

I decadimenti dei quark b in quark diversi dal ¢ (charmless) offrono opportunita uniche
di misurare alcuni parametri fondamentali delle interazioni deboli sensibili a fisica oltre
il Modello Standard, ed hanno pertanto un ruolo centrale nel programma scientifico di
Belle II.

Il lavoro consiste di tre parti sinergiche. Il filo conduttore & usare le sfide sperimentali
associate alla ricostruzione di decadimenti charmless per studiare, comprendere maggior-
mente e possibilmente migliorare le prestazioni di Belle II affinché siano ottimali in vista
dei campioni di dati aspettati nel prossimo futuro.

Nella prima parte discuto la ricostruzione di decadimenti Bt — K*7% nel campione
di dati raccolto da Belle II nel 2019 e corrispondente a 8.7 fb~! di luminosita integra-
ta. Il canale Bt — K170 sonda diverse capacitd sperimentali cruciali del rivelatore,
come la soppressione del fondo da coppie di quark leggeri, la ricostruzione di fotoni ad
alta energia e l'identificazione di adroni carichi. Il risultato & la prima ricostruzione di
decadimenti BT — K*7% nei dati di Belle II, con 27 £ 8 eventi di segnale. Il segna-
le evidenzia anomalie nella calibrazione dell’energia dei fotoni, rimaste finora inosservate,
che caratterizzo in dettaglio portando la collaborazione ad adottare un nuovo approccio
alla calibrazione del calorimetro. Nella seconda parte studio le prestazioni di identifica-
zione di particelle cariche, un elemento chiave nell’analisi di decadimenti di mesoni B.
Il risultato ¢ I'osservazione di dipendenze tra le variabili di identificazione misurate dai
vari sottorivelatori, finora trascurate nella ricostruzione ma potenzialmente dannose per
le prestazioni di lungo periodo. Nell’'ultima parte ottengo la prima misura di asimme-
trie tra i tassi di decadimento di mesoni B* e B~ dovute alla non conservazione del-
la simmetria carica-parita (CP) nei decadimenti BY — KTK- K™ e BT — Ktr 7t
ricostruiti nei dati raccolti nel 2019-2020 e corrispondenti a 34.6 fb~! di luminosita in-
tegrata. [ risultati, Aep(BT — KTK KT) = —0.049 + 0.063(stat) £+ 0.022(syst) e
Acp(BT — Ktn~ 1) = —0.063+0.081(stat) +0.023(syst), hanno richiesto il primo studio
approfondito sulle asimmetrie di carica strumentali in Belle II, uno strumento fondamentale
per tutte le future misure di violazione di CP.

Tutti i risultati sono compatibili con quanto aspettato dalla simulazione e dimostrano
prestazioni gia competitive con le migliori degli esperimenti precedenti. L’impatto prin-
cipale ¢ una validazione dettagliata e significativi miglioramenti di molti aspetti cruciali
delle prestazioni di Belle II. Questo lavoro getta solide basi per le analisi del prossimo futu-
ro, quando le dimensioni dei campioni permetteranno risultati competitivi con le migliori
misure odierne.






Abstract

This is an experimental particle physics thesis aimed at the first reconstruction of charmless
decays of B mesons in Belle II data. Belle II is a detector designed to reconstruct billions
of decays of heavy mesons and 7 leptons from 10 GeV electron-positron collisions in search
for indirect indications of non-Standard-Model physics. Decays of b quarks in quarks other
than ¢ (charmless B decays) provide unique access to fundamental parameters of the weak
interactions that are particularly sensitive to non-SM physics and play an important role
in the Belle II scientific program.

The work consists in three synergic parts. The common thread is the use of challenging
physics to study, understand, and possibly optimize the most relevant experimental capa-
bilities of the detector and reconstruction to reach optimal performance when the data set
size will be competitive for world-leading results.

I first focus on the reconstruction of BT — K7Tx° decays using the sample col-
lected by Belle II in 2019 and corresponding to 8.7 fb~! of integrated luminosity. The
Bt — K170 channel probes several key aspects of the detector and reconstruction perfor-
mance such as background suppression, reconstruction of energetic photons, and charged-
hadron identification. I achieve the first reconstruction of B — K+7¥ decays in Belle II
data, with a signal yield of 27 4+ 8 events, and expose a previously undetected energy-
miscalibration in photon reconstruction, prompting the collaboration to adopt a novel
approach to monitor the calorimeter energy-scale. A study of the charged-particle iden-
tification performance — a key capability in B physics — follows. I observe subtle instru-
mental dependences between particle-identification variables measured by different sub-
detectors, so far neglected in Belle II reconstruction, and assess their impact on long-
term performance. Finally, I achieve the first measurement of charge-parity (CP) vi-
olating asymmetries in three-body decays Bt — KTK~-K*™ and BT — Kta 7t re-
constructed in 2019-2020 Belle II data corresponding to 34.6 fb=! of integrated lumi-
nosity. The results, Acp(BT — KTK~K™') = —0.049 + 0.063(stat) £ 0.022(syst) and
Acp(BT — Kt~ nT) = —0.063 &+ 0.081(stat) + 0.023(syst), demand a thorough data-
based investigation of instrumental charge-asymmetries, which is a fundamental input for
all future C’P-violation measurements.

All results are compatible with expectations from simulation and show performance on
par with the best performance of the predecessor experiments.

This work provides solid ground for upcoming analyses of B decays at Belle II and
is expected to have significant impact on the quality of Belle II physics throughout the
next few years, when the expected data set will enable competitive precisions with current
world-best results.
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Introduction

The Standard Model of elementary particles and their interactions (SM) is the currently
accepted theory of particle physics. It is widely recognized as the ultimate success of
the reductionist paradigm for describing microphysics at its most fundamental level: by
means of less than twenty parameters, the Standard Model describes accurately thousands
of measurements involving processes mediated by the electromagnetic, weak, and strong
interactions that span more than ten orders of magnitude in energy. However, theoretical
considerations and experimental inconsistencies support the general belief that the Stan-
dard Model might still be an effective theory, a theory valid at the energies probed so far,
that is incorporated in a yet-unknown, more general theory. Completing the Standard
Model is the main goal of today’s particle physics.

A ‘direct’ approach, which broadly consists in searching for decay products of non-SM
particles produced on mass-shell in high-energy collisions, has been traditionally fruitful.
However, its current reach is limited by the available collision energy of today’s accelerators
and by the large investments needed to further it in future. A complementary approach
consists in performing precise measurements in lower-energy processes where virtual non-
SM particles could contribute, and searching for deviations of experimental results from
theory predictions. The reach of such ‘indirect’ approach is not constrained by collision
energy, but rather by the precision attainable, both in measurements and predictions.

The Belle II experiment is an international collaboration of more than 1000 physicists
that aims at indirectly testing the Standard Model by studying billions of decays of 7 leptons
(heaviest partners of the electron) and mesons containing the quarks b and ¢ (heavier
and longer-lived partners of the fundamental constituents of nuclear matter) produced
in electron-positron collisions at the energy of 10GeV. Belle II started taking data in
March 2019, and has now collected collision samples corresponding to 70 fb~! of integrated
luminosity, or, equivalently, 80 million pairs of B mesons (bound states of a b quark and a
lighter quark). As it is a recent experiment, its chief priority in this initial stage is the data-
driven validation of the physics performance. This is an essential task where known physics
processes are used as references to understand, calibrate, and optimize the performance of
not yet fully optimized detector and reconstruction algorithms.

My work focuses on the first reconstruction of charmless B decays in Belle II data and
on their use as sensitive probes of Belle II performance. Charmless B decays are transitions
where a b quark decays in quarks other than ¢. Charmless B decays provide unique access to
fundamental parameters of the weak interactions that are particularly sensitive to non-SM
physics. They thus play a key role in the scientific program of Belle II. However, studying
charmless B decays poses experimental and theoretical challenges. They are difficult to
reconstruct due to their rarity (branching fractions < 2 x 107°) and to the similarity
of final states with backgrounds 10° times more abundant. Moreover, interpretation of
measurements suffers from phenomenological challenges associated with the presence of
non-perturbative quantum chromodynamics effects, which spoil the precision of predictions.
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Thanks to the abundance and variety of available decay channels, charmless decays allow
for detailed characterization of multiple and diverse experimental aspects relevant for flavor
physics analysis at Belle II.

I join this effort with three synergic contributions. In the first part of my thesis I
target the first reconstruction in Belle II data of BT — K70 decays, and an ensuing
dedicated investigation of photon reconstruction. The BT — K+7¥ decay is particularly
challenging even among the charmless channels because it is rare, it is contaminated by
an abundant background, and it poses the additional experimental challenges associated
with 70 reconstruction. Reconstructing BT — KT7° decays imposes therefore a harsh
strain on many key experimental capabilities, such as background suppression algorithms,
70 reconstruction, and charged-hadron identification, allowing to benchmark the physics
performance in depth.

The central part of my thesis is devoted to charged-hadron identification, as cor-
rect identification of particles is key to suppress backgrounds to charmless decays due
to misidentifications. I focus on the combination of identification information from the
various subdetectors, assumed independent in Belle II, and investigate the validity of this
approximation and its impact on physics.

In the final part of my thesis I use a larger data sample to target the first measurement
of CP-violating asymmetries in BT — KTK~K' and B* — Kt n 7" decays. These
offer a new set of peculiar challenges due to the larger number of final-state tracks and
insidious peaking backgrounds that need to be suppressed or modeled. This work involves
developing a thorough data-based investigation of instrumental charge-asymmetries, which
could bias the CP-violating asymmetries if left unconstrained.

This document is structured as follows: Chapter 1 outlines the flavor sector of the
Standard Model; Chapter 2 describes the Belle II experiment and provides an outline of the
general principles of B meson reconstruction; Chapter 3, where the description of my direct,
original contributions begins, reports on the first reconstruction of the B* — K79 decay
channel; Chapter 4 shows an ensuing study on photon-energy miscalibrations; Chapter 5
presents my studies on the charged-hadron identification in Belle IT; Chapter 6 describes
the first Belle II measurement of charge-parity asymmetries in three-body charmless B
decays; and the final chapter summarizes the salient results.

Charge-conjugate processes are implied throughout the document unless specified oth-
erwise.

The work reported in this thesis is documented in two published Belle II preprints [1,2]
and in five internal Belle II documents [3-7].



Chapter 1

Flavor physics to overcome the
Standard Model

This is a concise introduction to the weak interactions of quarks and how they are incor-
porated in the Standard Model of particle physics. I outline the main concepts subtending
the role of such interactions in searches for as-yet unknown particles that may complete the
Standard Model at high energies. Finally, I specialize the discussion to charmless decays
of bottom mesons, which are the subject of this thesis.

1.1 The Standard Model of particle physics

The Standard Model (SM) is a quantum field theory that describes three of the four
fundamental interactions in nature (gravity is not included) [8-13|.

The quantum field theory framework results from the unification of quantum mechanics
with special relativity and offers the most fundamental description of nature known to date.

In physics, a field is a set of values, associated to certain physical properties, assigned to
every point in space and time. Quantum fields are fields that pervade the whole spacetime
and obey the rules of quantum mechanics. If a quantum field is modified by an appro-
priate perturbation, the resulting oscillatory states, called field excitations, carry more
energy than the resting state and are what we call ‘particles’. For instance, the electron
is the massive excitation of the corresponding electron field. The quantized nature of the
description implies that only certain perturbations that satisfy precise energetic conditions
are capable of generating field excitations. It is not possible, for example, to generate a
wave in the electron field that corresponds to half an electron, with half a unit of electric
charge.

Quantum fields interact with each other, and the Standard Model is the theory that
describes their dynamics at energy scales relevant for the subatomic world. Particles and
their interactions are described in a Lagrangian formalism, in which every combination of
fields and interaction operators that is not forbidden by the symmetries of the dynamics
is, in principle, included. Local gauge symmetry, i.e., the invariance of the Lagrangian
under space-time-dependent transformations applied to the phases of fields, is the key
overarching concept. Interaction terms appear in the free-field Lagrangian after requiring
it to be invariant under local gauge symmetries. The Standard Model is based on the
Symmetry group

SUc(3) @ SUL(2) ® Uy (1),

where SU¢(3) is the standard unitary group that describes the strong interactions (quan-
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tum chromodynamics, QCD), and C stands for the color charge; SUL(2) ® Uy (1) is the
product of groups that describe the combination of the weak and electromagnetic inter-
actions, with L standing for left and Y standing for hypercharge.® The group SUc(3)
has eight generators, SU(2) has three generators Wi o3, and Uy(1) has one, B. All
elementary particles are excitations of fields.

Spin-1 particles called gauge bosons mediate the interactions. Strong interactions are
mediated by eight massless particles corresponding to the SU¢(3) generators, called gluons:
they carry a charge that can be of three kinds, called color. Weak interactions are mediated
by two charged massive bosons, W¥, and a neutral massive boson, Z°. Electromagnetic
interactions occur between particles carrying electric charge and are mediated by a neutral
massless boson, the photon . The physical electroweak bosons (W*, Z9 ~) arise from
the following linear combinations of SU,(2) ® Uy (1) generators:

i B
Wt — L(Wl +ilWy) and v _ [ cos Ow  sinfOy ’
V2 Z0 —sinfy  cos Oy W3

where 6y is a free parameter, called Weinberg angle. The W+ mass depends on the Z mass
via 6y . Particles acquire mass via the interaction with the Higgs field, which is mediated
by a spin-0 particle, the Higgs boson.

Matter particles correspond to excitations of spin—% fields and are called fermions. Their
masses are free parameters. Each fermion is also associated with an anti-particle that has
the same mass and opposite internal quantum numbers. Fermions are further classified into
two classes, quarks, that are the fundamental constituents of nuclear matter, and leptons,
each organized in three weak-isospin doublets.

e Quark doublets are composed each of an up-type quark, with charge %e, and a down-

type quarks, with charge —%e,
U c t
d s b

They couple with both the strong and electroweak interactions. Each quark has color
and a ‘flavor’ quantum number, which comes in six varieties and is conserved in the
electromagnetic and strong interactions but not in the weak interactions. Due to
color confinement [14] free quarks are not observable. They are only observed in
their colorless bound states, which include mesons, typically composed of a quark
and an anti-quark, and baryons, composed of three quarks. Baryons are assigned a
quantum number, called baryon number, found to be conserved even if no symmetry
of the Lagrangian requires that.

e Lepton doublets are composed each by a massless neutral neutrino and a massive
particle with electric charge —e;

() () ()

They couple only with the electroweak interaction. Each lepton has a lepton family
quantum number; their sum in a process, called global lepton number, is found to be
conserved in all interactions, although no symmetry of the dynamics prescribes that;
individual lepton numbers are not conserved in some processes, notably neutrino
oscillations.

'Only particles with left chirality are influenced by the weak interaction.
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Figure 1.1 shows a scheme of the Standard Model particles and their interactions.
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Figure 1.1: Scheme of particles and interactions in the Standard Model.

In addition to gauge symmetry, discrete symmetries are important too in constraining
the dynamics. Parity (P) is a transformation that inverts all spatial coordinates; charge
conjugation (C) is the exchange of every particle with its own antiparticle; and time reversal
(7)) inverts the time axis. The product of the three discrete symmetry transformations is
found to be conserved in all interactions, but they are not conserved individually [15, 16].
Parity symmetry is maximally violated in the weak interactions, while the combined CP
symmetry is violated in the weak interactions at the 0.1% level. In principle, the strong
interaction too could violate CP symmetry, but no experimental evidence of that has ever
been observed. The existence of as-yet unobserved particles (axions) has been postulated
to account for that.

1.2 Where do we stand?

The Standard Model was completed in the 1970’s and has been successfully tested since,
in thousands of measurements whose fractional precisions reach one part per trillion [17].
However, observations and theoretical considerations suggest that the Standard Model is
likely to be an effective theory, valid at the eV-TeV energies probed so far, that should
be completed by a more general full theory valid over a broader range of energies. Open
questions that support this interpretation include the lack of an explanation for a dynamical
origin for the observed asymmetry between matter and antimatter in the universe, the
strikingly large differences observed between fermion masses, the possible instability of the
Higgs vacuum, or the postulated large amounts of non interacting matter (dark matter),
introduced to justify cosmological observations.

Extending the Standard Model to higher energy-scales is the main goal of today’s
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particle physics, in an attempt at addressing these and other open issues. Current strategies
to extend the Standard Model can broadly be classified into two synergic approaches. The
energy-frontier, direct approach aims at using high-energy collisions to produce on-shell
particles (that is, particles satisfying the energy-momentum conservation in the production
process) not included in the SM, and detect directly their decay products, thus gaining
direct evidence of their existence.? Historically this offered striking experimental evidence
of new phenomena, when energetically accessible, but its reach is limited by the maximum
energy available at colliders. The intensity-frontier, indirect approach broadly consists in
searching for significant differences between precise measurement and equally precise SM
predictions in lower-energy processes sensitive to non-SM contributions. The idea is that
exchanges of virtual (off-mass-shell) particles of arbitrary high mass, including those not
described in the Standard Model, occur in the amplitude, thus altering the amplitudes in
an observable manner. The presence of virtual particles, which may imply a temporary
non-conservation of energy, is allowed by Heisenberg’s uncertainty principle AEAt > %
where energy conservation can be violated for short enough times. Experimental evidence
is typically harder to establish, but the reach is not bounded by the maximum collision
energy reachable by experiments. A large portion of the effort in this approach is centered
on the weak-interactions of quarks (so called ‘flavor physics’).

1.3 Flavor physics in the Standard Model

Although technically flavor physics includes also lepton flavor, I will restrict the scope by
referring solely to the quark interactions in this work.

The role of flavor in shaping the Standard Model has been central since the early days of
particle physics. However, its prominence in determining the theory can perhaps be tracked
down to the early 1960’s with the apparent inconsistency between weak coupling constants
measured in muon decay, neutron decay, and strange-particle decays. Such inconsistency
was first addressed by Gell-Mann and Levy [18] and then Cabibbo [19], who postulated
differing mass (d) and weak (d’) eigenstates for down-type quarks. This was realized by
introducing a mixing angle (6¢) between the s-quark and d-quark, the only two down-type
quarks known at the time. While Cabibbo’s theory addressed economically the difference
of weak coupling constants, it also predicted a rate for the K — p*p~ and other kaon
decays inconsistent with the experimental exclusion limits at the time. Glashow, Iliopoulos,
and Maiani addressed the conundrum by postulating the existence of a fourth quark (c)
of 2GeV/c? mass, whose contribution in the K* — uu~ decay amplitude would cancel
the w-quark contribution, suppressing the branching fraction down to values consistent
with experimental limits [20]. In the early 1970’s, when only three quarks were known,
Kobayashi and Maskawa generalized Cabibbo’s theory from a four-quark model to a six-
quark model to accommodate the phenomenon of CP violation observed in 1964 [21].
They introduced a matrix to describe the relations between mass and weak interaction
eigenstates of quarks as seen by W bosons. This is known as the Cabibbo-Kobayashi-
Maskawa quark-mixing matrix or Voga, a complex matrix that is unitary because the sum
of all the transition probabilities must equal one. The N x N CKM matrix has (N — 1)?
free parameters [22]|, where N is the number of quarks families. If N = 2, the only free
parameter is the Cabibbo angle -, whereas if N = 3, the free parameters are three Euler
angles (012, 013, and #33) and a complex phase (), which allows for CP-violating couplings.

2 Mass shell is jargon for mass hyperboloid, which identifies the hyperboloid in energy-momentum space
describing the solutions to the mass-energy equivalence equation E* = (pc)? + m2c*. A particle on-mass-
shell satisfies this relation.
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The matrix is written as

d/ Vud Vus Vub d
sl =V Ves Vi s
v Via Vis Va

where primed quarks indicate the weak-interaction eigenstates corresponding to the un-
primed mass eigenstates. The V;; matrix element encapsulates the coupling between an
up-type ¢ and down-type j quarks. It is most conveniently written in the so-called Wolfen-
stein parametrization 23], an expansion in the small parameter A = sinfc =~ 0.23 that
makes explicit the observed hierarchy between its elements,

1—)%/2 A AX3(p — in)
Vokm = -\ 1—)\2/2 AN? + 00\,
AN(1 —p—in) —AN? 1
where
Vus chb

= AN =22 AN (p+in) =V, .

/ v,
Vuzd + Vu28 v
The parameter A expresses the mixing between the first and second quark generations, A

and p are real parameters, and 7 is a complex phase that allows for CP violation. The
unitarity condition VCKMVCTKM = 1 yields nine relations,

Vad? + Vead> + 1Vad> =1 ViVua + ViVeg + ViVia =0 VgV + Vi VE + Vi Vi = 0,
’Vus’2 + "/05‘2 + ‘Ws’Q =1 V':bvud + V:l(;vvcd + ‘/tz‘/td =0 Vudviz + Vus‘/ti; + Vub‘/;l; =0 5
Vo> + Va2 + V> =1 Vi Vs + Vi Ves + VigVis = 0 VadViig + Vis Vit + Vi Vi = 0.,

which are sums of three complex numbers each, prompting a convenient geometric repre-
sentation in terms of so-called unitarity triangles in the complex plane. A CP conserv-
ing theory would yield null-area triangles or, equivalently, a vanishing Jarlskog invariant
J = S(Vus Ve Vi Vi) [24-26]. All elements of the second equation in the middle column
have similar magnitudes, yielding a non-degenerate triangle. That equation is therefore
referred to as ‘The Unitarity Triangle’, shown in Figure 1.2. Conventionally, side sizes are
normalized to the length of the base, and the three angles are labelled a or ¢, 5 or ¢1,
and v or ¢s.

N ~Vir Via

11 It

(0.0) (1,0)

Figure 1.2: Graphical representation of the Unitarity Triangle.



CHAPTER 1. FLAVOR PHYSICS

1.4 Flavor physics to overcome the Standard Model

Many physicists find the current understanding of flavor dynamics and CP violation unsat-
isfactory. The observed hierarchies between quark masses and couplings seem too regular to
be accidental and the abundance of free parameters (six quark masses and four couplings)
suggests the possibility of a deeper, more fundamental theory with a possibly reduced set
of parameters. In addition, while the CKM mechanism offers a framework to include CP
violation in the SM, it does not really enlightens the origin for such a singular phenomenon.
These and other considerations support the notion that a more detailed and complete study
of the phenomenology of quarks dynamics and CP violation may reveal useful information
to guide searches for Standard Model extensions.

The abundance and diversity of experimentally accessible processes to measure redun-
dantly a reduced set of parameters makes indirect searches in the flavor sector a powerful
and promising option for exploring non-SM dynamics. In fact, even if no deviations from
the Standard Model are found, the resulting stringent constraints on SM extensions are
expected to remain useful in informing future searches.

The two classes of flavor-physics processes most promising for probing contributions of
non-SM particles are flavor-changing-neutral-currents and CP—uwiolating processes.

1.4.1 Flavor-changing neutral currents

Flavor-changing neutral currents (FCNC) are processes in which particle flavor changes
between initial and final states but electric charge does not. The processes are suppressed
in the Standard Model, because they occur only through second-order amplitudes involv-
ing the internal exchange of W* bosons (‘loop amplitudes’), as shown in Fig. 1.3. Such
amplitudes are naturally sensitive to non-SM contributions, since any particle with proper
quantum numbers and nearly arbitrary mass can replace the SM-quarks closed-line in these
diagrams thus altering the rate. FCNC can therefore be used to identify contribution from
non-SM particles by measuring rate enhancements or suppressions with respect to Standard
Model expectations.

1.4.2 Violation of charge-parity symmetry

Non-SM contributions may exist that do not change appreciably the rate of a process,
but could largely modify the amplitude phases. Such contributions can be identified by
studying processes sensitive to CP violation, which allow comparing measurements of am-
plitude’s phases with their theoretical predictions. In classical physics we measure the
phase difference between two waves through their interference. In the same way, when
a particle evolves transitioning from an initial to a final state, various possible paths are
open, corresponding to various quark-level processes: if the amplitudes corresponding to
each process have different CP-violating and CP-conserving phases, the ensuing interference
allows measuring phase differences. The phenomenology of CP violation is further enriched
by the phenomenon of neutral meson mixing [27]. This consists in particle-antiparticle os-
cillations as functions of time that occur because the mass and the flavor eigenstate of
neutral flavored mesons differ, and contributes further quark-level processes to the decay
amplitudes.

The experimental phenomenology of CP violation in hadrons is conventionally classified
into three classes of phenomena:

e Direct CP violation (or CP violation in the decay amplitudes) occurs when the pure
decay rate of the X hadron (X — f) and the rate of the CP—conjugate process
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Figure 1.3: Examples of leading FCNC diagrams.

(X — f) differ. The observable typically used to measure direct CP violation is the
partial-width asymmetry
IX = f)-T(X = f)

X S HaTX o) (L)

This is the only CP-violating phenomenon possible for charged mesons and baryons
and it is the object of measurement discussed in Chap. 6.

Indirect CP violation in mixing occurs when the probability of neutral-meson mixing
from one state to its CP conjugate (X° — YO) differs from the C’P—conjugate process
(YO — X9). The observable typically used is the semileptonic rate asymmetry,

dr (XO(t) = F) /dt — dT (Yo(t) = f) Jdt
dr (XO(t) — F) /dt + dT" (Yo(t) = f) Jdt

Agr, = (1.2)

where the final state f is chosen such that X° cannot directly decay into f while its
conjugate can, and viceversa.

If both particle and antiparticle decay into the same final state, indirect CP viola-
tion may occur through the interference between direct decays and decays following
mixing, since the final state can be reached either from direct decay or from decay
following oscillations. The observable used is

A ATXO() = fep)/dt — dT(X° () — fep)/di 13)
TP D (XO(t) > fep)/dt + dU(X°(t) — fep)/dt |
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1.5 Role of charmless B decays

Decays governed by transitions of b quarks into quarks other than ¢, so-called charmless B
decays, are the topic of this thesis. We therefore discuss them in more detail here.

Charmless B decays proceed through the quark-level processes b — u, b — d, and
b — s. These processes yield final-state hadrons without net charm, such as kaons, pions,
p mesons, and ¢ mesons. Typical examples of charmless decays include BY — K+n—,
BY — 7tn~, BT — p*p® and many others.

Because the magnitude of the CKM element V,; (~4x1073) is much smaller than | V|
(~4x1072), the tree-level amplitudes are suppressed.®> The resulting branching fractions
are typically small (less than 2x107°), which makes charmless decays difficult to observe.
In fact, the first reconstruction of charmless B decays was reported in 1993 by the CLEO
collaboration [28|, 16 years after the discovery of the bottom quark [29]. On the other
hand, contributions from loop amplitudes turn out to be comparable to, or even larger
than, those from tree amplitudes, offering multiple opportunities to probe efficiently the
Standard Model and its extensions.

Charmless decays play a key role in flavor physics. They offer multiple avenues for re-
fining our understanding of CP violation and for probing the weak and strong interactions.
Transitions b — duu provide, for example, the only reliable determination of the a/¢
parameter. Transitions b — ¢gs enable measurements of the /¢ CKM phase through
loop-level processes. Moreover, charmless B decays offer multiple accesses to direct CP
violation: all neutral and charged B meson decays involving both tree and penguin ampli-
tudes are possible sources of direct CP violation, as observed for example in B® — K+7—,
B? — 77—, and Bt — p°K* decays.

Experimental and phenomenological challenges need to be addressed for a successful
charmless program. The rarity of these modes and the similarity of their final states
with the background dominated by light-quark pairs (which combine to form mainly pions
and kaons) make their observation difficult: one has to separate signal from irreducible
backgrounds that are at least 10° times more abundant. The lack of narrow interme-
diate resonances offering invariant mass restrictions to reduce combinatorial background
makes discrimination even more challenging. In addition, interpretation of measurements of
charmless decays suffers from phenomenological challenges associated with the presence of
non-perturbative QCD effects. In hadronic decays, quarks interactions through low-energy
gluons exchanges are relevant compared to the weak interactions. The perturbative QCD
approach, for which higher-orders terms in the strong-coupling-constant a expansion tend
to vanish, is valid only when ay is small (that is, when the energies involved in the process
are larger than ~ 1 GeV). In low-energy gluon exchanges, the sum of the contributions
from the expansion amplitudes diverges. The perturbative expansion is therefore unable to
approximate the total amplitude of a process. The implication is that the poor precision
of predictions limits strongly the sensitivity of comparisons with precise measurements.

Theorists proposed various approaches to overcome the issue. Currently the most
promising strategy is to exploit exactly (or approximately) valid flavor symmetries existing
between quark-level processes to reduce, with appropriate approximations, the QCD un-
knowns. An approximation often used is based on SU(3) symmetry, where m, = mg = ms
is assumed. The comparison between precise measurements and theoretical predictions

3Tree-level amplitudes are first-order amplitudes that involve the emission of a W boson. Higher-order
processes, like loop amplitudes, involve the emission and the reabsorption of the W boson.

4A penguin amplitude involves the emission and reabsorption of a W boson and typically the presence
of a gluon.

10
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Figure 1.4: Amplitudes relevant in charmless B decays: T) color-allowed external W-
emission tree diagram; C) color-suppressed internal W-emission tree diagram E) W-
exchange diagram A) W-annihilation diagram P) penguin diagram with gluon exchange
V) W-loop diagram.

is therefore performed on combinations of experimental results based on channels related
by SU(3). This way, for example, the ratio between the branching fractions B(B" —
K*77)/B(B? — 7t7~) is more accurately predicted than the individual branching frac-
tions. Theorist also suggest experimental tests to check the extent of violations of the
assumed symmetries, which allow achieving a fairly reliable, and sometimes precise, de-
scription of the dynamics.

1.5.1 Principal amplitudes and relevant measurements

Figure 1.4 shows examples of amplitudes relevant for charmless B decays. A detailed
discussion of these amplitudes is beyond the scope of this thesis, but some intuitive features
can be identified.

The first two examples represent a BY — 777~ decay and a B~ — K 70 decay
proceeding through tree-level processes. The second amplitude (color-suppressed tree-
amplitude) is suppressed with respect to the first by the color factor No=3, since the two
internal quarks coming from the W boson need to match the color of the B-meson quarks
to combine in a colorless final state.

Tree-level amplitudes enjoy accurate predictions, but in charmless decays they are sup-
pressed to rates typically comparable to higher-order amplitudes. An example of the latter
is the penguin amplitude (fifth picture), where the presence of an internal quark line opens
up sensitivity for non-SM contributions, but makes the calculations difficult.

These and many other amplitudes offer a plethora of hadron-level processes, which are
conventionally divided in ‘two-body decays’ and ‘multibody decays’: the two-body decays
include decays in long-lived final states (7w, Km, KK, etc.) and decays where one of the
decay products is a resonance (1, p,w, etc.), so called ‘quasi-two-body decays’. Multibody
decays include final states with 7, K, but also resonances or protons.

These decays offer hundreds of possibilities for measurements of decay rates and CP
violation. Those currently considered as the most promising toward furthering the under-

11
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standing of flavor dynamics follow.

1.5.1.1 Isospin sum-rules to address the K7 puzzle

Two-body charmless B decays in kaon-pion pairs have been attracting great interest in
the past decade. The key dynamical feature is that a simple additive relation based on
constraints dictated by isospin,

V2A(K7%) + A(KT7n7) = V2A(KT7°%) + A(K°xH)

connects the amplitudes (A) of the decays B — K*n~, Bt — K%+ Bt — K*tx0,
and B — K970 [30]. The relevant amplitudes have been determined by the Belle, BaBar,
and LHCDb collaborations based on measurements of branching fractions and CP-violating
asymmetries, and an apparent inconsistency emerges [17]. Once the experimental values
are input, the equality is violated at a level in excess of three standard deviations. This
could hint at an indirect indication of non-SM physics, but could also be reconciled by
admitting unexpected differences in strong-interaction effects or a more prominent role of
subdominant amplitudes not included in the original derivation of the relation. This so-
called ‘K7 puzzle’ is considered a relevant open problem in flavor physics. More precise
measurements are expected to provide a conclusive outcome.

Belle II is particularly apt to perform these measurements thanks to the precision ex-
pected on channels with final-state neutral particles and to the unique capability of mea-
suring, in the same experiment and in a consistent fashion, all four decays, thus suppressing
common systematic uncertainties.

In the first part of my work (Chap. 3) I target the first reconstruction in Belle II data
of BT — K*7Y decays, an essential ingredient to prepare the study of the K puzzle at
Belle II.

1.5.1.2 3/¢1 from B® — n’K2 and B® — ¢ K32 decays

The measurement of the /¢ angle was the original motivation for B Factories, where
it has been measured with high precision using B® — .J/ ng decays, which are domi-
nated by tree-level amplitudes. The angle §/¢; is today the best known parameter of the
Unitarity Triangle. Such precisely known reference offers therefore the opportunity of a
stringent SM test through the comparison with alternate determinations of the same angle
from processes dominated by loop amplitudes. Non-SM particles could indeed contribute
additional amplitudes and alter the value of the observed phase, thus indicating non-SM
effects.

Belle II plans to use the charmless decays B — n’Kg and BY — gng to measure
B/¢1 using loop processes, because they are affected by the least theoretical uncertainties.
The advantages of Belle II over competing experiments like LHCb are the more straight-
forward reconstruction of decays with final-state neutral particles as BY — n/(— 'y’y)Kg
and the higher precision on the B%/B° flavor determination, an essential element in the
measurement of 3/¢;.

1.5.1.3 «a/¢2 from B — 7w, B — pmw, and B — pp decays

With an uncertainty of about 5%, the CKM angle a/¢9 is currently among the major lim-
iting factors on the global precision of the Unitarity Triangle. The most reliable approach
to measure « is to reconstruct large samples of B — 77—, BT — pt70, and B? — p0p°

12
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decays and combine appropriately branching fractions, CP-violating asymmetries, and po-
larization fractions in a global fit that determines « by exploiting the existing symmetries
between the channels.

Competing experiments like LHCb, where reconstruction of decays with final-state
neutral particles like BT — 7%t and B? — 7979 is difficult if at all possible, need inputs
from other experiments to perform this fit. Belle II enjoys the advantage of the access to
precise measurements of the full set of inputs in an experimentally consistent way, which
ensures uniformity of analysis across channels with reduced systematic uncertainties.

1.5.1.4 Multibody decays

In recent years, multibody charmless decays have been attracting significant attention.
Their rich dynamical structure due to the presence of many possible intermediate states
allows for a plethora of measurements of CP-violating asymmetries localized in different
regions of the Dalitz plot. These provide more information with respect to measurements
based on two-body decays, where only integrated CP violation is available. Recent measure-
ments by LHCb show CP-violating asymmetries interestingly large (50-60%) that certainly
need a more thorough exploration [31].

In the analysis of multibody decays, Belle II has the advantage of a straightforward
amplitude analysis of the Dalitz plot. In LHCb, stringent trigger selections sculpt the kine-
matic distributions of the B mesons in ways that are not trivially reproduced in simulation,
resulting in significant experimental challenges and large systematic uncertainties.

In the last chapter of this work I present a first measurement of the C’P-violation in the
three-body charmless decays Bt — KTK~KT and Bt — KTn~n" at Belle II.

1.6 Current experimental status

Measurements of parameters associated with quark-flavor physics have been performed
in many dedicated, or general-purpose, experiments in the last three decades, including
CLEO, CPLEAR, NA32, NA48, KTeV, SLD, OPAL, L3, ALEPH, DELPHI, BaBar, Belle,
CDF, CDFII, LHCb, Atlas, and CMS [32]. The resulting global picture is that the CKM
interpretation of quark-flavor phenomenology is the dominant mechanism at play in the
dynamics.

The current status of constraints on sides and angles of the Unitarity Triangle is shown
in Fig. 1.5 [33]. Measurements of sin 2/ reached a precision of 2.5%, mainly due to the
availability of large samples of BY — J/ ¢Kg decays in eTe™ collisions, while the angle « is
known down to a 5% precision from B — hh decays (where B is charged or neutral, and h
represents a charged or neutral 7 or p) in ete™ and pp collisions. The angle 7 is measured
with 7% precision using combinations of several measurements involving B — DK decays
(B, D, K charged or neutral) reconstructed in e*e™ and pp collisions. Mild discrepancies
in the determinations of |V| and |V,;| are found between values measured in different
semileptonic decays, mainly performed in eTe™ collisions.

The decay width difference of the B? — B0 system is determined with 6% precision
in pp collisions, while measurements are not yet precise enough to discern the expected
non-zero value for the B® — B0 system. Mass differences in both systems are known with
1% precision from pp and pp collisions. In addition, many other measurements in charm
and kaon physics contribute that are not straightforwardly represented in the Unitarity
Triangle. One example is the recent observation of direct CP violation in charm decays at
LHCbD [34].

13
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Figure 1.5: Current constrains on sides and angles of the Unitarity Triangle.

Recent direct searches for non-SM physics, mainly in pp collisions at the Large Hadron
Collider (LHC) at CERN, have excluded large portions of the parameter space for several
proposed SM extensions, but showed no conclusive evidence of non-SM physics so far.
Since plans for a higher-energy collider in the near future are still fluid, flavor physics
emerges as a very promising asset to search for non-SM in the next decade. In fact,
despite the first-order consistency of the experimental flavor picture with the CKM theory,
possible deviations of up to 10-15% are still unconstrained, especially when associated
to loop-mediated processes, leaving sufficient room for non-SM physics. It is especially
promising that most of the relevant measurements are currently dominated by statistical
uncertainties, offering therefore fruitful opportunities for the two experiments that will
contribute the most in the next decade, LHCb and Belle II.

LHCbD is a forward spectrometer that operates at the LHC. It studies proton-proton
collisions at energies of up to 14 TeV, where incoherent QCD production yields large
samples of bb pairs (=~ 45kHz) and c¢ pairs (= 1 MHz). The high production rate enables
low statistical uncertainties, and TeV collision energy allows the production of all species of
bottom hadrons, and therefore to the possibility of investigating a broader set of processes.
LHCDb drawbacks are associated with the fact that LHC collisions occur between composite
particles. These lead to large backgrounds, which require challenging online selections
and offer looser constraints on the production kinematics. This impacts specially the
reconstruction of neutral final-state particles, including photons and neutrinos.

Belle I1 is an experiment operating at the energy asymmetric eTe™ collider SuperKEKB
at KEK, which produces BB pairs from T (4S) decays at ~ 1 kHz rate. Compared to LHCb,
Belle II has a lower production rate but a better sensitivity to B and D final states that
include neutral particles, because of the much lower background and additional kinematic
constraints provided by the point-like nature of colliding particles. Figure 1.6 shows the
display of two typical events in these two experiments. Moreover, the coherent evolution
in time of the BB pairs produced in ete™ collisions make the determination of the flavor
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of the signal neutral B meson more efficient than in LHCb. Belle II aims at operating until
2030 at the intensity frontier of the flavor sector to explore indirectly of non-SM physics,
in competition and synergy with LHCD [35].

Figure 1.6: Typical event display for Belle II (top) and LHCb (bottom).
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Chapter 2

The Belle 11 detector at the
SuperKEKB collider

This chapter introduces the Belle II experiment, whose data I used for my thesis work.

2.1 The SuperKEKB collider at the KEK laboratory

SuperKEKB is a high-luminosity electron-positron (e™e™) energy-asymmetric collider, de-
signed to produce nearly 1000 BB pairs (Boﬁ and BT B~ in approximately equal propor-
tions) per second via decays of T(4S) mesons produced at threshold [36]. Such colliders
are called ‘B-factories’, and were proposed in the 1990’s for the dedicated exploration of
CP-violation in B mesons. The main goal of B-factories is to produce low-background
quantum-correlated BB pairs at high rates.

Intense beams of electrons and positrons are brought to collision at the energy corre-
sponding to the Y(4S) meson mass, 10.58 GeV, which is just above the BB production
kinematic threshold. Such finely tuned collision energy is key. The ensuing production of
Y (4S) mesons, which decay in BB pairs 96% of the times with little available energy to
produce additional particles, suppresses backgrounds, which are mainly due to competing
nonresonant hadron production. In addition, usage of beams of point-like particles allows
for knowing precisely the collision energy, which sets stringent constraints on the final-state
kinematic properties, thus offering means of further background suppression. Since bottom
mesons are produced in a strong-interaction decay, flavor is conserved, and the null net
bottom content of the initial state implies production of a flavorless BB pair; even though
B° and BY undergo flavor oscillations before decaying, their time-evolution is quantum-
correlated in such a way that no B'BY or BOBO pairs are present at any time. In fact,
angular-momentum conservation implies that the decay of a spin-1 particle in two spin-0
particles yields total angular momentum L = 1. Because the simultaneous presence of
two identical particles in an antisymmetric state would violate Bose statistics, the system
evolves coherently as an oscillating B B0 particle-antiparticle pair until either one decays.
This allows identification of the bottom (or antibottom) content of one meson at the time
of decay of the other, if the latter decays in a final state accessible only by either bottom or
antibottom states. This important capability is called ‘flavor tagging’ and allows measure-
ments of flavor-dependent decay rates, as needed in many determinations of CP-violating
quantities.

Not just T(4S) mesons are produced in 10 GeV eTe™ collisions; Figure 2.1 shows the
hadron-production cross-section in eTe~ collisions as a function of the final-state mass.
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The various peaks are radial excitations of the T meson and the nearly uniform baseline at
about 4 nb represents the so-called continuum of lighter-quark pair production (ete™ — ¢,
where ¢ identifies u, d, ¢, s), which exceeds T(4S) production in rate. In addition, the most
frequent outcomes of 10 GeV e e~ collisions are electroweak processes of lepton production,
such as efe™ — eTe (7), efe™ — efe ete” and eTe” — puT (7). These amount to
about 94% of the total cross-section, but can straightforwardly be discriminated online
owing to their distinctive final states.
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Figure 2.1: Hadron production cross section from ete™ collisions as a function of the final-state mass.
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The vertical red line indicates the BB production threshold.

Because the T(4S) mesons are produced at threshold, they would be nearly at rest in
the laboratory frame in an energy-symmetric collider. The resulting B mesons too would be
produced with low momentum (=~ 10 MeV /c) in the laboratory, because of the 21 MeV /c?
difference between the Y (4S) mass and the mass of a BB pair. With such low momenta they
would only travel approximately 1 um before decaying. The 10 pum typical spatial resolution
of vertex detectors would not be sufficient to separate B-decay vertices and enable the study
of the decay-time evolution for measurements involving mixing. Asymmetric beam energies
are used to circumvent this limitation. By boosting the collision center-of-mass along
the beam in the laboratory frame, they achieve B-decay vertices separations resolvable
with current vertex detectors [37]. SuperKEKB (Fig. 2.3) implements a 7-4 GeV energy-
asymmetric double-ring design, which achieves a vertex displacement of about 150 pum.

SuperKEKB is designed to deliver collisions corresponding to 50ab~! of integrated
luminosity by 2030, corresponding ~ 5.3 x 10'° BB pairs, about 40 times the total amount
collected by B Factories to date.

Electrons are produced via photoelectric effect by illuminating a cold cathode with a
pulsed laser, then accelerated to 7GeV with a linear accelerator and injected in the High-
Energy Ring (HER). Positrons are produced by colliding electrons on tungsten; they are
first injected in a damping ring to reduce their emittance, which is the average spread of
particles in position and momentum phase-space (a small emittance corresponds to particles
confined in a small region and having a similar momentum), then accelerated to 4 GeV with
the linear accelerator and injected in the Low-Energy Ring (LER). When the circulating
beams are sufficiently intense, they are brought to collision. Since luminosity degrades
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due to various phenomena including beam-beam interactions, beam-gas interactions, and
others. SuperKEKB currently operates in a ‘continuous injection’ regime, with refills of
the beams every few seconds.

The collision products fly from the interaction point trough the volume of the detector,
where various features of the final-state particles (Fig. 2.4) are measured. To achieve high
luminosities, a nano-beam, large crossing-angle collision scheme is implemented [38]. This
is an innovative configuration based on keeping small horizontal and vertical emittance
and large crossing angle, as shown in Fig. 2.2. This is obtained with a specially designed
final-focus superconducting-quadrupole-magnet system, made of magnets, corrector coils,
and compensation solenoids installed at each longitudinal end of the interaction region.
Functionally the nano-beam scheme mimics a collision with many short micro-bunches,
offering great advantages in luminosity with respect to previous schemes. The reduction of
the luminous volume size to about 5% with respect to the predecessor KEKB, combined
with doubling of beam currents, is expected to yield a factor 40 gain in intensity.

KEKB SuperKEKB

5mm
100um ™ == =

83 mrad
crossing angle

100um / :

=22 mrad
crossing-angle

5mm

Figure 2.2: Two-dimensional sketch of the nano-beam mechanism implemented in SuperKEKB (right)
compared with the previous KEKB collision scheme (left).
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Figure 2.3: Scheme of the SuperKEKB collider.
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Figure 2.4: Cross sections of the main final states produced in et
energy.

e collision at the Y (4S) center-of-mass
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2.2 Overview of the Belle II detector

The Belle II detector is a major upgrade of its predecessor, Belle, and targets more ambi-
tious physics goals. It is a system of multiple subdetectors, each optimized to reconstruct
some specific features of the collision final-states, arranged in concentric layers forming an
approximately cylindrical layout around the collision point of the SuperKEKB accelera-
tor. It is about 8 meters in length, width, and height, and weights 1400 tons. While it is
located in the same experimental hall and has a similar design to its predecessor, most of
its subdetectors are new or considerably upgraded. A more efficient charged hadron iden-
tification is implemented for increased separation of final-state charged hadrons, reduction
of backgrounds, and improved flavor-tagging; a better resolution in the reconstruction of
the decay positions (vertices) of long lived particles is achieved, to enhance background
suppression and sensitivity in measurements of decay-time dependent quantities; a more
hermetic acceptance is achieved thanks to the smaller boost of the center of mass of the
collision. These improvements are achieved through technologies designed to sustain the
side-effects of higher SuperKEKB luminosity. These include high occupancies and radia-
tion damages, associated with higher beam-induced backgrounds on the detectors closer
to the beam pipe; an increased pile-up noise on the electromagnetic calorimeter; and more
neutron hits on the muon detectors.

The main subsystems are summarized in Table 2.1 and shown in Figure 2.5. They are
detailed in next sections and can be broadly classified as follows:

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

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

e Data acquisition system: a two-stage online trigger is designed to acquire inter-
esting events at the high rates expected at design luminosities.
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Figure 2.5: Top view of the Belle II detector.

21




CHAPTER 2. THE BELLE Il DETECTOR AT THE SUPERKEKB COLLIDER

‘soygads pue sjyuouodwos [T offog oY) Jo Arewrung :1°g 9[qe],

[,GST 062T] ‘(o074 05T

[,62T¢07]

LT

9T ¢ 9T ¢

sdiys
LU OF X (01-L) JO s1oh®[ 71
sDdYd
Z yym sioAe] g1 pue sdrigs
IOJR[[IJUIDS UM SIDAR] ¢

sdirys 1o09equmns :deo-pus

sdLrgs 103
-R[[IUIOS pue sHJY :[olleq

IN'TM

NI 1 wonjy

[oT°CGT 0L 0€T]
‘lor-s2Ti0z el ‘(7 T T CT]

(amg) 096
‘(amd) zetr ‘(ereg) $299

w961+
— 01— = 2z :deo-pus

WOZYT — ¢gT = 4 ‘[ITeq

(IL)1sD

grolci Aagotiore))

[,0€t7T]

[,82T¢61¢]

A8L

A8

s1092939pojoyd QdVH
‘U JURILPIP UM SIOYRIp
-RI SUISNDOJ YOIY) WD X

SLINd IO [PU
-uRyD FX UM sieq zjrenb
oIy} Wy ‘SUO0[ WD G)g ‘WD
0Z1 &~ +4 e @ Ul sjyuewsos 9T

IojeIpRI [980I0% YIM HOIY

10%eIpRl Z3renb yIm HOIY

HOIYV

dOL dr ophred

[60GT 6LT]

[60GT 6LT]

[60GT 6LT]

AT

SPe

INOT

wur OETT Jo snipel

I9yN0 WwW()9] JO snIpel Iau
-UT ‘s19AR] 9G UL SAIIM 9EETT
W OpT ‘GTT ‘08 ‘8¢ Hpel
Je sIoA®R] Inoj (dLI)s ojeIpowl
-Iojur SUIyeo ouo Yym ‘wrrf
(Wovre/(d)g - (o9r/(d)og
goyd drays ‘Teptoz
-ode1) pue IemIuRIONY
W gz P -1pel

ye stode[ omy turl (G8 qgT
‘L egT ‘09 A1 ‘0G ©1T) X 08
ozIs X1 ‘ot (0LT g1
'9ET TT)XGI  9zIs Iosuag

IoqUIRYD P OHE)-OH

driys uooIig

(LAAJAQ) 1ox1d wooIIg

0ad

aAS

axd Surspedy,

og wwr §() ‘uygered wu |
‘o wwt 9°() ‘ny wrf (O] ‘wuwa
0T SNIPRI IoUuul ‘[ROLIPUI[A])

WNI[AIOg

odid wreag  suwreaq asopus]

(p) 98rI0A00 TRIOJ

S[PUURTD NOPeIY

uoryeInIYuoy)

A3orouraf,

oure N osodimng

22



CHAPTER 2. THE BELLE Il DETECTOR AT THE SUPERKEKB COLLIDER

2.3 Tracking detectors

The innermost detectors are used for charged-particle reconstruction (tracking). Effec-
tive track reconstruction is of great importance since flavor-physics final states are mostly
composed of charged particles and analyses rely strongly on precise measurements of their
momenta and the decay positions of their long-lived parent particles. Precisely measured
momenta and vertices allow separation of signal from backgrounds thanks to invariant-mass
signal peaks that are narrower and therefore more distinctive from smoothly distributed
backgrounds, and higher mean-valued decay lengths. Moreover, information on the decay
time is key for measurements of C’P-violating asymmetries involving mixing. To simplify
pattern recognition, tracks are first reconstructed in the outer tracking volume, and are
then extrapolated into the innermost detector to define coarse regions of interest around
their expected intersection points in the inner active layers. If an actual measurement point
is found within the region of interest, the corresponding event is included in the pattern
recognition algorithm, otherwise it is discarded.

2.3.1 Silicon-pixel vertexing detector

The innermost detector is a pixel vertexing detector (PXD). Its goal is to sample the trajec-
tories of final-state charged particles in the closest vicinity of the decay position (vertex) of
their long lived ancestors, so that the decay point can be inferred by extrapolation inward.

PXD sensors are based on depleted field-effect transistor technology [39]. They are
made of p-channel MOSFET integrated on a silicon substrate, which is fully depleted by
applying an appropriate voltage. Incident particles generate electron-hole pairs in the
depleted region, and thus induce a current passing through the MOSFET. Sensors are
75 pm thick, which allows on-pixel integration of most of the electronics.

Figure 2.6: Scheme of the PXD detector geometry.

The PXD consists of two sets of rectangular layers arranged around the beam pipe on
a cylindrical layout, at 14 and 22 mm radii: the PXD extends longitudinally by 174 mm
at the radius of the outer layer. It comprises around 8 million pixels, 50 x (50 — 55)um?
(inner layer) and 50 x (70 — 85)um? (outer layer) each. The polar acceptance ranges from
17° to 150°.

The transverse impact-parameter resolution is 12 pym, achieved by weighting the charge
deposited in neighbouring pixels. At the moment only the inner PXD layer and part of
the second layer is installed; the full outer layer will be added in 2022.
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2.3.2 Silicon-microstrip vertexing detector

Around the PXD is the SVD, a silicon detector aimed at reconstructing decay vertices and
charged-particle tracks at high spatial resolution [40].

SVD uses double-sided silicon strips. Each sensor is made of a silicon n-doped bulk with
an highly p-doped implant on one side. An applied bias increases the depletion region at
the p-n junction, and removes intrinsic charge-carriers from the region. Traversing charged
particles ionize the silicon, freeing electron-hole pairs that drift due to the electric field,
and induce a signal in the highly granular strip electrodes implanted at both ends of the
depletion region. The fine segmentation of SVD sensors reduces latency, to deal with the
high expected rates.

Figure 2.7: Exploded view of a SVD detector half.

As shown in Fig. 2.7, SVD has a polar-asymmetric geometry that mirrors the asym-
metry in particle density resulting from the center-of-mass boost. The polar acceptance
ranges from 17° to 150°. SVD is radially structured into four concentric layers at 39, 80,
104, and 135 mm, composed by, respectively, 7, 10, 12, and 16 independently readout
modules arranged in a cylindrical geometry.

Sensors are 300 pm-thick, and the separation between adjacent sensing strips (dpitch)
ranges from 50 pm to 240 pm. Hence, the spatial resolution dpitch/ V/12 varies with the
polar angle. Since the charge associated with an incident particle is usually distributed
among several strips, position resolution is improved by interpolation.

2.3.3 Central drift chamber

The CDC [41] is a drift chamber. It samples charged-particle trajectories at large radii,
thus providing trigger signals for events containing charged particles, and it contributes to
identification of charged-particle species by measuring their specific-ionization energy-loss
(dE/dz).

When a charged particle traverses the CDC volume, it ionizes the gas, freeing electrons
and positive ions from gas atoms. An applied electric field then moves these charges toward
the sense wires, where high field gradients cause an abrupt acceleration with secondary
ionizations that induce an electric signal on the sensing wires. The particle trajectory is
inferred from the time between the collision and the signal.

The CDC has a hollow cylindrical geometry with an inner radius of 16 cm and an outer
radius of 113 cm. The chamber is composed of 14336 30-pum-diameter sense wires, divided
in 56 layers, immersed in a gaseous mixture of 50% He and 50% CyHg, while 42240 126-
pm-diameter aluminum wires shape the electric field. The azimuthal acceptance ranges
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from 17° to 180°.

The single hit spatial resolution is about 100 um and the dF/dz resolution is 11.9% for
an incident angle of 90°. Figure 2.8 shows a reconstructed cosmic-ray track in the CDC.
The typical transverse momentum resolution is o (pr)/p% ~ 0.5%/[GeV /c].

Figure 2.8: Example of event display of a typical hadronic event at Belle II. Curved tracks are recon-
structed in the CDC.

2.4 Particle-identification detectors

Charged particle identification in the Belle II experiment is mainly performed by two de-
tectors: the time of propagation counter (TOP) and the aerogel ring-imaging Cherenkov
counter (ARICH). Both use Cherenkov light to identify charged particles. Particle-identification
information is also provided by the electromagnetic calorimeter (ECL) and the K? and
muon detector (KLM).

2.4.1 Time of propagation counter

The TOP counter is located in the barrel region. It measures the time of propagation
of the Cherenkov photons produced by charged particles undergoing internal reflection in
its quartz radiator. A three-dimensional image of the photon cone is reconstructed using
the correlation between hits positions in the x-y plane and time of propagation. The TOP
consists of 16 quartz bars mounted on the barrel at 1.2 m radius from the interaction point.
Each bar is a photon radiator and has three main components (Fig.2.9): a long section
that acts as a Cherenkov radiator, where photons are generated and propagate towards
the bar end; a spherical mirror mounted on the forward end, which focuses the light and
reduces the chromatic error; and a prism, mounted on the backward end of the bar, which
collects and guides the photons to a photomultiplier.

The polar angular acceptance ranges from 31° to 128°. The single-photon time resolu-
tion is about 100 ps, providing a good separation of pions and kaons in the 0.4 —4 GeV/c
momentum range (kaon identification efficiency is about 95%, pion fake rate is about 10%).
This time resolution is achieved with a micro-channel plate photo-multiplier specially de-
veloped for this purpose.
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Focusing mirror

Quartz bar

Figure 2.9: Sketch of a TOP quartz bar. A charged particle is shown passing through the
radiator and emitting a Cherenkov photon.

2.4.2 Aerogel ring-imaging Cherenkov

Charged-particle identification in the forward end-cap is provided by the ARICH counter,
which measures the Cherenkov ring produced by the passage of charged particles through
a radiator. The ARICH provides discrimination between pions and kaons in a broad mo-
mentum range, and discrimination between pions, muons, and electrons below 1GeV/c.
When charged particles pass through the aerogel radiator, Cherenkov photons are pro-
duced; they propagate in a expansion volume where they form a ring on a photon sensitive
surface made by position-sensitive photo-diodes. Photocatodes are used to convert pho-
tons in photoelectrons and generate electrical signals. As shown in Fig. 2.10, two aerogel
radiators with different refraction indexes are used to increase the number of generated
photons without degrading the Cherenkov-angle resolution [35].

The ARICH is composed of 420 modules for photon detection arranged in seven layers
extending from 0.41 to 1.14 m radii, and by 248 aerogel tiles placed on the detector endcaps.
The polar angular acceptance ranges from 14° to 30°. The observed ARICH performances
allows for a 50 separation between kaons and pions of 0.4 — 4 GeV /¢ momenta, and a 4o
separation between pions, muons and electrons with momenta smaller than 1 GeV/c.

acrogel on detector

ny| ny ny<ny

Ny

Cherenkov photons _ -~ -

charged particle

i\

iy

Figure 2.10: Scheme of the ARICH counter.

2.4.3 Electromagnetic calorimeter

The electromagnetic calorimeter (ECL) is used to detect photons over a wide energy range
as well as to identify electrons and separate them from hadrons by extrapolation of CDC
tracks. The ECL is a highly-segmented array of thallium-doped, cesium iodide crystals
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assembled in a projective geometry pointing to the interaction region. Its detection princi-
ple is based on scintillation: the energy released by an incident particle causes a molecular
excitation in the material with the passage of an electron from the valence band to the con-
duction band. The deexcitation of the electron to the valence band is associated with the
emission of a photon, called scintillation light, that is usually inefficient and low-energetic.
To improve the probability to emit a photon in the visible, Thallium impurities are added
to create activator sites for the electrons with energy levels in the forbidden zone between
the two bands. The scintillation light is then collected by phototubes. If the incident
particle stops in the calorimeter, the total energy is measured. The CsI(T1) crystals offer
short scintillation time, which reduces the contamination of beam-background photons,
which are often ‘out of time’ with respect to collision products. In the ECL, photons and
electrons are identified through their kinematics, shower shapes and timing information, as
they have different (in shape and magnitude) energy losses with respect to charged hadrons.
To separate electrons from photons, information from tracking detectors is correlated with
the ECL signal. The ECL consists of a 3-m-long barrel section with an inner radius of 1.25
m and annular endcaps at z = 1.96 m (forward) and z = —1.02 m (backward) from the
interaction point. The polar angle coverage ranges from 12.4° to 155.1°.

The energy resolution ranges from op/E = 4% at 100 MeV to og/E = 1.6% at 8 GeV.
The observed resolution for the reconstructed 7° mass is 8 MeV /2. The ECL also allows
for determining luminosity by measuring the Bhabha scattering rate and using its precisely
known cross-section.

2.4.4 K9 and muon detection system

The KLM detects muons and neutral particles that do not get absorbed in the inner
detectors, such as K9 [42]. It is made of alternating 4.7-cm-thick iron plates and active
detector elements. Iron elements act also as magnetic flux returns for the tracking solenoid.
In the inner layers, the active material is scintillator, while in the outer layers are glass-
electrode resistive-plates chambers, with a gas mixture filling the space between electrodes.
When particles traverse the KLM, they produce charges that are collected by applying an
appropriate voltage. The barrel section of the detector covers 45° to 125° in polar angle.
The endcaps cover 20° to 45° and 125° to 155°. Design reconstruction efficiency exceeds
80% for muons with momentum greater than 1 GeV /¢ and Kg with momentum greater
than 3 GeV/c.

2.5 Online event selection

Various processes occur in 10 GeV ete™ collisions (Fig. 2.4). Since the events of physical
interest for the Belle II program make up for a small fraction of the total cross section,
the online event selection (trigger) identifies them in real time while rejecting background
events, to reduce the data-writing rate. The trigger must be efficient for recording hadronic
event from Y (4S) — BB and for the continuum to a manageable level, up to a maximum
accept rate of about 30 kHz, due to data-acquisition restrictions. BB events have distinc-
tive high-track multiplicity, and therefore are relatively straightforward to select; events
containing 7 decays are harder, since they have fewer tracks in the final state and can there-
fore be misclassified as electrodynamics backgrounds as eTe™ — eTe™ or eTe™ — uTpu”
processes, that are not interesting for Belle II physics.

The trigger is composed by a hardware stage called Levell (L1) [43] followed by a
software high-level stage (HLT) [43]. The L1 decision is mainly based on informations
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from CDC and ECL, but also TOP and KLM informations are available. The L1 decision
feeds the global decision logic [43], that sends out the final trigger based on the informations
it receives from the detector. The HLT is based on a more complete software reconstruction
of the event similar to the offline reconstruction, that uses charged particles from the CDC
and energy deposits in the ECL. The HLT selects events on the base of tracking multiplicity,
vertex position, and total energy deposition, achieving a 30% event rate reduction without
efficiency loss for ete™ — hadron processes.

2.6 Status of Belle II operations

An overview of the SuperKEKB and Belle II operations is in Table 2.2.

Phase Period Main goals Detectors
Phase 1 February- Accelerator tuning ~ w/o Belle II, other
July and background detectors for
2016 tests w/o final background studies
focusing
Phase 2 March-July Verification of w/ partial Belle II
2018 nano-beam, (partial PXD and
background study SVD)
and physics data
Phase 3 From March Complete physics w/ Belle II
2019 program

Table 2.2: Summary of the three operation phases of SuperKEKB and Belle I1.

First SuperKEKB operations started in 2016 with non-colliding low-intensity beams.
The first collisions were achieved in April 2018 and reconstructed with a partially incom-
plete Belle II detector, with the goal of validating the nano-beam scheme while learning
how to operate the detector with controlled backgrounds.

Then Belle II was completed with its silicon vertex detector and, since March 2019,
the goal is to take physics data, steadily increasing the instantaneous luminosity. By June
2020, instantaneous luminosity has reached 2.2 x 103* cm™2s™!, which is a record for a
colliding-beam accelerator. In the coming years, the luminosity of SuperKEKB will be
increased to reach approximately 40 times this value.

By summer 2020 the Belle II experiment has collected an integrated luminosity of
70 fb~!. This sample, and a subset of it, are used for the analyses discussed in Chapters 3
6.

2.7 B decay reconstruction at Belle II

Before delving into the details of my work, it helps introducing the general aspects of B
decays reconstruction at Belle II.

Figure 2.11 shows a sketch of a Bt — K+7% decay. Bunches of electrons and positrons
are brought to collision in the interaction point (IP). Various final states are produced, with
proportions given by the associated cross sections. In 0.4% of collisions, a T (4S) particle
is produced, and 96% of them decay into a pair of B mesons, labeled as signal B-meson,
Biec, and partner B-meson, By,g, in Fig. 2.11. These events produce about ten tracks in

28



CHAPTER 2. THE BELLE Il DETECTOR AT THE SUPERKEKB COLLIDER

Figure 2.11: Sketch of the charmless decay BT — KT7%(— ~7) in (left) longitudinal and
(right) transverse views. The particle labeled as By, represents the signal B meson, while
Bt_ag is the partner B-meson.

acceptance on average, which are used by the trigger to recognize hadronic events and save
them onto permanent memory.

The B meson lifetime is 1.5 ps, which, combined with a typical momentum of 1.5 GeV /¢
in the laboratory frame, results in a flight length of about 100-150 gm. This allows re-
constructing the decay position for background discrimination and for measurements of
quantities depending on decay time. In this example relevant for my work, the B meson
decays into a charged kaon and a neutral pion that have typical momenta of 2-3 GeV /c in
the laboratory frame. The trajectory of the kaon is curved by the Lorentz force produced
by the axial magnetic field that pervades the tracking volume and it is reconstructed by
a geometric fit of the pattern of measurement points, called hits, excited in the active
layers of the tracking detectors. Knowledge of trajectories, magnetic field, and detector
material allows for determining the momentum and charge of charged final-state particles.
The neutral pion is reconstructed by summing the four-momenta of the two photons from
its decay, which are in turn identified and reconstructed by using information from the
electromagnetic calorimeter where their energy is recorded. The trajectory is inferred from
the position of their impact on the calorimeter.

Reconstructed final-state particles are then used to determine the kinematic properties
of the signal candidate of interest Bf.. The four momenta of the final-state particles,
along with the space points where they originate, are combined using constraints from
momentum and energy conservation in a kinematic fit of the decay. Every combination of
them that meets the reconstruction quality-requirements is a possible decay candidate.

However, decay candidates can either originate from genuine signal events or back-
ground events. Background events can in turn be originated from two broadly defined
sources,

B decays (other than signal), where one or more final-state particles are misidentified or
when a different decay yields the same final states;

continuum, where light mesons such as pions, originated from light quark-antiquark pairs
produced in the e*e™ collision yield, form random combinations that accidentally
meet the reconstruction and selection requirements.

To separate signal from background, Belle II exploits the available event information to
construct discriminating variables at particle-, candidate-, and event-level.
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2.7.1 Particle-level variables

Several discriminating variables are specific to each reconstructed final-state particles. Rel-
evant examples include

Track displacement. Interactions between beam-particles within the same bunch, or
with residual gas, induce beam-instabilities that may result in interactions of the
beam halo with the SuperKEKB or Belle II infrastructure, yielding intense showers
of secondary particles that illuminate the detector. These are referred to as beam
backgrounds. Measures of track displacement from the IP are effective to suppress
such backgrounds, because beam-background tracks usually do not point back to the
interaction point. The quantities typically used at Belle II are the transverse (dr)
and longitudinal (dz) distances of a track from the IP;

Hit multiplicity. Informations related to the number of samplings a charged particle
trajectory undergoes in the tracking detectors (hits) is used to select the quality of
the tracks. Not only the resolution of high-level physics quantities, such as particle
momentum, depends on the number of hits, but also false tracks from accidental com-
binations of unrelated hits are typically suppressed by hit-multiplicity requirements;

Particle identification (PID) information. Several detectors provide track-specific in-
formation associated with the identity of the corresponding charged particle. This
information expresses the probability of observing the reconstructed track assuming
true a mass hypothesis out of six possibilities (kaon, pion, electron, muon, proton
and deuteron) and enhances discrimination against background, especially from B
decays.

2.7.2 Candidate-level variables

A class of higher-level discriminating features is associated with the reconstructed decay
candidates. Relevant examples include

x? probability of the vertex fit. Frequently, multiple decay candidates corresponding
to the various combinations of particles that meet the quality and reconstruction
requirements are reconstructed in an event. Each candidate has an associated decay
vertex fit. The corresponding x? probability corresponds to a p-value, which may be
used to choose the decay candidate most likely to correspond to the genuine signal.

Beam-constrained quantities. Using distinctive kinematic information about the sig-
nal is a common approach to suppress background in many experimental environ-
ments. Indeed, a widely used and effective discriminator is the candidate’s invariant
mass, since fully reconstructed genuine signal events cluster at a specific mass and
background shows typically broader, smoother distributions.

The peculiar kinematic environment of B-Factory colliders provides additional con-
straints that further background separation. The Y(4S) is produced at rest and de-
cays in two same-mass particles, B and B. If the B meson is correctly reconstructed,
the energy of its decay products equals half of the collision energy in the center-of-
mass frame. This is optimally exploited by two variables specific of B-Factories,

e beam-energy-constrained mass My, defined as

Mye =4/ 5/4 = |P5[% (2.1)
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where p5 is the momentum of the B meson in the center-of-mass frame recon-
structed from the momenta of its decay products, and s is the squared center-of-
mass energy (that is, the squared collision energy). While conceptually similar
to the B invariant mass, M, is significantly more precise since the beam energy
is known with much higher precision from the magnetic lattice of the machine
than the reconstructed B energy. In the My, distribution, all B decays peak at
the B meson mass, while non-B events have a smooth distribution that drops
to zero at the kinematic limit of half of the collision energy. This makes M,
powerful to separate B-events from gg continuum events.

e energy difference AE = E} — /s/2. This is the difference between the recon-
structed B-candidate energy in the center-of-mass frame and half of the collision
energy, which is known with high precision. If the B meson is correctly recon-
structed, the energy of the decay products equals approximately half of the
collision energy. Therefore, signals peak at zero in the AFE distribution, while
continuum background follows a smooth distribution. In addition to discrimi-
nating against continuum, AF is particularly helpful in suppressing background
from misidentified B decays. If a final-state particle is misidentified as another,
its reconstructed energy, and consequently that of the B candidate, will depart
from its true energy because of the mismatch in mass, and the candidate AE
gets shifted from zero.

Figure 2.12 shows the bidimensional AE-M,, distribution for simulated B® — K7~
decays and their one-dimensional projections. Continuum background is represented
in blue, signal B® — K7~ events are represented in red, and B-background B" —
777~ events, where a pion is misidentified as a kaon, are represented in green. In the
My, distribution, both B® - K*7~ and B° — 77~ decays peak at the B mass,
while in the AFE distribution the BY — 7#F7~ component is shifted from the signal
peak by about 0.05 GeV.

My, and AFE are the principal variables used in fits aimed at statistically separating
signal from background at Belle II. Their complementary features are often combined
in two-dimensional fits to achieve optimal discrimination.

2.7.3 Event-level variables

At a further level of reconstruction, global-event informations are used too in signal-from-
background discrimination. Relevant examples include

Event-shape variables. Hadronic ete

cross-sections are dominated by non-B events,
so-called continuum background, consisting in production of light ¢g pairs (where ¢
is u, d, ¢, s) that mostly yield pions and kaons. Because of the kinematic features
associated with at-threshold BB production, variables capable to capture the 'shape’
of the event, that is, the spatial and phase-space distributions of final-state particles,
offer powerful discrimination of BB events from continuum. In a BB event, both B
mesons are nearly at rest in the Y (4S) frame. The B decay products are therefore
emitted isotropically in that frame. In contrast, light quarks are produced with a
comparatively large initial momentum due to their small mass compared to the total
energy available in the collision. This results in a highly collimated fragmentation into
two narrow back-to-back jets of light hadrons. Hence, the spatial distributions of BB
decay products are approximately spherical, compared to pencil-like shapes for con-
tinuum. Information based on these distributions is therefore useful to discriminate
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Figure 2.12: Distribution of AE as a function of M, for simulated B — K*7~ decays.
Continuum background is represented in blue, B — K+~ decays are represented in red,
and B® — 77~ decays where a pion is misidentified as a kaon are represented in green.

signal events from continuum and it is exploited through several variables. Perhaps
the most relevant example is the normalized second Fox-Wolfram moment [44],

Zm,n | | [P | P2 (cos Omn)

——— (2.2)

Ry =

i

where p, and p), are the momenta of any pair of particles m and n, Py(cos8,y) is
the Legendre polynomial of second order in the cosine of the angle between p),, and
P, and the sum runs over all the particles in the event. This variable captures the
spatial distribution and energy flow in that event. Events with collimated jets, and
therefore more likely to originate from continuum, show values of Ry close to ~ 0.5,
while BB events cluster at lower Ry values (right panel of Fig. 2.13).
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are taken at an energy about 600 MeV below the T (4S) and are therefore composed purely
of continuum.
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Chapter 3

First reconstruction of the charmless
decay BT — K1T#0 at Belle 11

This chapter reports the initial part of my work, which focuses on the first reconstruction
of the Bt — K*7¥ decay in Belle II data.

3.1 Motivation and strategy

Charmless B decays play a key role in the Belle II scientific program as they provide
essential information on flavor dynamics and its interplay with nonperturbative QCD.

Only recently Belle IT has started collecting data, with luminosities that are still mod-
erate; the chief priority in this initial stage is the validation and optimization of detector
and reconstruction performance, an essential task where known physics processes are used
as references to understand and optimize the performance of not yet fully optimized detec-
tor and reconstruction algorithms. The detector and the reconstruction software are both
complex technical infrastructures whose optimal working points and performance depend
on a plethora of configuration parameters. It is therefore key to study, understand, and
possibly optimize the most relevant capabilities in early data to ensure optimal perfor-
mance when the data set will enable world-leading results. Such capabilities include the
reconstruction of charged and neutral particles, their identification, the reconstruction of
vertices, flavor tagging, and others.

In Trieste we choose to use charmless B decays, which are our principal physics in-
terest, to contribute to this collaboration-wide validation effort. The group targets the
channels B — K*n~, BY —» ntr~, Bt — KY(— nta7)nt, BT — Kt7%— ~v),
BT - KYK~K™T, and Bt — Ktn~ 7. These were chosen because they offer a com-
prehensive validation of most of the salient features associated with charmless physics, in-
cluding reconstruction of charged particles, neutral particles, and Kg mesons; continuum
suppression; charged-hadron identification; beam-background suppression; and multibody
B-decay modeling. In addition, they feature branching fractions sufficiently high (O(1079)
or larger) and final states sufficiently simple to allow straightforward reconstruction in the
relatively small data set available by spring 2020.

My direct personal contribution focuses on the reconstruction of the Bt — K70
decay, which is an interesting channel physics-wise as the current precision on its rate is
among the limiting factors in the verification of the isospin sum rule (see Sec. 1.5.1.1) [30].
The BT — K*7° channel is also important for validation purposes as it probes the details
of high-energy 7° reconstruction and charged-particle identification.
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The B* — K79 branching fraction is (1.29 + 0.05) x 107° [17] and its signature is a
high-energy charged kaon and a pair of high-energy photons all originated by a common
space point.

Multiple factors compound to make the Bt — K70 reconstruction challenging. The
signal is rare and overwhelmed by combinatorial background from continuum 10° times
more abundant. In addition, signal efficiency is affected by the challenges associated with 7°
reconstruction. These include the uncertainty in determining precisely the 70 direction due
to the finite size of the ECL cells that collect the final-state photons, and the uncertainty
in determining the 70 energy due to overlapping low-energy background photons, energy
leakage across ECL cells and others.

An efficient discriminating selection is key. I first optimize a baseline (‘skimming’)
selection on low-level quantities, capable of reducing the data set size while maintaining
nearly full signal efficiency. Then I optimize the offline signal selection using a combination
of higher-level discriminating variables. I finally extract the signal yield by fitting the
distribution of the difference AE between expected and observed candidate energy.

I first develop and finalize all analysis choices on simulated data to avoid any experi-
menter’s bias in the final results. Then I apply the analysis on the Belle II data sample
available in winter 2020, corresponding to 8.7 fb~!, and compare the results with known
references to gain insight on detector and reconstruction performance.

3.2 Data and tools

The experimental data consists in the whole Belle IT data set collected at the Y(4S) res-
onance in 2019 and corresponding to an integrated luminosity of 8.7fb~!, or equivalently,
10 million BB pairs.

I use generic simulated data to develop and finalize the analysis choices and to optimize
the offline signal selection. These are Monte Carlo samples that include ete™ — BB’
and eTe” — BT B~ events generated using EvtGen [45], and ete™ — wa, eTe™ — dd,
ete™ — c¢, and eTe” — s5 events generated using Phythia [46], passed through the
standard Belle II simulation [47]. Events are combined in proportions according to their
individual production cross-sections, for a total sample corresponding to an integrated
luminosity of 50fb~!. In addition I simulate two million signal-only events for modeling
the signal shape in the fit.

3.3 Baseline optimization

The key feature of B factories is high luminosity, a necessary condition to achieve the
desired precision on the final measurements. The final Belle II sample is expected to
contain about 50 billion BB events. The typical BB event size is about 100 KB, for a
projected size of the raw data set of about 5 PB. As many physics topics are studied, these
data are analyzed multiple times by hundreds of collaborators. To ease the analysis of such
a large amount of data, various centralized data processing steps are implemented.

Raw data are processed centrally to produce summary data, called ‘mdst’, which are
reduced in dimension and contain higher-level information related to physics primitives,
including four-momenta, vertices, particle identification informations, and others. A second
centralized step consists in applying loose selection criteria on the mdst data to obtain
analysis-specific subsets reduced in dimension (5% of the mdst) that can be released to
collaborators for detailed studies in each particular channel. This is called skimming. An
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optimal skimming is important because any signal inefficiency incurred at this stage is
laborious to recover in downstream analysis.

At the start of my work, the skimming selection for charmless decays was highly in-
efficient. It achieved significant sample-size reduction due to stringent selection criteria,
at the price of a substantial degradation in signal efficiency, which was a factor of two
lower than in Belle, the predecessor experiment. The fundamental issue was that, up to
mid-2019, the skimming performance for charmless channels was configured based on the
metric of retention only, with no regard for signal efficiency. The retention is the fraction of
events where at least one signal candidate is reconstructed and corresponds to the fraction
of mdst data that passes the skimming selection.

In principle, a proper skimming demands an effective compromise between keeping fully
efficient signal reconstruction for downstream analysis and reducing effectively the data set
size. To achieve this trade-off, I develop a new skimming concept that accounts for both
efficiency and retention simultaneously.

3.3.1 Selection performance metric

My first contribution to Belle II was therefore to propose a new, more complete metric
for charmless skimming performance. This is the correlation between signal efficiency and
retention rate as functions of selection configurations, as displayed by the receiver operating
characteristic curve (ROC). I then set on to choose the optimal quantities to use for an
effective skimming.

3.3.2 Skimming selection quantities

The basic quantities available for skimming in an event are grouped into
e inclusive event variables (total number of tracks, total visible energy, etc.);

e variables associated with physics primitives (selections of tracks, selections of neutral
particles, etc.);

e high-level variables (invariant masses, energies, event shape, etc.).

Mid-2019 skimming selections were based on stringent requirements on both physics prim-
itives and high-level variables. This reduced retention down to < 2% but greatly degraded
the signal reconstruction efficiency.

My strategy for the 2020 results is to focus on variables associated with physics prim-
itives only, and attempt at achieving high efficiency and reasonable retention using those
alone. I keep the possibility of using a mild requirement on Ry (see Sec. 2.7.3) to control
accept-rate as a safety measure should retention become an issue.

3.3.3 Charged-particle classes

Belle II central reconstruction provides three classes of tracks, based on the selection criteria
they meet, loose tracks, standard tracks, and tight tracks.

Loose tracks undergo no selection. They are basically all results of a track fit, subtracted
of duplications.

Standard tracks are selected by requiring full polar acceptance in the CDC, a minimum
number of CDC hits, and a maximum displacement from the eTe™ interaction-point
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to suppress beam-backgrounds. In addition, particle misidentification is reduced by
a loose PID criterion.

Tight tracks are standard tracks further restricted with a more stringent PID selection.

Details of the selections are shown in Table 3.1.

Variable Loose Standard Tight
Inside CDC acceptance - Yes Yes
dr - <0b5cm <0.5cm
|dz| - <2cm < 2cm
Number of hits in CDC - > 20 > 20
PID - > 0.002 > 0.1

Table 3.1: Selection criteria for each class of tracks. Variables are explained in Sec. 2.7.1

3.3.4 Charged-particle selection optimization

The skimming-optimization strategy is straightforward: I test various skimming config-
urations by varying track selections and Ry requirements; then I determine the signal
efficiency and background retention for each configuration using, respectively, 2 x 105 sim-
ulated signal-only events and generic simulation; I display the results in ROC curves to
compare the performances of the various choices; and I finally choose the optimal skim
configuration as that achieving the highest signal efficiency while maintaining a retention
rate compatible with data-processing constraints (< 10%).

The ROC curve in Figure 3.1 shows the results. The blue curve is obtained using loose
tracks, the green curve corresponds to standard tracks, and the red curve to tight tracks.
The yellow curve is obtained using the optimized selection proposed with this work. Every
point represents the signal efficiency of the tested track choice as a function of its retention
for a different selection on Ry between 0.3 and 1.0 in 0.025 steps. Points to the (right) left
correspond to (loose) stringent Ry criteria.

Prior to this work, the default skimming configuration required tight tracks and a 0.5
upper limit on the event-shape variable Ry. This corresponded to 74% Bt — K*r°
signal efficiency at 2% retention. Figure 3.1 shows that this was suboptimal. The
curve corresponding to the tight tracks shows consistently equal or lower efficiency than
at least one of the other curves at any given retention. Loose tracks achieve a nearly-full
signal efficiency at the cost of a high retention rate (= 10%). To reduce retention while
maintaining approximately the same signal efficiency I explore some additional baseline
criteria to be applied on loose tracks, and converge to the following requirements,

e polar angle in CDC acceptance, to ensure high-quality tracks fully reconstructed in
the drift chamber;

e transverse (longitudinal) distance from the interaction point dr < 0.5cm (|dz| <
3cm), to remove tracks produced outside the interaction region, which are typically
associated with particles from beam-background events that interact with the mate-
rial surrounding the interaction region.
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Figure 3.1: Signal efficiency as a function of retention rate for simulated BT — K*r°
decays selected through various charged-particle selections. Loose tracks are displayed in
blue, standard tracks in green, and tight tracks in red. Tracks with the optimized selection
are displayed in yellow. Every square corresponds to an upper limit on the variable Ry
between 0.3 and 1.0 in 0.025 steps.

e \? probability of the track fit greater than 0 to ensure fit convergence, and therefore
that the track is more likely to come from an actual charged particle.

The corresponding optimized tracks are displayed in Fig. 3.1 in yellow: signal efficiency is
approximately the same of loose tracks, but the retention rate is reduced.

Using the mid-2019 configuration as a reference (tight and Ry < 0.5), an improvement
in signal efficiency of 5% (absolute) at the mid-2019 retention is achieved by using the
optimized criteria instead of the tight criteria on tracks. In addition, in this analysis I
choose not to apply a selection on the variable Ry, accepting a more generous retention
rate (=~ 8%) but achieving nearly-full signal efficiency, corresponding to a ~ 30% efficiency
improvement with respect to the mid-2019 skimming.

3.3.5 =Y selection optimization

As the BT — K*79 decay features a 7% in the final state, I also explore an adequate 7°
baseline selection to be included in the skimming.

Prior to this work, the skimming selection for 7” imposed criteria on low-level ECL
variables for which a mismatch between simulated and experimental data was known to
exist. For instance, the photon selection in mid-2019 included requirements on the timing
of the arrival of photons in the ECL cells, which was mismodeled in simulation. An
optimization of the 7° selection based on simulated data would lead to strongly suboptimal
results. I therefore choose to lift any requirement on variables that are not fully understood
and perform this optimization using experimental data.

0

I use an abundant sample of BT — 50(—> K*+7r= %7t decays, restricted in kinematics
such that the 70 momentum mirrors the 7° momentum in the signal Bt — K+70 decay.
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The 7 selection efficiency depends on the momentum of the pion as part of the 7° require-
ments act on the energy deposited in the electromagnetic calorimeter by the associated
photons. It is therefore important to restrict the determination of the optimized selection
to neutral pions in a kinematic range similar to the signal 70 kinematics for robust results.

I reconstruct B — bo(—> K+t~ 797t candidates by selecting only high-quality tracks
reconstructed in the full polar acceptance of the central drift chamber through a converged
fit. T require that the transverse (longitudinal) distance of the reconstructed tracks from
the interaction point is |dr| < 0.5cm (|dz| < 3cm), to suppress tracks pointing out-
side the interaction region, which are typically associated with beam-background particles
that interact with the material. I require the momentum of the neutral pion to meet
2.0 < p(7%) < 3.5 GeV and its transverse component to meet 1.0 < pp(7%) < 2.8 GeV, to
mirror the kinematics of signal 7°. I also require a positive identification of the kaon to
suppress misidentified BT — 50(% atr~ 1) 7t decays. Then I combine KT, 7, and 7°
candidates to form D°-meson candidates and suppress combinatorial background by keep-
ing only those consistent with a D’ decay, which meet 1.84 < m(K ~nt7%) < 1.89 GeV /c?.
I finally combine the D" candidates with a charged pion to form the B-meson candi-
dates, further enriched in signal by requiring the event-shape variable Ry < 0.3 and
M > 5.27GeV/c2.

I optimize the 7° selection by maximizing the figure of merit (FoM) S/+/S+B, where S is
the signal yield and B is the background yield under the signal, as functions of different 7°
selection criteria.! These are based on various requirements on the photon energy recorded
in the calorimeter and on the opening angles between photon directions. Higher thresholds
on the photon-energy typically correspond to higher signal purities but lower efficiencies.

Topology and kinematic differences between B¥ — K+70 and B* — D" (— K*a—7%)x+
decays yield largely different S and B values in the two channels at any given 7° selec-
tion. If not corrected, such differences would lead to a suboptimal BT — Kt 70 selection.
To offset this, I use information from Bt — KT7% decays and the known proportions
between B — K*7% and B* — ﬁo(—> K*t7=n%)7" rates. I determine the back-
ground yield B’ in a sideband of the M, distribution of BT — K70 decays, where
only background events are expected, and extrapolate it to the expected background B
under the My, signal. This is reliable because the distribution of continuum in M. has
a known shape, represented by the blue contribution in Fig. 3.2. I determine S by scaling
the observed Bt — EO(—> K*+7r= 797" signal yield by the ratio of branching fractions
B(BT — K*+7%)/B(B* — D" (= K*+r~n%)r*) = 1.29 x 107°/6.65 x 10~* ~ 0.02.

I determine the Bt — ﬁo(—> K*+r= %)zt signal yields through extended maximum-
likelihood fits on the unbinned AE distributions from multiple samples of BT — ﬁo(—>
K*tn=7%)a+ candidates, each selected with different 7° requirements (Fig. 3.3).

The observed asymmetric signal shape with a tail at negative AFE values suggests a
fit model based on the sum of a Gaussian distribution to reproduce the bulk, and an
asymmetric distribution to reproduce the low-AFE tail. The latter, so-called Crystal-Ball
distribution, corresponds approximately to an asymmetric Gaussian distribution with a
single tail 48],

8

&I
NV

exp (—(x;?2> , for
A (B - ”%‘f)_n, for

- (3.1)

—Q

8
I Q

f(x;a,n,i,a) :N{

|

!The figure S/+/S+B offers minimum variance on the determination of a signal yield in a counting
experiment of a narrow signal peak over a uniform background. Even if such simple model differs from our
case, we assume S/+/S+B to be sufficiently optimal, as done in many other analyses.
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with A = (n/]a|)" exp <—|a|2/2>, B=n/lal—|al, N = [o(C + D),
C = n/|la|(1/n —1)exp (f|a|2/2) ,and D = \/m/2 (1 +erf (Ja|/v2)). An exponential

function models the background.

All distributions feature a large BT — EO(—> K+r= )7t peak at AE ~ 0 overlapping
an abundant, smoothly distributed background. The signal-to-background ratio at peak
ranges from 6 for the most stringent selection to 1.2 for the loosest. The FoM values as
functions of 7¥ selections are shown in Fig. 3.4. The selection yielding the largest FoM
corresponds to the following requirements:

e photon-energy deposited in one of the three calorimeter polar regions (barrel, for-
ward end-cap, and backward end-cap) larger than 20 MeV, to exclude low-energy
photons, which are more likely originated from light quark backgrounds and beam-
backgrounds;

e diphoton mass 105<m(yy)<150MeV/c? to suppress combinatorial background not
associated with 70 — v decays.

e cosine of the angle between the 7 momentum and the momentum of one of the
associated photons smaller than 0.98. Combinatorial 7 background is dominated
by photon pairs formed by a high-energy photon (preferentially from genuine signal)
and a low-energy photon from background (background photons have typically lower
energies than signal photons). To match the 7° mass, the high-energy photon in
those events has to be energetic and therefore its momentum forms preferably a
small angle with the 7° momentum. A requirement that removes extreme values of
angles reduces this contribution;

e mass of the 70 candidate constrained to its known value.

3.4 Bt — K+t7#° reconstruction

I reconstruct BT — K 7% candidates by selecting only high-quality tracks reconstructed in
the full polar acceptance of the central drift chamber through a converged fit. I also require
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Figure 3.3: AF distribution of Bt — ﬁo(—> K+tn~ 797t candidates reconstructed in 2019
Belle II data, corresponding to 8.7 fb~! of integrated luminosity, for various ¥ selections;
fits are overlaid.

that the transverse (longitudinal) distance of the reconstructed tracks from the interaction
point is |dr| < 0.5cm (|dz| < 3cm), to suppress tracks pointing outside the interaction
region, which are typically associated with beam-background particles that interact with
the material. T apply the optimized selection obtained in the previous section on the neutral
pions. Then, I combine K+ and 7° candidates to form B-meson candidates, restricted to
the signal region by requiring My, > 5.27 GeV/c2.

Figure 3.5 shows the resulting m(yy) distribution for B* — K70 candidates recon-
structed in simulated and experimental data after the additional requirement AE < 0.3
GeV. A prominent signal peak, centered on the 7° mass value and about 8 MeV wide, is
visible over a small and smooth background.

The resulting AE distribution of simulated B¥ — K+7Y candidates after applying the
optimized requirements on the charged kaon and neutral pion is shown in Fig. 3.6. The
expected signal is much smaller than the background, dominated by continuum. A further
selection on high-level discriminating variables is needed to suppress it.

3.5 Continuum suppression

Many quantities related to the topology of the event, the features of the decay vertex,
and the partner B-meson produced in the eTe™ collision are available to discriminate
signal from the predominant continuum background due to light quark-antiquark pairs. In
addition, the presence of a kaon in the signal final-state offers further discrimination, since
most of continuum is composed by pions.

Up to this point, the selection is based on the logic ‘and’ of unidimensional requirements
imposed on individual variables. The challenging task of continuum suppression calls for
a refined statistical approach to exploit maximally the available information in its full
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multidimensionality. Belle II uses statistical-learning techniques to combine non-linearly
multiple discriminating variables and exploit maximally their correlated informations, thus
furthering background rejection.

Statistical-learning-based classification allows for calculating the probability of a given
datum, defined as a set of discriminating-variable values and a class label (signal or back-
ground), to be a signal or background. In supervised statistical learning this involves (i) a
training phase, which uses data-points sampled from a known (typically simulated) class
(signal or background) to ‘fit’ the internal parameter values of the classifier model, and (ii)
a classification phase, where the resulting classifier is applied to new data-points sampled
from unknown classes for classification.

In Belle II a centralized software package to build one’s own fast binary boosted
decision-tree classifier is available [49]. This combines non-linearly any number of user-
defined discriminating input variables to output a scalar, called continuum suppression
(CS).

A binary decision tree searches recursively for the best binary selections over a set of
requirements applied to a set of discriminating input variables. Given a training data set,
the classifier iterates recursively on all variables, and all requirements on each, to search for
the combination of binary decisions that maximizes separation. The goal is to achieve the
most accurate partition of the mixed-class sample in terms of signal-pure and background-
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red, background events are represented in blue.

pure subsamples. The result is a set of hypercubic regions in the input variable space, each
classified as either signal- or background-dominated.

The input variables available for BT — K+7% discrimination are related to various
salient features of the events, including

Topology. Many input variables are sensitive to the topological shape of the event and
provide discrimination of signal from continuum. These include 14 Fox-Wolfram
moments [44], which express the energy and momentum flow of the event (see dis-
cussion in Sec. 2.7.3); CLEO cones, which include information about the number and
momenta of charged particles reconstructed inside conic regions around the decay
vertex [50]; thrust axis and thrust, that offer measures of the average momentum of
a set of particles coming from a decay;?

Kinematics Global variables related to the kinematics of the event, such as transverse
energy and missing mass, also offer discrimination.? For instance, transverse energies
in g¢ events are typically larger than in BB events, while the missing mass of an
event is particularly important when dealing with decays involving neutrinos, such
as semileptonic decays;

Flavor tagging Many variables used by algorithms dedicated to inferring the quark con-
tent of the partner B meson offer additional discriminating information: if such
algorithms indicate that a partner B meson is reconstructed in an event, that in-

2In a BB event, the final states are produced almost at rest, and are therefore isotropically distributed
in space. Their thrust axes are randomly distributed. The cosine of the angle between the B thrust
axes follows therefore a uniform distribution in the range [0, 1]. In contrast, the momenta of particles in
qq events align with the principal axis of the jet-like structures in the event. The resulting thrusts are
collimated, yielding a cosine distribution strongly peaked at large values.

3The transverse energy is defined as the scalar sum of the transverse momentum of each particle,
YN i |pr|n. The missing mass is defined as

2
M = (Bras) — i En) = Silpal’, (3.2)

where E,, and p,, are the energy and momentum of particle n, respectively. The missing mass is a measure
of the unreconstructed energy in an event, for example due to the presence of neutrinos.
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formation obviously correlates strongly with the presence of a signal B meson and
therefore helps suppressing continuum.

Because the classifier is trained using simulated events, if the distributions of the in-
puts are poorly simulated, the classifier training converges to an incorrect model and the
ensuing signal-from-background discrimination is suboptimal. To ensure that only prop-
erly modeled inputs are used in the decision tree, I compare the distributions of all input
variables in experimental and simulated data from BT — ﬁo(—> Ktr=n%) 7t decays. 1
use BT — EO(—> K*+r= 797t decays because they have larger signals than BT — K9
and similar final states, making the input validation reliable for BT — K*7° decays too.
Differences in input distributions between B* — K*7% and Bt — ﬁo(—> Ktr= %7t are
not expected to introduce significant limitations. I reconstruct BT — 50(—> Ktn=a0)rt
decays as discussed in Sec. 3.3.5 and compare the distributions for each input variable
in data and simulation, separately for signal and background events. Background events
are selected in the sideband 5.2464 < Mp, < 5.26 GeV/ c®. Signal events are those in the
signal-rich region M. > 5.27 GeV/c? and subtracted of the sideband (Fig. 3.2).

I train the classifier using 105 correctly reconstructed simulated signal events as a
model for signal and 10° simulated continuum events (ui, dd, c¢¢ and s3 in the expected
proportions) surviving the baseline selection as a model for background.

General consistency exists in most inputs, but mild residual discrepancies are present.
Figure 3.7 shows an example comparison for two input variables. The modified Fox-
Wolfram moment (top panels) shows a typical case of good agreement; Ry (bottom panels)
shows the worse case of disagreement.
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Figure 3.7: Distributions of (top) modified Fox-Wolfram moment and (bottom) Rp in

(circles) data and (solid) simulation for (left) background and (right) signal B+ — ﬁo(—>
K+t~ 797t decays.
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Now that a subset of properly modeled inputs is identified, I use ROC curves to de-
termine the final choice of input variables. Figure 3.8 shows the curves correlating signal
efficiency and background rejection for various input-variable choices. I converge on a set
of 39 variables, chosen for offering (i) reasonable agreement between data and simulation,
(ii) significant discriminating power, and (iii) small correlations with the variables AE and
My, used in subsequent analysis to fit the signal yield. The latter condition is important
as a strong dependence between input variables and AFE or My, would bias the final signal
yields. The CS developed in this work outperforms the classifiers used in 2019: the red
curve, corresponding to the CS used in this work, has the largest area under the curve and
therefore the best performance, with a relative improvement of 2%.
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Figure 3.8: ROC curves and area under the curves (AUC) for various choices of input
variables. The uppermost red curve corresponds to the CS configuration used in this
analysis.

Figure 3.9 shows the CS-output distribution compared in simulated and experimental
data for background and signal events. Both distributions show good agreement, thus
confirming that the mild discrepancies observed in the input distributions do not invalidate
the global picture.
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Figure 3.9: Distributions of the output of the CS classifier for (left) background events and
(right) signal events in (circles) data and (solid) simulation.
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Figure 3.10: S/v/S+ B as a function of the lower threshold on continuum suppression
output and PID requirements for the B¥ — K+7% decay channel.

3.6 Offline selection optimization

Once established the discriminator, a selection needs to be defined.

I determine the offline selection by simultaneously optimizing selection criteria on the
continuum suppression output and kaon identification. The latter is important to re-
duce backgrounds where pions are misidentified. As CS and PID can be correlated, a
simultaneous optimization is expected to achieve better performance than independent
optimizations.

I perform the optimization on generic simulated data to mimic the expected proportions
of signal and background. I vary the selection criteria on both the CS output and kaon
PID to maximize S/v/S+B, where S is the signal yield and B is the background yield
under the signal, as obtained from extended maximum likelihood fits of the unbinned AE
distribution.

The S/+/S+B values for the various CS-PID selection configurations are shown in
Fig. 3.10. High values of figure of merit are observed at stringent thresholds in continuum
suppression (>0.9), independently from the PID selection. The optimized configuration
for the BT — K*7° channel corresponds to a CS output larger than 0.9 and a kaon PID
larger than 0.3.

The resulting AFE distribution in simulation is shown in Fig. 3.11: a prominent signal
peak populates the AF ~ 0 region with a signal-to-background ratio of about three at the
peak, overlapping a smooth decreasing exponential background.

3.7 Sample composition

The sample of BT — K*7% candidates resulting from the final selection receives, in prin-
ciple, contributions from three main sources: signal, continuum background, and peaking
backgrounds. Peaking backgrounds are candidates from BB events that peak close or
under the signal in the AFE distribution and are therefore particularly insidious in fits.
According to known information about charmless B decay rates, the only possible peaking
background is the Bt — 7tn% decay where a pion is misidentified as a kaon; however,
we expect its contribution to be marginal due to the ten-fold suppression in branching
fraction and the additional suppression due to misidentification. Nevertheless, simulation
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Figure 3.11: Distribution of AE for BT — K*x° candidates reconstructed in 50 fb—*
of simulated data and selected through the baseline and the optimized selection. Colors
indicate leading contributions to the sample in the right panel.

offers a comprehensive independent way to check the expected composition of the sample.
The left panel in Fig. 3.11 shows the expected individual contributions. The signal peak
overlaps a smooth continuum background, which is naturally blended with a smoothly de-
creasing contribution from BB backgrounds. The BB background is devoid of any peaking
component, and therefore is not a concern in fitting.

Simulation also shows that more than one candidate per event populates the AFE dis-
tribution of Bt — K*7% candidates. Candidate multiplicity is 1.05 per event. I then
restrict the samples to include one candidate per event, by first selecting the 7% candidate
with highest p-value of the diphoton-mass fit, and then by selecting a single B candidate
randomly.

3.8 Determination of signal yields in simulation

I determine the signal yields by performing an extended maximum likelihood fit of the un-
binned AE distribution of the candidates restricted to the signal region My, > 5.27 GeV /2.
A two-dimensional joint AFE-Mj, fit using a multidimensional model would make a more ef-
ficient use of the Mj,. information in correlation with AFE, with expected 5%-10% improve-
ments in precision. However, a two-dimensional fit would also imply additional systematic
uncertainties associated with the choice of the signal modeling in the two-dimensional A FE-
My, space, which may offset the modest advantage in statistical precision. For this first
analysis I therefore choose to perform a simple one-dimensional fit.

I empirically determine the shape of the signal distribution from simulated signal events,
using a sum of a Gaussian distribution and a Crystal-Ball distribution (see Sec. 3.3.5). The
background model is also empiric and based on an exponential function with slope and yield
determined by the fit.

Figure 3.12 shows the resulting AFE distribution in generic simulation, with fit results
overlaid. The signal yield is 191420 events in a simulated sample corresponding to 50 fb~!,
about six times larger than Belle II data sample available in winter 2020 for this analysis.
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Figure 3.12: Distribution of AE for BT — KT7% candidates reconstructed in a simulated
sample corresponding to 50 fb~! of integrated luminosity and selected through the baseline
plus continuum-suppression selection, further restricted to Mp. > 5.27 GeV/c? with a kaon-
enriching requirement of PID. The fit projection is overlaid.

3.9 Results

After having developed and performed the analysis on simulated data, I finally apply it
to the sample of Belle II data available in winter 2020 and corresponding to 8.7fb~! of
integrated luminosity.

To account for possible discrepancies between the simulated and experimental distri-
butions, I check if the signal model may benefit from a few possible additional degrees
of freedom that may accommodate expected mismodelings: a signal peak-shift, which ac-
counts for possible miscalibrations in track reconstruction and energy measurements, and
a signal width scale-factor, which is related to a possible mismatch of the energy resolution
in data and simulation. I calculate the likelihood ratio 21n(L1/Lp), where £ is the likeli-
hood corresponding to the test model and Ly is the likelihood corresponding to the model
fixed from simulation. In the limit of large sample size, the likelihood ratio follows a 2
distribution with a number of degrees of freedom corresponding to the number of additional
free parameters in £; [51]. Hence, assuming asymptotic regime, I associate p-values to the
observed likelihood ratios. This indicates which additional degrees of freedom are favored
by data and which would only generate overfitting.

The results, shown in Tab. 3.2, favor the addition of a peak-shift degree of freedom as
free parameter in the fit in data.

Degree of freedom p-value
Signal peak-shift 0.317
Signal peak-shift and width scale factor  0.604

Table 3.2: p-values for the alternate fit models.

Figure 3.13 shows the AE distribution for BY — K+7¥ decay candidates reconstructed
in a Belle II data sample collected in 2019 and corresponding to 8.7fb~! of integrated
luminosity, with fit results overlaid. A signal peak is observed in the AE ~ 0 region,
overlapping a smooth, decreasing background, with a signal-to-background ratio of about
two at peak. The signal yield is of 27 4+ 8 events, corresponding to a statistical significance
of 3.950, obtained from the p-value associated with the likelihood ratio 21n(L£1/Lyp), where
L1 is the likelihood corresponding to the fit model and Ly is the likelihood corresponding
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to the model where the signal yield is fixed to zero. This is the first reconstruction of
Bt — K*7°% decays in Belle II data. The observed yield corresponds to 3.1 £ 0.9 signal
events per 1fb~! in data, in good agreement with the 3.8 4 0.4 figure obtained in Monte
Carlo. The signal peak is asymmetric as expected, with a negative-AF tail. The position of
the peak seems shifted with respect to the position in Monte Carlo by —21 4+ 12 MeV. This
may indicate some mismodeling in the 7° reconstruction, an hypothesis studied thoroughly
in the next chapter.
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Figure 3.13: Distribution of AE for Bt — K+7° candidates reconstructed in 2019 Belle 11
data corresponding to 8.7 fb~! of integrated luminosity and selected through the baseline
plus continuum-suppression selection, further restricted to My, > 5.27 GeV/c? with a
kaon-enriching requirement of PID. The fit projection is overlaid.

3.10 Summary and overview of other charmless channels

This chapter reports the first reconstruction of the charmless decay Bt — K70 in Belle II
data. The data set corresponds to an integrated luminosity of 8.7 fb~! and was collected
by Belle I in 2019. Observed signal yield and purity are consistent with expectations from
simulation showing a remarkable maturity of the detector and reconstruction performances.

This work is part of a broader effort toward the first reconstruction of charmless decays
in Belle II data carried out by the Trieste group [6]. Part of the studies I developed
for my analysis were also used in the reconstructions of the B® — K+7n—, B® — ntn—,
BT — KY(— ntn )", Bt - KK K" and BT — K'™n n" channels. Table 3.3
reports a concise summary of all charmless results. Figure 3.14 shows the summed AF
distributions of the 400 charmless decays reconstructed in Belle IT 2019 data and presented
at the Winter 2020 conferences.

In the next chapter I study in detail the observed AFE shift of the BT — K7 signal
peak.

49



CHAPTER 3. FIRST RECONSTRUCTION OF THE CHARMLESS DECAY
Bt — Kt#x% AT BELLE II

Decay Yield data  Yield/fb~! MC Yield/fb~! Data
BY - Ktn— 79+ 11 7.4+£0.5 9.1+1.3
BY — atn— 16+5 1.6 +0.2 1.8+ 0.6
Bt — Kgﬂr* 18+5 1.7+£0.2 2.14+0.6
Bt - KtK-K* 92 +12 11.2+0.6 10.6 1.4
Bt - Ktg— gt 160 £ 19 20.2+£0.9 18.44+2.2
Bt - K*rn0 27+ 8 3.8+04 3.1+0.9

Table 3.3: Summary of charmless yields obtained in 2019 Belle II data corresponding to
8.7 fb~! of integrated luminosity.
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Figure 3.14: Sum of the AF distributions of charmless channels reconstructed in 2019
Belle II data, corresponding to 8.7 fb~! of integrated luminosity.
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Chapter 4

Observation of photon-energy
miscalibration

This chapter reports my studies on the observed energy bias in the reconstruction of the
Bt — K70 decay channel.

4.1 Motivation

My analysis of the channel BT — K7 not only achieves the first reconstruction of this
decay in Belle II data, but also exposes a possible issue in the detector calibration.

A —21 4+ 12 MeV shift of the signal peak between experimental and simulated data is
observed in the AF distribution, as shown in Figure 4.1.
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Figure 4.1: Distributions of AE for BT — K*7° candidates reconstructed in (top) a
generic-simulation sample corresponding to 50 fb~! of integrated luminosity and (bottom)
the 2019 Belle IT data sample, corresponding to 8.7fb™! of integrated luminosity.

While the statistical significance of the shift is marginal, the consequences of a real
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effect would be so significant that a dedicated study is in order.
I therefore perform extensive studies to understand the possible causes of this potential
shift. Causes of a mismeasurement of AE in Bt — K70 decays could be

e a miscalibration of charged-particle momentum, which would enter through the kaon;
e a mismeasurement of the beam energy;

e a miscalibration of the photon energy, which would enter through the 7°;

e any combination of the above.

As for the first effect, in fact Belle II reports a small mismatch between true and re-
constructed charged-particle momentum in 2019-2020 data and provides an offline correc-
tion [52]. However, the lack of a AF shift in decays into charged particles only (for example
BY - K*tn~ and Bt — KTK~K™* [6]) suggests that this is unlikely to be the culprit.
This is further confirmed by the permanence of the AE shift in B¥ — K*7" decays even
after standard Belle II corrections to the momentum mismatch are applied.

Beam-energy mismeasurements have been shown to induce a bias in the M}, measure-
ment [53]. However, the associated shift in the AE distribution is ~1 MeV, which is
insufficient to explain by itself the 20 MeV effect possibly observed in our data.

Based on these considerations, I explore the hypothesis of a photon-energy miscalibra-
tion in the electromagnetic calorimeter.

The calibration of photon-energy at Belle II is achieved by calibrating the individual
ECL cells using known-energy photons from eTe™ — v events (thanks to the precise
knowledge of the collision energy) and by determining from simulation cell-specific cor-
rections to compensate possible energy leakages. The calibration is then validated by
inspecting the invariant mass in 7° — v and n — v decays. The maximum observed
discrepancy between experimental and simulated diphoton mass positions is 1% [54].

I therefore study the m(yy) distribution in BT — K70 decays to search for possible
visible effects (Fig. 4.2). A large signal peak corresponding to reconstructed 7% particles is
present in both simulated and experimental data, overlapping a small uniform contribution
due presumably to random photon pairs that accidentally meet the selection requirements.
I determine the peak position though a maximum likelihood fit of the unbinned dipho-
ton mass distribution. The signal shape is determined from simulation by an (empiric)
Novosibirsk function [55], which is an asymmetric distribution with a long single tail,

n 2 /72 2
P(x) = ¢ 081 w7/ (4.1)
_ sinh(AvIn4) .
where ¢, = 1+ A(x — ) x AT and o and A are parameters related to the width of

the signal and the shape of the tail. The parameter ¢ is fixed from Monte Carlo, while the
peak shift and the shape of the tail are determined by the fit. I describe the background
using a straight line with free slope.

A comparison of fit results in experimental and simulated data shows no obvious
anomaly (Fig. 4.2). Both distributions are properly peaking at the 7° mass, consistently
with the findings of the photon-energy calibration group.

To further investigate the observed shift in AFE, my strategy for exploring the hypoth-
esis of a calorimetric-energy miscalibration is to identify an abundant control channel with
a final-state neutral pion and monitor the shift size as a function of various aspects asso-
ciated with 7% reconstruction. In addition, I use analytical derivations and simulation to
reproduce the observed phenomenology.
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—=0
I choose BY — D (— K*tn~7%) 7 decays as a control channel, because they are more
abundant than BT — K70 decays, thus offering a more precise characterization of the
effects at play.
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Figure 4.2: Diphoton mass distributions for B* — K170 candidates reconstructed in
(left) simulated data and (right) Belle IT 2019 data corresponding to 8.7 fb ~! of integrated
luminosity.

4.2 Studies on control channel

I restrict the kinematic properties of the BT — EO(—> K*t7= 7% 7t decays in such a way
that the 7% momentum mirrors the momentum of the 70 from BT — K*7° decays. This
allows for studying neutral pions with similar kinematic properties as those of the signal
of interest, which may be relevant for a proper characterisation of the effect.

I reconstruct BT — 50(—> K+7=7Y) 7T decays as described in Sec. 3.4.4, using various
selections to reconstruct 7° candidates based on different requirements on the photon
energy recorded in the calorimeter, ranging from 20 MeV to 200 MeV. When displaying
AFE distributions, I restrict candidates to the signal-rich region My, > 5.27 GeV/c?, while
I restrict candidates to |[AE| < 0.05 GeV when displaying the My, distributions.

Figure 4.3 shows the AE and M, distributions in data and simulation for BT — ﬁo(—>
K*+7=7%) 7T candidates. In the AF distribution, a prominent peak at AE ~ 0 GeV is visi-
ble, overlapping a smoothly decreasing background. Similarly, a narrow peak corresponding
to BB events is present in the M. distribution at the B meson mass, while a uniform
component due to continuum populates the whole range. Both distributions show evidence
for a shift between data and Monte Carlo. The AE shift is O(10) MeV and negative, while
the shift is smaller and positive for M.

These findings confirm and consolidate conclusively the (statistically insignificant) in-
dication from the Bt — K70 sample, calling for a systematic study on the nature and
magnitude of AFE biases as a function of various, possibly relevant quantities, such as 7°
selection, 7 momentum, and Rs selection. In addition to studying AFE, where the effect
is more evident, I also monitor My, and m(77y) to form a more complete picture.

[ fit the AE, M., and m(yy) distributions of BT — bo(—> K*tr= %7t samples
selected with various criteria on 7° selection, momentum, and Ry selection. I model the
shapes from simulation with the addition of an additional peak-position degree of freedom,
which is meant to capture the shift under study.

The shifts observed as functions of 70 selections are shown in Table 4.1. A negative
10 MeV shift in AE is observed consistently for all 7° selections, while the M, distribution
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is affected by a smaller (0.6 — 0.7 MeV) positive shift and m(v7y) shows no significant shift.
These findings establish further strong evidence for an instrumental effect.

Table 4.2 shows the results of a similar study as a function of 7% momentum, indicating
a positive correlation between the average m°
indication of a dependence on the Ry selection used to reconstruct the sample is observed,
thus confirming that the effect is unlikely to be an artifact of higher-level selection biases
and it is likely to be generated in the calorimeter reconstruction.

momentum and the size of the AFE bias. No

eff20 ef£30 eff40 eff50 charmless
AFE shift (MeV) —10+1 -10+1 -10+1 -10+1 —11+1
M, shift (MeV /c?) 0.66 +0.11 0.58 £0.10 0.59 & 0.10 0.61 & 0.09 0.68 £ 0.10
m(vyy) shift (MeV/c?) -03+02 —07+02 —07+03 —08+03 —09+03

Table 4.1: Observed AE, M., and m(y7) peak shifts for B¥ — D" (— K+r~7%)x+ candi-
dates reconstructed in 2019 Belle II data corresponding to 8.7 fb~! of integrated luminosity
for various choices of 7° selections.

7 momentum (GeV/c) <05 0.5—1.5 > 1.5

AFE shift (MeV) —8+2 -9+1 ~1443

Table 4.2: AFE shift observed in BT — EO(—> K*+r= %) 7t candidates reconstructed in
2019 Belle II data corresponding to 8.7fb~! of integrated luminosity as a function of 7°
momentum.

Now that the evidence for an effect is compelling, I try to corroborate the hypothesis of
photon-energy miscalibration with the aid of simple analytical calculations and simulation.

4.3 Analytical derivation

I study the impact on the AE, My, and m(vy7y) distributions of a putative instrumental
bias of the calorimetric measurement of the photon energy in a decay B — ﬂoXchrg, where
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Figure 4.3: Distributions of (left) AFE and (right) My, for BT — ﬁ(—) Kta=n0)nt

candidates reconstructed in (histogram) generic simulation and (markers) Belle II 2019
data corresponding to 8.7fb~! of integrated luminosity, normalized to each other.
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Xehrg is a generic system of charged decay products.

In a 7% — 12 decay, where (E;, ;) is the energy-momentum four-vector of the photon
v, the AFE distribution of B candidates would peak at zero if the observed photon energy
is an unbiased estimate of the true photon energy,

AE = Ejy —/5/2~ (Ey + By + Eeng) — V/5/2 ~ 0, (4.2)

where (Eghrg, Pehrg) 18 the energy-momentum four-vector associated with Xcpre and all
quantities, in the above and following equations, are evaluated in the center-of-mass frame.

If the observed photon energy E! = E; —6* is affected by a bias —*, the reconstructed
photon energy in the center-of-mass frame is also affected by a bias —4d, and the observed
AFE' distribution is biased toward negative values,

AE = Ey —\/5/2~ (B — 6+ Ey — 6 + Eetg) — V5/2 ~ —26. (4.3)

Comparison of AE and AE’ shows that the energy difference is a specially sensitive probe
of photon-energy biases, which enter linearly in determining the position of the signal peak.

Let us now examine what would be the impact of the bias on the My, and m(y7y)
distributions. For the m(vy7y) distribution, the unbiased case leads to

m(nv2) = V(B +E2)? — (51 +152)? = \/E% + E3 + 2EE; — (E} 4 E3 + 2E, Es cos 0)
= /2E1E5(1 — cos#), (4.4)

where 6 is the opening angle between photon directions. If a negative bias affects the
photon-energies, the diphoton mass becomes

m' (y1y2) = \/(E{ + EL? — (p) +ph)% = \/Ei2 + ER + 2B E) — (B2 + E} + 2E| E} cos 0)

= \2B{Ey(1 — cos0) = /2B By — 0(Er + By) + O(02)](1 — cos )

V/2E1E5(1 — cos ) <1 — g)

&Q

— ) (1- ) (45)

The impact on the m(y7) distribution is suppressed proportionally to §/F, which makes
harder the detection of a miscalibration using this observable.

A similar result holds for the My, distribution. In the absence of a photon-energy bias
one gets

s . s o

My, = \/4 - (pchrg +p7r0)2 = \/4 - (pchrg +p1 +p2)2 (4-6)
s
4

= \/ — (pghrg + p? + p3 + 2|P1p2| €08 O + 2| PenrgP1 | COS $1 + 2|PenrgP2| €OS P2)

s . .
- \/4 — (p(%hrg + E? + E2 + 2E1E5 c08 0 + 2|Peheg | E1 €08 ¢1 + 2|Penrg| B2 €08 ¢2),

where ¢1 and ¢o are the opening angles between the directions of the system of charged
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decay products and each of the photons. A negative photon-energy bias implies

i 1/2
My, = [Z - (pghrg + E{Q + E{Q + 2E1 E) 08 0 + 2|Peheg | B €08 1 + 2|Penrg | E5 cos (bg)}
S
= [1 — (PPhg + (B1 = 8)2 + (By — 6)° + 2(Ey — 6)(E2 — 8) cos

1/2
o+ 2{Bonrg | (F1 — 6) 08 61 + 2lnegl (B2 — 0) cos 62) |

S - -
= [Z — (pzhrg + E? + E2 + 2F,Eycosf + 2|Pehrg| B €0s @1 + 2|Penrg | B2 cOs ¢2)

1/2
+ 5(2E1 + 2E2 + 2(E1 + EZ) cos 6 + 2’ﬁchrg‘ Ccos (bl + 2‘ﬁchrg| Co8 ¢2) + 0(52)}

Q

s - .
[Z - (chrg + E% + E22 + 2E1F5 cos 0 4 2|Denrg | Er €08 d1 + 2|Pehrg | E2 cOS qbg)
1/2
+ §(2E1 + 2E5 + 2(Ey + E3) c0s 0 + 2|Penrg| €08 ¢1 + 2|Penrg| cOS gﬁg)}

0 . .
= M. (1 + W(QEl + 2E5 + 2(Ey + E3) cos 0 + 2|penrg| €0 ¢1 + 2|Penrg| cOS ¢2)>
bc

) .

= My <1 + W ((E1 + E2)(1 4 cos ) + |Penrg|(cos ¢1 + cos gbg))). (4.7)
C

It is not immediately intuitive to visualize the qualitative features of M _, since they depend

on the masses of the charged particles contributing to X, on their momenta, and on

the decay-angle configuration. I perform a simple simulation to calculate the value of

£ = (B1 + E2)(1 + c0s0) + [aurg) (cos 61 + cos o), (4.8)

for all kinematically allowed configurations. The resulting distribution of f is shown in
Fig. 4.4 normalized by 5.279 GeV/c?, the expected M, value for signal. The value of
[ /My, is nonnegative and peaked at about one. My is always larger than M, and its
distribution peaks at ~ My.(1 4 6/My.).
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Figure 4.4: Distribution of the term f in Eq. (4.8) divided by 5.279 GeV /c?, the expected
My, for signal events for all possible physical configurations.

Even under our coarse approximations, the kinematic relationships show that findings
on data are compatible with our initial hypothesis of a photon-energy-bias —d. The impact
is linear in 0 for the AFE distribution, linear in the suppressed d/E term for the diphoton
mass, and linear in the suppressed term §/My,. for M.
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0= 0 MeV 5 MeV 10 MeV 15 MeV 20 MeV
AFE shift (MeV) 0 -9.7+£02 -193+£02 -29.0+0.2 —38.840.2
M, shift (MeV /c?) 0 2.4 4+ 0.1 4.9 £ 0.1 7.4+ 0.1 9.8 + 0.1
m(vyy) shift (MeV /c?) 0 -08+01 -15+£01 -21£01 -27+0.1

Table 4.3: Observed shifts in AFE, diphoton mass, and My, as functions of the input bias
J in signal-only simulated Bt — K70 decays.

It is therefore not surprising that the bias went undetected prior to my work on BT —
K*+7¥ decays. On the one hand standard Belle II calibrations monitor calorimeter energy
by using 7% and 71 invariant masses, where biases are suppressed. In addition, no AFE
shift was observed in B decays with final-state neutral pions because they were B —
D(— 79X)h decays reconstructed by using a constraint on the D mass in the kinematic
fit. The ‘mass constraint’ is a feature of the candidate-reconstruction algorithm used
when an intermediate-resonance participates in the decay (D in this case). It corrects
the four-momenta of the intermediate resonance decay products so as their invariant mass
matches the known mass of the intermediate particle, thus achieving a more precise B decay
reconstruction. However, these corrections reduce or remove the AE shift thus ‘hiding’ the
effect.

4.4 Simulation

I further support the analytical findings using events simulated using standard Belle II
simulation.

I reconstruct candidates in simulated signal-only Bt — K70 decays after subtracting
from the reconstructed photon-energies in the center-of-mass frame 0-20 MeV biases, which
are similar in size to the typical energy-shifts observed in data. This allows for checking
independently from previous findings the impact of this bias on the AE, m(y7y), and My,
distributions. The results, summarized in Table 4.3, are consistent with the analytical
derivations. They show a AF shift linearly proportional to the size of the photon-energy
bias, as expected. The table allows estimating the actual size of the bias in the ECL,
which is approximately —5 MeV in the center-of-mass frame. The value in the lab frame is
similar, due to the small center-of-mass boost produced in SuperKEKB collisions.

4.5 Summary

The first reconstruction of BT — K70 decays, performed in this work, exposes a photon-
energy miscalibration in the electromagnetic calorimeter. This effect went previously
unidentified as it was either suppressed in the standard Belle II control variables or re-
moved by mass constraints in B decay fits. Following my detailed investigation the issue
has been acknowledged by the collaboration, which decided to include the AFE distribu-
tion of B* — D’(— K +tr-70) 7 decays as an additional, sensitive control variable in the
standard set of calorimeter monitoring informations.
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Chapter 5

Studies of charged-hadron
identification

This chapter reports my studies of charged-hadron identification aimed at optimizing the
charmless B reconstruction performance.

5.1 Motivation and strategy

Charged-hadron identification is a crucial background-discrimination capability in most
charmless physics analyses because final states involve kaons and pions, which are easily
misidentified with each other when using kinematic information only. Data collected by
dedicated and generic subdetectors are processed and combined by reconstruction algo-
rithms to obtain information about the identity of the reconstructed charged particles.
This information is typically encapsulated into a particle identification quantity, which
is directly used in physics analysis as a variable subjected to a background-suppressing
selection, or to a fit.

The goal of this part of my work is an in-depth study of the performance of the current
Belle IT PID information for B physics measurements in Belle II. I use pure kaon and pion
samples from D** — D%(— K~7F)7t decays reconstructed in Belle IT data to compare the
discriminating information provided by the individual subdetectors with the information
from their combination.

5.2 Sample and tools

To calibrate K* and n* identification, samples of kaons and pions that are pure, and
unbiased with respect to the PID information under study, are needed. I use an abundant
sample of D** — D%(— K~7)7" decays reconstructed from Belle IT 2019-2020 data and
corresponding to an integrated luminosity of 34.6fb~!. No Belle II simulation is used.
The D** — D°(— K~—7)nt channel has a sufficiently high branching fraction (=
2.6%) to ensure availability of large samples and offers striking experimental advantages.
The D*T meson decays into a neutral D and a charged pion through the strong interaction.
Flavor is conserved; hence, a positively charged D*T, which contains a valence ¢ quark,
always decays in a DY meson and a 7+, and a D*~ always decays into a D° meson and
a 7. Determination of the charge of the pion produced directly in the D** decay offers
therefore a straightforward identification of the flavor of the neutral D. On top of that, the
large magnitude of Vi (= 0.97) cause the D meson to decay into a K~ 7t pair much more
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frequently than into a K7~ pair, which is a doubly Cabibbo-suppressed transition with
a branching fraction one hundred times smaller. Hence, identification of the charge of the
pion coming directly from the D** provides identification of the D flavor, which in turn
allows identifying the pion and the kaon based on their charges, in a totally independent
way from any dedicated PID information.

In addition, identification of the D** pion is straightforward because its momentum
is usually lower than the momenta of the neutral D products, due to the mass difference
between the D*t and the D, which is just slightly larger than the pion mass. This also
provides effective background discrimination. The invariant mass of the D allows for
suppressing combinatorial two-track background. Most importantly, further suppression
comes from the peak in the mass difference between the D** and the D° meson, which
is narrow because common resolution effects cancel in the difference. We therefore have a
sample where the identities of pions and kaons are known with high accuracy solely from
kinematics and charge information, with no need for any dedicated particle identification.
This offers unbiased pion and kaon samples to study PID performance.

I reconstruct D** — D%(— K~—7")nt decays by applying a loose selection on the
quality of tracks and vertices and then combine the final-state candidates in kinematic fits
consistent with the desired decay topology. I select only high-quality tracks reconstructed
in the SVD and in the CDC by demanding a minimum number of measurement hits; the
transverse (longitudinal) distance of the reconstructed tracks from the interaction point is
|dr| < 2cm (|dz| < 4cm), to suppress tracks pointing outside the interaction region, which
are mainly associated with beam-background particles that interact with the material.

[ impose that the K mass is consistent with a D% decay, 1.84 < m(K 7 ") < 1.90 GeV /2,
and the mass difference with a D** — D%7F decay, 0.144 < m(K-7at) — m(K—77")
< 0.147GeV/c?. These requirements suppress combinatorial background and ensure that
D mesons come from D*' decays. The D*f momentum in the center-of-mass frame is
restricted to exceed 2.5 GeV/c to suppress B — D*X decays, where the available energy
for the D meson is typically lower. Selecting only D** particles from ete™ — ¢ continuum
simplifies the analysis. These selections choices are the result of maximizing S/v/S + B,
where S is the signal yield and B is the background yield observed in data.

Figure 5.1 shows the effect of the selection on the m(K ntnt) — m(K n") and
m(K~7) distributions. The candidates shown in the m (K ~7*) distribution are restricted
in m(K-7t7%) — m(K~7") and viceversa. The selection achieves a signal efficiency of
70% and a background retention of less than 5% with respect to our baseline starting point,
yielding high-purity kaon and pion samples for PID studies.

5.3 Particle identification at Belle 11

Particle identification at Belle II is achieved by combining information from several subde-
tectors. The trajectories of charged particles reconstructed by the tracking detectors, PXD,
SVD, and CDC, are extrapolated outward to the TOP, ARICH, ECL and KLM detectors,
where geometric matching between the tracks and observed signal clusters is attempted.
Offline reconstruction associates to each matching track PID-detector information sensi-
tive to its identity. For example, the drift chamber output encodes information on the
specific ionization energy loss associated with each track. The raw information is further
processed to provide higher-level quantities that are more convenient for usage in analysis.
These are typically ‘likelihood’ values associated to the track. For each of six possible mass
hypotheses, kaon, pion, electron, muon, proton and deuteron, the likelihood expresses the
probability to observe the reconstructed PID information if the mass hypothesis was true.
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Figure 5.1: Distribution of (top) K~ 7t mass and (bottom) difference between K~ 77
and K~ 7" masses (left) before and (right) after the selection for D** — D%(— K—nt)m
candidates reconstructed in 34.6 fb~! of 2019-2020 Belle II data.
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5.3.1 Detector-specific likelihoods and PID

For each detector and particle-hypothesis, the likelihood is usually obtained by comparing
the expected and the observed value of the raw information. For instance, in the CDC such
information is %obs(h)’ the specific-ionization energy-loss observed for a charged particle
h, averaged across the CDC wires. The (natural logarithm of) the likelihood is

dE ( ) __dE ( ) 2

1| dzobs ‘dx exp—h
1 CDC ) = —= p—hyp 1
nﬁhyp () 2 Tobs(h) 7 >

where ‘hyp’ represents the particle hypothesis and oops(h) is the observed uncertainty on

%obs(h)’ which mainly depends on the number of CDC hits associated to h. The expected

value %exp_hyp(h) is the average ionization-energy loss from a charged particle h that

has the observed momentum, assuming the hypothesis ‘hyp’. This is calculated using the
Bethe-Bloch relation [56, 57|, which expresses the mean ionization energy-loss per unit
path in gas of a charged particle as a function of velocity. Minor empirical adjustments
are introduced to adapt the Bethe-Bloch prediction to the details of the CDC response.
Figure 5.2 shows the %Obs(h) distribution for various particle species in Belle II data and
the expected energy loss for each of the six mass hypotheses considered.

In the TOP, the likelihood is calculated by comparing the observed number of detected
photons associated to the charged particle with the expected photon yield, obtained from

simulation [59,60],

S (-Tz ti h) +B({E7; ti)
TOP _ N hyp s Uiy )
InLyg (h) =%, 1n N.(h)

hyp + In Py (Ne(h)), (5.2)
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Figure 5.2: Distribution of (points) observed ionization-energy loss as a function of mo-
mentum for tracks from hadronic events reconstructed in Belle II data, along with the
average expected values (solid lines) [58].
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Figure 5.3: Example of kaon identification in the TOP detector. Arrival time of the
Cherenkov photons as a function of position is compared with the expectations for (left) a
pion and (right) a kaon passing in the TOP [58|.

where z; and t; are, respectively, the positions and times of arrival of the N Cherenkov
photons excited by the charged hadron h. The term Sy (x,t, h) is the signal distribution
for the hypothesis ‘hyp’; B(z,t) is the distribution of background; and N¢(h) = Nyyp(h) +
Np is the expected number of detected photons, which is the sum of the expected number
of signal photons Ny, (h) for hypothesis ‘hyp’ and the expected number of background
photons Np. The second term in Eq. (5.2) is a probability for a Poisson with mean N, to
generate N photons [59]. Figure 5.3 shows an example of the identification of a kaon in the
TOP detector: the positions and times of arrival of the Cherenkov photons are compared
with the values expected for a pion or a kaon.

Using the likelihoods for the various mass hypotheses, Belle II algorithms construct a
particle identification variable PIDﬁ;% for every detector, which is directly used in physics
analyses and expresses the probability for observing the particle-identification information
associated with the reconstructed track, assuming true a mass hypothesis ‘hyp’ out of
six possibilities. As an example, the PIDﬂ;‘;) expression associated with the pion mass
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hypothesis is!

[,det(h)
PID%(h) = us . 5.4
v () L3 (h) + L85 (h) + L34(h) + L, (h) + L3t (h) + LI (h) (5:4)

The PIDﬂ;; values for the other mass hypotheses are obtained by replacing the likelihood at

the numerator £3°(h) with the corresponding hypothesis-specific value Eﬂ%(h). PIDﬁ;;(h)
is defined similarly to a likelihood ratio Ly/L1, which is the best-performing quantity to
test two alternative simple statistical hypotheses [61]. However, the sum of likelihoods

at the denominator is not a likelihood itself and therefore PIDﬁ;‘;)(h) departs from a true

likelihood ratio. The PIDﬂ% variable assumes values from 0 to 1. The larger the PIDﬁ;‘;),
the higher the probability of observing the reconstructed track assuming true the chosen
mass hypothesis.

Figure 5.4 shows an example of the TOP PID%;; distribution (PIDE}%P) in the pion
and kaon hypotheses, for samples of kaons and pions. Under the pion hypothesis, kaons
cluster at small values, corresponding to low probabilities of the observation assuming the
pion hypothesis, but a peak at &1 is also present, corresponding presumably to residual
background pions and kaons incorrectly identified as pions. Pions are more uniformly
distributed. The proportion between correctly and mistakenly identified pions is lower
than the proportion between correctly and mistakenly identified kaons. For the kaon hy-
pothesis, kaons peak at high values, corresponding to higher probabilities of observing the
reconstructed TOP information if the track was a kaon, but a peak at ~ 0 is also present,
showing that a fairly large fraction of kaons is not identified correctly. Pions under the kaon
hypothesis peak at zero, corresponding to low probabilities of observing the reconstructed
TOP information if the track was a kaon, with a much smaller peak at PIDEy%P ~1. The
prominent peak at PIDE}%P = 0.33 corresponds to candidates for which the particle identi-
fication algorithms cannot distinguish between the kaon, proton, and deuteron hypotheses
and therefore associate the same dummy value to their likelihoods. These candidates cor-
respond to charged particles with momentum lower than the threshold for exiting a signal
in the TOP detector.

5.3.2 Detector combination

Information from individual detectors is combined to improve the identification perfor-
mance. The detector-specific likelihoods are combined together as a product,

Luyp(h) = L0V (R) x LEXC(h) x L3P (h) x Lyt (h) x LioF(R) x Ligat(R),  (5.5)

and the result is used in Eq.(5.4) to obtain the detector-combined PID. If a particle does
not get reconstructed in a detector because, for instance, it escapes its acceptance, no PID
information from that detector is available and the corresponding individual likelihood is
set to one.

Equation (5.5) shows that Belle II assumes that the single-detector likelihoods are inde-
pendent from each other, and therefore factorizes the combined likelihood as the product
of single likelihoods. This is an important and critical assumption that is investigated later
in this chapter (Sec. 5.4).

'In practice, the Belle II software expresses PIDyy,, using only the natural logarithm of the likelihood

values,
eln Lhyp—ln LyiAX eAln Ehyp

¥i (el Li-In Luax) = Si(eAnLy)

where Lyiax is the largest of the likelihood values over the six hypotheses.

PIDpyp = (5.3)
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Figure 5.4: PIDyy,(h) distribution (in logarithmic scale) from the TOP detector in the
(left) pion hypothesis and (right) kaon hypothesis for a sample of (blue) kaons and (red)
pions from D** — D% — K~77)n" decays reconstructed in 2019-2020 Belle II data,

corresponding to 34.6fb~! of integrated luminosity.

My first goal is to investigate whether the performance combined across detectors is
unbiased and optimal. Since I am dealing with calibration samples of kaons and pions only,
I restrict my study to the detectors that are most sensitive to the discrimination between
kaons and pions, TOP, CDC, and ARICH. This is also expedient physics-wise, since kaons
and pions are the main final-state particles in charmless B decays. From now on

e the label TC denotes the combined performance of TOP and CDC detectors;
e the label AC denotes the combined performance of ARICH and CDC detectors,

where, for example,

In L5 =In L5 0F +In £5DC. (5.6)

I restrict the sample to subsets of tracks having non-null information from all detectors
considered in each combination, to achieve consistent results. For instance, to compare
the individual performance of TOP and CDC with the combined-TC performance, I con-
sider only tracks having non-null information from both TOP and CDC. Otherwise the
resulting degradation in combined performance would be an artifact of the nonuniformity
of the sample, since tracks that only have TOP or CDC information dilute the combined
performance.

TOP and ARICH detectors have approximately exclusive geometrical acceptances.
Hence, the fraction of tracks having information from both TOP and ARICH detectors
is negligible and not studied further.

5.3.3 Performance metrics

I use two figures of merit to assess separation performance: the receiver operating charac-
teristic curve (see Sec 3.3) and the separation power s [62]. The ROC curve is constructed
as the true positive rate (e.g., the number of genuine kaons identified as kaons) as a func-
tion of the complement to the false positive rate (one minus the number of pions identified
as kaons) at various threshold settings on the discriminating quantity. The larger the area
under the ROC curve, the better the separating performance.

The separation power s is the observed separation between two distributions relative to
their ideally optimal separation. The optimal separation corresponds to completely non-
overlapping distributions, where classification performance is only affected by the statistical
fluctuations due to the finite sizes of the samples. In a sample with two classes of events
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(in our case, kaons and pions), each contributing a fraction f and (1 — f) of the total,
let be x a discriminating observable that distinguishes between those classes. We take
the resolution o on the observed value of f as a measure of the separation performance
of x. Rather than determining o through simulation, we estimate it using the minimum
variance bound, which is the lower bound to the variance that can be achieved, according to
likelihood theory [63]. For this simple two-component sample case, the minimum variance

bound of the resolution on f is
p1 pa(2))” )
(/ fpi(z = [Ip2( )dm 7 51)

where p;(x) is the pdf of the variable x for one class of events and po(z) is the pdf for
the other; IV is the total number of events in the sample. If the two classes of events are
totally separated in x, the uncertainty on the fraction f is just the statistical uncertainty
due to the statistical fluctuations in the finite-size sample, i.e., the binomial uncertainty

S (p) =TT, 6.9

The separation power s of the observable x is then the ratio between the resolution and
the limiting resolution,

Ubest(f) o pl ()) o
“ ) \/ ) [ O T ™ (59)

No analytic expression is needed for p;(z) and pa(z). Observed distributions (histograms)
are sufficient to determine s. Separation s is adimensional and independent from the
sample size: it shows the power of the observable x in separating the samples, from 0 (no
separation) to 1 (absolute maximum achievable with the given sample). The separation
power s has the further advantage over the ROC curve that it generalizes straightforwardly
to a multidimensional case 7.

5.4 Detector-specific and detector-combined performances

Figures 5.4, 5.5, and 5.6 show the single-detector distributions of the PID(h) and PIDk (k)
variables. Figures 5.7 and 5.8 show the distributions based on the TC and AC combina-
tions, respectively. All distributions but PIDE}]%C show a peak at small values of PID,
corresponding to low probabilities of observing the reconstructed PID information for the
given hypothesis, and a peak at high values, corresponding to high probabilities.

Tables 5.1 and 5.2 show the corresponding separation powers, ranging from about 40%
to 50% for the CDC alone, from about 60% to 75% for the TOP alone, and from about
62% to 75% for the ARICH alone. The uncertainty on the separation s is estimated using
simulation to be 0.4% for all values and is not reported henceforth.

The separation power under the kaon hypothesis is consistently larger by 3% —16% than
that under the pion hypothesis in all configurations. An explanation requires investigation
of low-level information from the single detectors that is not available for this work.

In all cases, the combination of detectors (TC and AC) improves the separation power
by 5%—10% over the largest individual detector performance. In the TC combination under
the kaon hypothesis, PID i separation improves from 73% to 79%. In the AC combination,
PID separation improves from 75% to 82%.
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Figure 5.6: PID distribution (in logarithmic scale) from the ARICH in the (left) pion
hypothesis and (right) kaon hypothesis for a sample of (blue) kaons and (red) pions from
D*t — D%(— K~7t)nt decays reconstructed in 2019-2020 Belle II data, corresponding
to 34.6 fb~! of integrated luminosity.

Detector KaonID PionlID

TOP 0.73 0.57
CDC 0.51 0.38
TC 0.79 0.63

Table 5.1: PID separation power s under the kaon and pion hypotheses. Only events having
non-null information from both TOP and CDC detectors are considered. The uncertainty
on the separation s is estimated by a Monte Carlo study and found to be 0.4% for all
values.

Figures 5.9 and 5.10 show the associated ROC curves. Each data point corresponds,
respectively, to the fraction of kaons correctly identified as kaons as a function of one minus
the fraction of pions incorrectly identified as kaons for the kaon hypothesis and viceversa
for the pion hypothesis. The ROC curves confirm our findings based on separation s.
The combination of detectors outperforms any of single detectors. The ROCs also confirm
a better performance under the kaon hypothesis with respect to the pion hypothesis, as
indicated by a larger area under the curve.
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Figure 5.7: PID distribution (in logarithmic scale) from the TC combination in the (left)
pion hypothesis and (right) kaon hypothesis for a sample of (blue) kaons and (red) pions
from D** — D%(— K~7T)r" decays reconstructed in 2019-2020 Belle II data, corre-
sponding to 34.6fb~! of integrated luminosity. Only events having non-null information
from both TOP and CDC detectors are considered.
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Figure 5.8: PID distribution (in logarithmic scale) from the AC combination in the (left)
pion hypothesis and (right) kaon hypothesis for a sample of (blue) kaons and (red) pions
from D** — D%(— K~7T)r" decays reconstructed in 2019-2020 Belle II data, corre-
sponding to 34.6fb~! of integrated luminosity. Only events having non-null information
from both ARICH and CDC detectors are considered.

Detector KaonID PionlID
ARICH 0.75 0.72
CDC 0.53 0.45
AC 0.82 0.78

Table 5.2: PID separation power s under the kaon and pion hypotheses. Only events
having non-null information from both ARICH and CDC detectors are considered. The
uncertainty on the separation s is estimated by a Monte Carlo study and found to be 0.4%
for all values.

This study offers an important benchmark for the performance of the combination
of multiple-detector PID-informations at Belle II, which is based on a fairly complicated
software infrastructure whose full control is not obvious at the first stages of validation of
detectors and algorithms.

The immediate follow-up is to verify if the size of the improvement brought by the
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Figure 5.9: Signal efficiency as function of (1-background efficiency) for the PID variable
in the (left) pion hypothesis and (right) kaon hypothesis using D** — D%(— K- 7")x*
decays reconstructed in 2019-2020 Belle II data, corresponding to 34.6fb~! of integrated
luminosity. The green curve corresponds to the CDC detector, the blue curve corresponds
to the TOP detector and the black curve corresponds to the TC combination.
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Figure 5.10: Signal efficiency as function of (1-background efficiency) for the PID variable
in the (left) pion hypothesis and (right) kaon hypothesis using D** — D%(— K—7t)x*
decays reconstructed in 2019-2020 Belle II data, corresponding to 34.6fb~! of integrated
luminosity. The green curve corresponds to the CDC detector, the red curve corresponds
to the ARICH detector and the black curve corresponds to the AC combination.

combination is consistent with expectations. I use a simple simulation of the TOP-CDC
combination under the kaon hypothesis to check if the observed combined performance is
reproduced based on individual-detector values.

I generate two Gaussian distributions, one representing PID for kaons and one for pions.
The distributions are simulated to have a separation of 0.74 (similar to the separation from
the TOP detector only). In addition, I generate two Gaussian distributions separated by
0.45, close to the one observed for the CDC. The generated distributions are shown in
Figure 5.11. I then combine the simulated information from the CDC and TOP detectors,
assuming independence, to obtain the separation power of the detector-combined PID.
The resulting value of 0.79, the same as found in data, confirms that no major technical
or conceptual issues interfere in the combination workflow.

The final task is to check to which extent the approximation of independent detector
informations is valid.
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5.5 Exploring likelihood dependences

When dealing with information associated with multiple likelihoods, a joint multidimen-
sional likelihood is generally needed, as it includes properly the possible dependences across
variables. Only if no dependences exist, the joint likelihood factorizes as the product of
the individual likelihoods, pdf (z,y) = pdf(x) x pdf (y). In Belle II, the likelihoods from the
various subdetectors are treated as independent.

This is likely to be an approximation, as dependences are expected from the correlation
between the kinematic properties of the track and the kinematics-dependent performances
of most PID detectors. For instance, the identification by means of specific ionization
depends on the momentum of the particle, as average ionizations from different particle
species converge to, or depart from, each other depending on momentum. Similarly, simu-
lations of the TOP and ARICH responses have shown that the identification performance
improves for charged particles with momenta below 2 GeV/c [35]. Therefore, dependent
PID information across detectors is expected due to kinematic correlations, even if such
information is provided by physically independent PID detectors.

When two variables, say x and y, are independent, the conditional distribution of one
variable conserves the same shape regardless of the conditioning value chosen for the other.
I study possible dependences between the CDC and TOP detectors and between the CDC
and ARICH detectors using this simple property.

Figures 5.12 and 5.13 show the distributions of In £ for TOP and ARICH, respectively,
for various ‘slices’ (restricted ranges) of In L°PC. Figure 5.12 shows no evidence of dif-
ferences between the various conditional distributions, indicating that the assumption of
TOP-CDC independence is fairly satisfied. In contrast, Fig. 5.13 shows significant differ-
ences in the shapes of the conditional distributions. The In LARICH shape is approximately
bimodal, with a broad Gaussian component and an overlapping narrow peak at values near
zero. The proportions between these components differ across In £LPC ranges. For the pion
hypothesis, the fraction of events in the narrow component changes from about 2% in the
first In £CPC slice, to 1.2% in the second, and 0.1% in the third. Such differences indicate
a statistical dependence between In £LPC and In LARICH that invalidates the approxima-
tion of independent likelihoods embedded in standard Belle IT PID. Figure 5.13 indicates
also that the size of the dependences differs across hypotheses. While the shape-difference
between the slices is striking under the pion hypothesis, no large change is observed for the
kaon hypothesis.

As interdetector dependences are expected from kinematics, I repeat the study after re-

Kaons 2.0} Kaons 2'0/-
Pions 1.5 Pions 1.5
1.0 1.
0.
10 -5 5  10°-10 -5 5 107

Figure 5.11: Simulated PID distributions for (blue) pions and (yellow) kaons with sepa-
ration powers corresponding to (left) TOP information only and (right) CDC information
only.
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Figure 5.12: Distributions of (top) In £LLOF for kaons and (bottom) In £LIOP for pions
for various slices of the In £L°PC distribution, from D** — D%(— K~7%)r* decays recon-
structed in 2019-2020 Belle II data and corresponding to 34.6 fb~! of integrated luminosity.
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Figure 5.13: Distributions of (top) In LARH for kaons and (bottom) In LARICH for pions
for various slices of the In LPC distribution, from D** — D%(— K~n")7" decays recon-
structed in 2019-2020 Belle II data and corresponding to 34.6 fb~! of integrated luminosity.
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Figure 5.14: Distributions of (top) In LARICH for kaons and (bottom) In LARICH for pions
for various slices of the In £°PC distribution, from D** — D%(— K~7F)7" decays recon-
structed in 2019-2020 Belle II data and corresponding to 34.6 fb~! of integrated luminosity.
Particles are restricted to 0.5 < p < 1GeV/ec.

stricting the particles to a narrow region in momentum. I first restrict the sample to kaons
and pions with momentum 0.5 < p < 1GeV/c. Figure 5.14 shows the corresponding condi-
tional ARICH distributions in ranges of CDC likelihood. The distributions show evidence
of residual dependences, in particular for the pion hypothesis: for small negative values of
In £°P€ the mean of the distribution shifts towards values nearer to zero, passing from
—50 (at —oo < In LEP€ < —2) to —40 (at —0.5 < In LPC < 0). A similar phenomenology
occurs when restricting the sample to kaons and pions with momenta 1.5 < p < 2GeV/c
(Figure 5.15). The likelihood dependences observed are reduced (indicatively by a order of
magnitude) but not completely removed. This shows that not only the expected kinematic
correlations are at play, but possibly other unknown effects that have to be investigated
and studied.

The correct approach to study dependences and possibly remove or model them would
be to use the joint interdetector likelihood of each track. As of today, this information is not
available in mdst Belle II data. Approximate or simplified approaches can be attempted to
investigate further. One possibility would be to form a pseudo-joint likelihood constructed
by combining together the conditional likelihoods studied in Figs.5.12 and 5.13. However,
the resulting multidimensional function would be inaccurate, as its features would depend
on the granularity of the sampling.

The further simplified approach I choose consists in using simulation to have a first
grasp of how likelihood dependences affect physics performances.

5.6 Impact of neglected likelihood dependences on perfor-
mamnce

I simulate a sample of charged particles composed by only pions and kaons. I assume

that two detectors x and y provide PID information about these particles, and I simulate

these informations to be dependent. I then compare the performance of the combined PID
obtained by properly accounting for dependences or assuming independent information
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Figure 5.15: Distributions of (top) In LARICH for kaons and (bottom) In LARICH for pions
for various slices of the In £°PC distribution, from D** — D%(— K~7F)7" decays recon-
structed in 2019-2020 Belle II data and corresponding to 34.6 fb~! of integrated luminosity.
Particles are restricted to 1.5 < p < 2GeV/c.

Figure 5.16: Simulated joint probability distribution for detectors x and y, (left) associated
with pions, f(x,y), and (right) associated with kaons, g(z,y).

from the detectors, as done at Belle II. The chosen shape and size of the dependence is
arbitrary, but this is irrelevant to our goal of illustrating qualitatively the possible impact.
5.6.1 Simplified simulation

I assume that the PID information on pions follows the two-dimensional pdf (left panel in
Fig. 5.16)

_ 1 B+t
f(ay)_05\/%e 2 5 2 .
The variables # and y are dependent and represent PID information from detectors x and
y. The corresponding marginal distributions fy,(z) and f,(y) are shown in Fig. 5.17. I
assume that the PID information on kaons follows the pdf (right panel in Fig. 5.16)

—[3(2—3.5)2+2(2—3.5)(y—1.5)+ 3 (y—1.5)2] ’

()= ——
z,y) = e
gy 0.5v27
with marginal distributions g,(x) and g, (y) (Fig. 5.18).
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I then compare the separation between kaons and pions under the kaon hypothesis
using two approaches. I first account properly for the known dependence between = and y
obtaining s as the bidimensional separation between the kaon and pion distributions shown
in Fig. 5.19. I then compare the result with the one obtained ignoring the dependence and
combining the separation powers obtained from the individual marginal distributions, as
shown in Fig. 5.20 and done in Belle II.

5.6.2 Results and impact on physics

After generating 10° kaons (2, yr) and 10° pions (2, y,) that follow the f and g dis-
tributions, respectively, I calculate their likelihoods under kaon and pion hypotheses and
compute the proper value of PID associated with the kaon hypothesis,

_ ‘CK(T‘-) o g(fmyw)
PIDK(T‘-) B EK(T‘-) + Eﬂ’(ﬂ-> B g(xﬂ’a yﬂ') + f(xm yﬂ')’ (510)

_ Lk (K) _ 9(TK, YK ) (5.11)
Lx(K)+Lr(K)  g(vr,yx) + f(2K,yx) '

The resulting distributions are shown in the left panel of Fig. 5.21. The separation
between the pion and kaon distributions obtained by properly accounting for the dependence
is s = 0.728. The uncertainty on this value is estimated using simulation and found to be
0.004.

I now simulate the Belle II-like combination by calculating the separation between the
PID distributions of pions and kaons assuming x and y to be independent. The total likeli-
hoods are then the products of the marginal likelihoods, and the resulting PID expressions
are

PID (K)

PIDK(W)ind _ Lk () o gy(xﬂ) : ga:(%r) (5.12)

L () +Lr(m)  gy(zx) - 92(yr) + fy(az) - fulyr)’

10 -5 5  10°-10 -5 5 107

Figure 5.17: Simulated marginal probability distributions (left) f,(z) and (right) f.(y).
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Figure 5.18: Simulated marginal probability distributions (left) g,(x) and (right) g, (y).
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Figure 5.19: Simulated probability distributions f(x,y) in blue and g(z,y) in yellow.
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The right panel of Fig. 5.21 shows the resulting distributions for pions and kaons. The
separation between pion and kaon distributions calculated by neglecting the dependence is
s = 0.788, significantly larger than the proper value.

The apparent larger separation is misleading and due to incorrectly double-counting
the same separating information from detectors x and y.

In this simplified simulated case, the assumption of independent variables produces a
6% overestimation in separation, which is a significant bias given the strongly nonlinear
character of s. These findings are confirmed by the ROC curves (see Fig. 5.22), which
indicate a false overperformance.

The severity of the mismodeling is best appreciated by comparing the PID distributions,
obtained by accounting for the dependence between detectors x and y and the distributions
obtained assuming independence (Fig. 5.21). The PID distributions have strongly different
shapes.

As particle identification enters directly many Belle II physics results, an incorrect

PIDy (K)™d = (5.13)

Kaons
Pions

Kaons
Pions

10 -5 5 10 -10 -5 5 107
Figure 5.20: Simulated marginal probability distributions (left) fy(z) in blue and g,(x) in
yellow and (right) f,(y) in blue and g¢,(y) in yellow.
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Figure 5.21: PID distributions under the kaon hypothesis for a simulated sample of (blue)
pions and (yellow) kaons and calculated (left) by taking into account the dependence
between detectors x and y and (right) assuming z and y to be independent.
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Figure 5.22: Signal efficiency as function of (1-background efficiency) for the simulated
PID variable obtained (blue) taking into account the dependence between x and y and
(red) assuming them to be independent in simulated data.

74



CHAPTER 5. STUDIES OF CHARGED-HADRON IDENTIFICATION

model is prone to cause biases in measurements. For instance, the PID selection efficiency,
which is fundamental in branching fraction measurements where PID is used, is expected
to be directly affected if evaluated based on the distributions in the left panel of Fig. 5.21
rather than with the correct distributions in the right panel. Even if the size and functional
form of the dependence introduced in the simulation is arbitrary and might differ from
the actual dependence present in Belle II data, this study exposes that approximating
dependent variables as independent may lead to a strikingly incorrect model.

These considerations are not merely conceptual. Data-simulation discrepancies in the
PID distributions are observed in Belle II data. Similar phenomena were observed at the
predecessor experiment Belle, where per-track empirical correction factors were applied to
the PID selection efficiencies thus adding to the systematic uncertainty of results. While
no study exist to establish that those discrepancies are all due to neglected dependences,
it is reasonable to assume that the latter may have at least a role.

Following this work, we are collaborating with the particle identification working group
to explore possible approaches to improve the PID variable algorithms by making avail-
able the joint likelihood function to analyzers. This would take properly into account
all the dependences between subdetectors, thus reducing or eliminating the need for final
corrections.

5.7 Summary

In this part of my work I report in-depth studies of Belle II PID performance. I find
dependences in PID quantities that Belle IT assumes independent and studied the impact
of this approximation on the PID performance using a simplified simulated model.
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Chapter 6

First measurement of CP-violating
asymmetries in three-body charmless
decays at Belle 11

This chapter reports the last part of my work, which is devoted to the first measurement of
charge-parity violating asymmetries in three-body B™ — KTK~K* and Bt — Ktn 7t
decays reconstructed in Belle II data.

6.1 Motivation and strategy

An asymmetry in the rate of a decay (X — f) and its CP-conjugate decay (X — f) due to
differing decay amplitudes is called direct CP violation. Direct C’P-violation measurements
are important as they may uncover the presence of non-SM physics if the observed CP-
violating effects are inconsistent with expectations. Measurements of direct CP violation
are especially informative in multibody B-decays, where asymmetries localized in specific
regions of the multibody kinematics can provide dynamic information on specific subsets
of amplitudes.

The goal of this last part of my work is the first measurement of direct CP-violating
asymmetries in three-body charmless decays using Belle II data. Direct CP-violation for
the decay channels BT — KTK~KT and BT — KTr~ 7" has been measured with high
precision in the past decade by the Belle, BaBar, and LHCb experiments, which observed
interestingly large asymmetries in specific regions of the kinematics [31]. Belle II does not
expect a comparable precision in the 2019-2020 sample, which is still much smaller than
those of previous experiments; however, this work represents a necessary preparation in
view of more precise upcoming results. In addition, and perhaps more importantly, this
work prompts the development of a data-driven in-depth investigation of charge-dependent
detection and reconstruction asymmetries, which are an essential ingredient in many future
measurements of CP violation.

The strategy mirrors the one adopted for the BT — Kt7¥ analysis, discussed in
Chapter 3. The analysis is conducted in a blind fashion to avoid experimenter’s biases in
the results. I use simulated data to develop and finalize all the analysis details; once the
analysis choices are finalized, I apply the analysis on the total sample of experimental data
collected by Belle II for the summer 2020 conferences. Finally, I compare the obtained
results with known references.

After an optimization of the baseline selection, continuum background suppression and
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THREE-BODY CHARMLESS DECAYS AT BELLE II

PID, I measure the asymmetries by fitting separately but simultaneously the AFE distribu-
tions of the B™ and B~ candidates using directly the raw partial-decay-rate asymmetry
as a fit parameter, B
N()—N(b
— ( ) (7)’ (6.1)
N(b) + N(b)
where N are signal yields and b (b) indicates the meson containing a bottom (antibottom)
quark. I then correct the raw asymmetry A for possible charge-dependent reconstruction
asymmetries determined from control samples in data. An additional challenge with respect
to the BT — K70 analysis of Chap. 3 is the treatment of insidious peaking backgrounds,

which, if not properly accounted for, bias the final results.

6.2 Raw charge-asymmetry determination

6.2.1 Tools, selection, and reconstruction

I reconstruct the three-body decays BT — KTK~K* and B* — KTn~ 7", which con-
stitute my signal, in the Belle II data set collected as of May 14, 2020, corresponding
to an integrated luminosity of 34.6fb~!. In addition, I reconstruct the control channels
D° = K7t and DT — K n" to determine the instrumental asymmetries.

I use simulated generic data (see Sec. 3.3), corresponding to an integrated luminosity
of 600fb~!, and 2 x 10° signal events for each channel to develop the analysis, optimize
the signal selection, and study peaking backgrounds.

Three-body decays can proceed through multiple intermediate states whose amplitudes
interfere with each other. An accurate decay model in simulation is important to ensure
that reconstruction efficiencies are realistic. I use an approximated decay model that takes
into account the major resonant components but neglects interferences. A convenient way
to model straightforwardly the contributions of intermediate processes is the Dalitz plot, a
phase-space representation based on the correlations between the squared invariant masses
of two two-body combinations of final-state particles in a three-body decay. Figure 6.1
shows the Dalitz plot for simulated BT — K+t7~ 7" decays. A cluster of events centered
at a specific two-body mass indicates the presence of an intermediate resonance. In this
case, the darker horizontal band is due to BT — KT f3(980)(— 7+7~) decays, while the
darker vertical band is due to BT — K*(1430)°(— K7~ )nt decays.

To reconstruct B-meson candidates, I select triplets of high-quality tracks reconstructed
in the full CDC polar acceptance through a converged track fit. I also require their trans-
verse (longitudinal) distance to the interaction point to meet dr < 0.5cm (|dz| < 3cm),
to remove tracks produced outside the interaction region, which mainly associate with
particles from beam-background events that interact with the interaction region material.

The resulting K* and 7% candidates are combined through kinematic fits consistent
with Bt - KTK~K* and BT — KTn~ 7" decays. Only candidates with |AE| < 0.3 GeV
and My, > 5.20 GeV /c? are kept in the analysis signal region.

6.2.2 Selection optimization

I use the same baseline track selections discussed in Chap. 3 for the BT — K 7% analysis.
As for higher level quantities, I simultaneously optimize the selection on continuum sup-
pression (CS) output and kaon identification (PID). The first variable aims at suppressing
continuum by exploiting information on the topology and the kinematics of the event (see
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Figure 6.1: Dalitz plot for simulated BT — Kt7 7" decays. The darker horizontal
(vertical) band is due to Bt — KT f(980)(— nt7~) [BT — K;(1430)°(— K7 )nt]

decays.

Sec. 3.5). Kaon identification is useful for reducing backgrounds from hadron misidentifi-
cation. As these quantities can be correlated, the optimization is simultaneous to achieve
optimal performance.

The optimization consists in varying the selection criteria on both the CS output and
the PID to maximize the figure of merit FoM= S/+/S+B, where S is the signal yield, and
B is the background yield. Both yields are obtained from extended maximum likelihood
fits of the unbinned AFE distributions of BT — KTK~K* and BT — K™n~ 7" decays
reconstructed in simulated ete™ collisions and restricted to the signal region |AFE| <
0.15GeV and My, > 5.27GeV/c?. The resulting FoM values as functions of CS-PID
selections are shown in Fig. 6.2. For BT — KTK~ K™ decays, a high-FoM plateau is
observed for PID>0.2 and for CS outputs from >0.6 to >0.9. For BT — K7~ 7T decays,
the CS selection that optimizes the FoM consistently corresponds to CS>0.9 for all possible
PID selections. The optimized configurations are shown in Table 6.1.

Decay channel CS output Kaon PID
BT - KtTK K" > 0.75 > 0.2
BT - Ktr—nt > 0.9 > 0.4

Table 6.1: Optimized requirements for the continuum suppression output and kaon PID.

6.2.3 Sample composition

An additional challenge in the analysis of multibody B decays with respect to the B* —
K*7Y analysis is the treatment of peaking backgrounds that contaminate the Bt —
KTK~K" and Bt — Ktn 7" samples. These are non-charmless transitions that gen-
erate AF distributions peaked under, or in proximity, of the signals of interest. As the
fit that determines the signal yields generally assumes the background to be smoothly
distributed, peaking backgrounds may be mistakenly absorbed into signal and bias the re-
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Figure 6.2: S/v/S + B as a function of the lower threshold on continuum suppression output
and PID requirements for (left) BT — K™K~ K% decays and (right) Bt — Ktr—nt
decays.

sults if not taken into account. Figure 6.3 shows the AFE distribution of Bt — K™K~ K™
and BT — Ktx 7T decays reconstructed in generic simulation. The fraction of each
component with respect to the signal in the samples is shown in Fig. 6.4. A contribution
from B — ¢X — KTK~K* decays, amounting to about 1/4 of signal, contaminates the
BT — KTK~ K™ distribution. A contribution of b — ¢ decays B — DX — K 7~ 7t five
times larger than the signal spoils the BT — K7~ 7" distribution.

The strategy to identify and remove, or model, these contributions is to inspect the
distributions of the two-body masses of intermediate states, where narrow peaks allow
for straightforward vetoes, as shown in Fig. 6.5. I suppress the dominant BT — ﬁo(—>
KTK )K", Bt - n.(— KtK")K™, and BT — x.(— K"K~ )K" contributions to the
BT — KT K~ K™ sample by excluding the two-body mass ranges 1.84 < m(K+TK ™) < 1.88
GeV/c? 294 < m(KTK™) < 3.05 GeV/c?, and 3.50 < m(K+tK~) < 3.54 GeV/c?, re-
spectively. In the BT — Ktx 7" channel, I suppress the BT — ﬁo(—> Ktn)m™,
Bt = n(— 77 )KT, Bt = xa(— 77 )K*, and Bt — .(25)(— 7#T7~)K ™ contri-
butions by excluding the two-body mass ranges 1.8 < m(KT7n~) < 1.92 GeV/c?, 2.93 <
m(rTr7) < 3.15 GeV/c?, 3.45 < m(nt7~) < 3.525 GeV/c?, and 3.62 < m(rT7n~) < 3.665
GeV/c?. In addition, the distribution of B¥ — K*7~ 7t candidates receives an im-
portant contribution from B-to-charmonium decays, such as BT — J/¢(— ptu )KT
and BT — 9(25)(— pTp~)K™, in which the muons are incorrectly reconstructed as
pions. I suppress these distributions by excluding the two-body mass ranges 2.93 <
m(rtr™) < 3.15 GeV/c? and 3.67 < m(rT7n~) < 3.72 GeV/c?. Finally I veto the
genuine charmless BT — K*(892)°7" subcomponent too by excluding candidates with
0.82 < m(K*77) < 0.98 GeV/c? to remain consistent with Ref. [17] where this component
is not included.

Figure 6.6 shows the impact of the vetoes. The contribution of peaking backgrounds
is greatly suppressed in both distributions. The remainder component (about 1% of the
total) from decays with an intermediate D-meson in the BT — KT~ 7" distribution is
accounted for while fitting the AFE distribution.

More than one candidate per event populates the resulting AFE distributions. Average
candidate multiplicities are 1.01 in both simulated and Belle IT data for Bt — KTK~ K™
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Figure 6.3: Distributions of AFE for (left) BT — KTK~ K™ and (right) BT — KTr— 7t
candidates reconstructed in 50 fb~! of simulated data. Each color indicate a leading con-
tribution to the sample.
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Figure 6.4: Fraction of the main peaking backgrounds with respect to the signal for (left)
BT — KTK~ K™ decays and (right) BT — K*7~ 7" decays, obtained from simulation.

events and 1.17 in simulated data and 1.20 in experimental data for BT — Ktg 7t
events. The average multiplicity is larger for BT — K7~ 7" events as two final-state
pions allow for more combinatorial combinations with continuum which is dominated by
pions. I select randomly a single B candidate from each event for further analysis. While
this choice might be suboptimal, it is unbiased.

The resulting AF distributions of B candidates reconstructed in simulated data are
shown in Figs. 6.7 and 6.8, separated according to flavor. Both distributions feature a
signal peak at AE = 0, overlapping a smooth, slowly-decreasing background, with a signal-
to-background ratio at peak of about five for BT — KTK~K™ and of about one for
BT — Ktr— 7T, The latter features a larger combinatorial background due to the presence
of two pions for the reasons discussed above. In the AE distribution of BT — K+tx 7"
candidates, I expect two Gaussian-like components on either side of the signal peak, due to
Bt - KtK 7% and BT — n"n 7" decays where a kaon is incorrectly reconstructed as
a pion or viceversa, respectively. Only the peak of BT — K™K~ 7+ misidentified events
is visible in simulated data at AE ~ —0.05.
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6.2.4 Asymmetry determination

I simultaneously fit the unbinned AFE distributions of bottom and antibottom candidates
using the raw partial-decay-rate asymmetry A defined in Eq. (6.1) as a fit parameter. The
probability density functions (pdf) P and P describe the distributions of the B* and B~
candidates, respectively

P (B0 apar - B 0 aypu). (62)

P (B apira- B Ay, (63)

where N (N) is the total number of B*(B™) candidates, fsg is the fraction of signal events,
Psig is the signal pdf and Py, is the background pdf. The total yields are known and fixed
in the fit, as their fluctuations are irrelevant in an asymmetry.

6.2.4.1 Fit model

I use the same signal model for the B™ and B~ samples, as I expect the signal features to
be independent of charge. Only the charge-specific signal and background yields are deter-
mined by the fit. I empirically describe signal shapes for both channels using the sum of
a Gaussian and a Crystal Ball function (see Sec. 3.3.5 for details), with shape parameters
fixed from simulation. The background is empirically described by an exponential function
with floating slope common to the BT and B~ samples. The BT — KTn~ 7t chan-
nel needs models for the two additional misidentified backgrounds, BT — KT K7 and
BT — 77~ 7", I model their contributions with the same shape of the signal, fixing their
displacement from the signal from simulation. In addition, I account for the residual peak-
ing backgrounds surviving the vetoes, Bt — K3°(— KTn7)r", BT — xoo(— 77n7)K™,
Bt — D= ntn7)K*, and B — ¢(3770)(— 7777 )K" decays (Fig. 6.6), with the
sum of three Gaussians, as suggested by Monte Carlo. Charge-specific yields of all peaking
backgrounds are fixed to the expected proportions from simulation.

6.2.4.2 Results using simulated data

I first apply the analysis on 600fb~! of simulated data. Figures 6.7-6.8 show the charge-
specific AE distributions of Bt — KTK~K* and BT — KTn 7" candidates with
fit projections overlaid. No evidence for obvious BT-vs-B~ asymmetries is visible in
simulated data. In Fig. 6.8, a background mismodeling is visible at AE < —0.05 GeV, due
presumably to additional unmodeled peaking backgrounds. The large size of the simulated
sample exposes the limits of the model. However, we do not expect this to be a concern
in data, where the expected mismodelings are smaller compared to statistical fluctuations
due to the small sample size, and be accommodated by the flexibility of the model. In
Section 6.5 further checks are reported to rule out biases induced by such background
mismodelings.
The fit yields the following raw charge-asymmetries in simulated data

ABT - KTK~K') = 0.020 £ 0.015, (6.4)
A(BT - K n~nt) = —0.020 £ 0.023, (6.5)

where only the statistical component of the uncertainty is reported.
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candidates reconstructed in 600 fb~! of simulated data. The projection of an unbinned
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Figure 6.8: Distributions of AE for (left) B~ — K~ KTK~ and (right) BT - KTK~ K™
candidates reconstructed in 600fb~! of simulated data. The projection of an unbinned
maximum likelihood fit to the charge asymmetry is overlaid.

6.2.4.3 Results using Belle II data

After having developed and performed the analysis on simulated data, I apply it on the
summer-2020 Belle II data set, corresponding to an integrated luminosity of 34.6fb~1. I
first test for the need of additional degrees of freedom to the signal model to allow sufficient
flexibility to account for possible discrepancies between the simulated and experimental
distributions. These degrees of freedom are a signal peak-shift that accounts for possible
miscalibrations in track reconstruction measurements and a signal width scale-factor that
accounts for a possible mismatch of momentum resolution in data and simulation.

By performing a likelihood-ratio-based study similar to the study of Sec. 3.10, I obtain
the p-values associated with the various models, presented in Table 6.2, which show that
data favor adding a peak-shift degree of freedom as free parameter.

The background is described by an exponential function as in simulation. In the BT —
K*r~ ™" fit the yields of the Bt — KTK 7" and BT — w7~ 7" contributions are also
floating, while the expected charge-specific residual background yields at AE = 0 are fixed
from simulation.

Figures 6.9-6.10 show the charge-specific AFE distributions with fit projections overlaid
for BT - K"K~ K* and BT — K"n 7" candidates reconstructed in Belle II data. In
Fig. 6.9 both distributions feature a narrow signal peak centered at AFE = 0 overlapping a
uniform background, with a signal-to-background ratio of about five at peak. The shape
is comparable with that obtained in simulation and no evidence for yield asymmetries is
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Degree of freedom p-value
BT - KTK K:

Common peak-shift 0.3171
Charge-specific peak-shift 0.6063
Common peak-shift, common scale-factor 0.6063

Charge-specific peak-shift, common scale-factor  0.801
BT - Kto—n:

Common peak-shift 0.3170
Charge-specific peak-shift 0.6062
Common peak-shift, common scale-factor 0.6061

Charge-specific peak-shift, common scale-factor 0.8009

Table 6.2: p-values for the alternate signal models in the BT — KTK~K* and BT —
Ktr— 7t analyses.

visible in data. Figure 6.10 shows a large signal peak over a more abundant background,
with a signal-to-background ratio of about one at peak. In the distribution of B* candi-
dates, peaks due to misidentified BT — K*K 7" and BT — 7~ 7" decays are visible
on the sides of the signal peak, with sizes larger than observed in simulation. These con-
tributions are less prominent in the distribution of B~ candidates, suggesting a possible
charge-dependent data-simulation mismatch in misidentification probability.

Table 6.3 summarizes the resulting charge-specific signal yields and raw charge-asymmetries
in Belle II data, compared with simulation. The 0.25 ratio between the obtained statistical
uncertainties in simulation and Belle II data is in good agreement with the 0.24 expecta-
tion from the comparison of the sample sizes. The results in data and simulation show
good agreement, indicating that Belle II performances in these decays match already the
expectations from simulation.

Yield (data) Raw asymmetry
Decay Bt B~ Data Simulation
BT - KTK-K* 191416 168+16 —0.06440.063 0.020 £0.015
Bt - Ktr—nt 241 +26 206+26 —0.0784+0.081 —0.0204+0.023

Table 6.3: Summary of charge-specific signal yields for the measurement of CP-violating
asymmetries in Belle II data and comparison of raw charge-asymmetry obtained in data
and simulation. Only the statistical contributions to the uncertainties are reported.

6.3 Determination of instrumental asymmetries

In measurements of CP-violating asymmetries, the observed charge-specific raw asym-
metries A are in general due to the combination of genuine CP-violating effects in the
weak-interaction dynamics and instrumental asymmetries associated with the process of
detecting and reconstructing the final-state particles. For instance, in measurements in-
volving final-state charged kaons, we expect an asymmetry from the known difference in
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Figure 6.9: Distributions of AE for (top) Bt — KTK~ K™' and (bottom) B~ —
K~ KK~ candidates reconstructed in 2019-2020 Belle II data, corresponding to 34.6 fb—*
of integrated luminosity. The projection of an unbinned maximum likelihood fit to the
charge asymmetry is overlaid.

K™ /K~ interaction probabilities with matter due to differing strangeness content between
KT and K~ mesons: the presence of the @ quark in the negative kaon allows a wider
variety of interaction processes, as the production of strange baryons >*(1385), A(1405),
¥(1660), which is forbidden in the KT case. The asymmetry depends on the particle
momentum and position inside the tracking volume, as interaction cross-sections depend
on the incident-particle energy and particles with different trajectories traverse different
amounts and species of materials. The combination of genuine weak effects (Acp) and
instrumental effects (Aget) is additive for small asymmetries, A = Acp + Aget, with

X-X

Adet(X) = m,

where X corresponds to a given final state and X to its charge-conjugate. Hence, observed
raw charge-specific decay yields need be corrected for instrumental effects to determine the
genuine CP-violating asymmetries.

The channels BT — KTK-K' and BT — KTn 7" are only affected by the in-

strumental asymmetry due to the reconstruction of the charged kaon, A(K ™), as the net
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Figure 6.10: Distributions of AE for (top) BT — K*n~ 7" and (bottom) B~ — K~ 7nt7n~
candidates reconstructed in 2019-2020 Belle II data, corresponding to 34.6 fb~! of inte-
grated luminosity. The projection of an unbinned maximum likelihood fit to the charge
asymmetry is overlaid.

instrumental asymmetry of two opposite-charge hadrons of the same species (K™K~ or
nt7™) vanishes.

I determine A(K ™) by first measuring the charge-asymmetry A(K ~7") in an abundant
sample of D — K~rt decays. For these decays, CP-violation is expected to be smaller
than 0.1%, if any [17]. I therefore attribute any nonzero observed asymmetry A(K - 7t)
in D — K~ 7t decays to instrumental effects. However, the instrumental asymmetry
A(K~—n") determined from D° — K~nt decays includes a contribution associated with
possible 7 /7~ asymmetries, which need to be subtracted. I use an abundant sample
of D¥ — K xt decays, where direct CP-violation is expected to vanish, to determine
A(FOWJF) which includes the 7 /7~ asymmetry I need to substract, but also folds-in
an additional asymmetry A(FO), associated with neutral kaons. I finally estimate the
instrumental asymmetry related to the charged kaon reconstruction alone by combining all
inputs in the relationship

AK™) = A(K~7%) — AR 71 + AKD). (6.6)
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Figure 6.11: Distribution of m(K) for simulated (red) D® — K 7" decays (left) properly
reconstructed and (right) misreconstructed with swapped mass assignment and (green)

simulated D° — K+n— decays (left) misreconstructed with swapped mass assignment and
(right) properly reconstructed.

6.3.1 Samples, tools and selection

I use simulated generic data (see Sec. 3.3) corresponding to an integrated luminosity of
50fb~! to determine fit models and the details of sample composition. I use the full
sample corresponding to 34.6 fb~! for the D+ — Kont analysis, and reduce the abundant
control channel D° — K~z by uniformly sampling it from the full data set to maintain
the analysis sample size at a manageable level.

Because charge-dependent instrumental effects depend on the kinematic properties of
the sample at hand, I apply to both samples selections similar to those used for the BT —
KTK~K7T and Bt — KTn~nt channels, so that the KT are kinematically similar. I select
only high-quality tracks reconstructed in the full CDC polar acceptance and featuring a
converged track fit. I also require their transverse (longitudinal) distance to the interaction
point to meet dr < 0.5cm (|dz| < 3cm), to remove tracks associated with particles from
beam-background. I reconstruct Kg candidates by selecting pairs of opposite-charge pions
reconstructed from a converged vertex fit with dipion mass 450 <m(77~) < 550 MeV /2.
I also require 1.78 < m(K-7") < 2.00GeV/c? and 1.78 < m(foﬁr) < 2.00GeV/c?
to suppress combinatorial background. Finally I require the charm momenta to exceed
2.5GeV/c in the center-of-mass frame to suppress the contribution of B — Dm events,
which could complicate the analysis.

The invariant mass distributions of genuine D° and D" candidates are expected to
show a narrow peaking component of properly reconstructed D-meson decays into K Tr®
final states, along with a broad component of D-meson decays into K+n¥ final states
misreconstructed assuming swapped K Tn® masses as shown in Fig. 6.11. In each sample,
I veto events that, reconstructed with swapped mass assignements, are consistent with a
D-meson decay, to reduce the contamination from misreconstructed opposite-flavor charm
decays that would dilute the resulting asymmetry. A candidate is excluded if the ‘swapped
invariant mass’ mgy is within twice the typical mass resolution from the known D-meson
mass, Mgy (K7T) < 1.857 GeV/c? or mgy(Km) > 1.872 GeV /2.

The resulting invariant mass distributions in Belle II data are shown in Fig. 6.12 for
DY — K~ 7" candidates and in Fig. 6.13 for DT — Kr+ candidates. Both distributions
show a peak at the corresponding charmed-meson mass, overlapping a smooth background
dominated by continuum. The Dt — Kt distribution features more abundant back-
ground, due to the lower decay rate (about one third of the D — K~7") and the larger
combinatorial background due to an additional final-state track.
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6.3.2 K w7t instrumental asymmetry

I fit simultaneously the unbinned K7 mass distributions of D° and D’ candidates, setting
the raw signal-yield K~ 7" charge asymmetry
N(Ktn™) - N(K =)

A" = N(Ktr )+ NE-7+)’ (6.7)

as a free parameter. The parameter N indicates the signal yield in each sample.

Data are shown in Fig. 6.12, with fit projections overlaid. In both distributions, a nar-
row signal peak centered at the D? mass overlaps a flat, smoothly decreasing background,
with signal-to-background ratio at peak of about three.

The fit results are in Table 6.4. The charge asymmetries are about 1% with 0.3%
uncertainties and consistent in simulation and data.
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Figure 6.12: Invariant K7-mass distributions for (left) D° — K~7T and (right) D’ -
K7~ candidates simultaneously reconstructed in a sample of Belle IT data. Fit projections
are overlaid.

Data Simulation
A(K~7t)  0.008 + 0.003 0.012 4 0.001

Table 6.4: Charge-asymmetry results for DY — K ~7t decays selected through the BT —
KT7n~ 7T selection and reconstructed in simulated and experimental data.

We expect that the instrumental asymmetries depend on kinematics. Interaction cross-
sections with the detector materials depend on the particle momentum, and the thickness
and composition of material encountered by the incident particle depends on its trajectory.

I therefore measure A(K~7") as a function of D-meson momenta, polar angles, and
azimuthal angles. Tables 6.5, 6.6, and 6.7 show the results. No evidence of kinematic
dependencies of the charge asymmetry within 0.4-0.7% uncertainties is found.

D% momentum (GeV/c) <11 1.1-1.8 > 1.8
Adata(K~7T) 0.002 = 0.007 0.018 + 0.005 0.009 + 0.004
Avc(K—7t) 0.009 + 0.002 0.010 + 0.002 0.016 + 0.002

Table 6.5: Charge-asymmetry as a function of D momentum in simulated and experimental
data.
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| cos 6| > 0.8 0.4—-0.8 <04
Agata(K~7T) 0.015 4 0.006 0.011 + 0.005 0.004 4 0.006
Apc(K—7) 0.011 4 0.001 0.012 4 0.003 0.013 £ 0.004

Table 6.6: Charge-asymmetry as a function of D polar-angle in simulated and experimental
data.

@l > 0.6 0.3-0.6 <03
Agata(K~7T) 0.012 %+ 0.005 0.017 £ 0.006 0.004 + 0.005
Anc(K—7t) 0.011 + 0.002 0.011 + 0.003 0.013 +0.003

Table 6.7: Charge-asymmetry as a function of D azimuthal-angle in simulated and exper-
imental data.

6.3.3 K 7t instrumental asymmetry

I use an abundant sample of DT — Kont decays, where only K = KY(— ntr™) decays
are reconstructed, to subtract the 7 /7~ asymmetry component from the instrumental
asymmetry A(K~7") reported in the previous section.

A analysis similar to the previous determines the charge-asymmetry A(FOWJF) from
a simultaneous fit on the charge-conjugate samples. Figure 6.13 shows the ngﬂ'i mass
distribution for the charge-conjugate samples with fit results overlaid. In both distributions,
a peak centered at the DT mass overlaps an abundant, smoothly decreasing background,
with a signal-to-background ratio at peak of about 0.25.

Table 6.8 summarizes the final charge-asymmetries for the channel DT — Kt in

data and simulation. The resulting asymmetries are consistent with zero both in data and
simulation.
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Figure 6.13: Invariant K 7-mass distributions for (left) D* — K a* and (right) D~ —
K~ candidates simultaneously reconstructed in Belle II data corresponding to 34.6 fb=1.
Fit projections are overlaid.

89



CHAPTER 6. FIRST MEASUREMENT OF CP-VIOLATING ASYMMETRIES IN
THREE-BODY CHARMLESS DECAYS AT BELLE II

Data Simulation
AE 7)) —0.007 £ 0.022 0.014 + 0.022

Table 6.8: Charge-asymmetry results for DT — Kont decays selected through the B? —
K+r~nt selection and reconstructed in simulated and experimental data.

6.3.4 Determination of the final K+ /K~ instrumental asymmetry

I obtain the instrumental asymmetry associated with the reconstruction of a charged kaon
from the relationship

AK™) = A(K~7H) — AK 7)) + AKY), (6.8)

where A(K~7%) and A(K ) are determined as per previous discussion and A(K") is
the asymmetry associated with the neutral kaon FO, which is detected as a Kg. This term
receives two contributions, an asymmetry due to CP violation in neutral kaons, which
is known and O(107%), and an asymmetry from strangeness-dependent interactions with
the detector material. The flavor eigenstates K° and K" are distinct superpositions of
the weak eigenstates Kg and Kg. In Belle II, equal numbers of D and D~ mesons are

produced. Hence, final-state K© and K too are in equal numbers at t = 0. In the absence
of C'P violation, the probability of observing a Kg after a time t if the initial state was a

K equals the probability of observing a Kg if the initial state was a K . CP violation
in neutral kaons generates a difference between these probabilities: therefore, the number
of Kg reconstructed at time ¢ associated with an initial K9 differs from the number of
reconstructed Kg associated with an initial FO, leading to an asymmetry in the yields of
reconstructed DT — Kgﬂ'+ and D~ — Kgﬂ'_ decays.

This asymmetry is further modified by the presence of material. Due to its strangeness
content, K% meson can only interact (quasi-)elastically with nucleons in the detector, while
K can also excite a nucleon into a A or a X hyperon or their excited states. This results
in a difference in interaction cross sections, which depends on the momentum of the kaon
and on the density of nucleons, that modifies the amplitudes of the eigenstates K g and K 2
and therefore the probability to observe a Kg from an initial KO or K state.

I estimate A(fo) by using the results of the LHCb collaboration, obtained by simulat-
ing neutral kaon mixing and the propagation through the detector [64]. Since the Belle II
detector has less material than LHCb, the LHCb values for the asymmetry provide a (con-
servative) upper limit for the effect, even taking into account the differences in kinematics.
As the resulting correction is smaller than 0.1%, we assume it to be zero with an associated
uncertainty of 0.2%. This is consistent with previous studies performed at Belle [65].

By combining all inputs, I obtain A(K~) = 0.015 £+ 0.022, where the uncertainty is
only statistical and dominated by the uncertainty on the measurement of A(FO’R’JF).

I finally correct the raw charge-asymmetries in the decay channels BT — KTK~ K™
and Bt — K7~ 7" using the instrumental asymmetry A(K™),

Acp = A — Ager(K+) = A+ 0.015. (6.9)

6.4 Systematic uncertainties

I consider three sources of systematic effects and evaluate the associated uncertainties.
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Signal modeling. In the asymmetry fits, the signal model is empirically fixed from sim-

ulated data, and the model is the same for both the BT and B~ samples. If the
BT and B~ signal AE shapes differ due, for example, to differences in reconstruc-
tion of positively and negatively charged particles, the fit would misinterpret the
difference in model as a difference in yield, and the raw-asymmetry measurement
would be biased. I evaluate the impact of the assumption by comparing the results
obtained by fitting data with charge-symmetric or charge-specific models and take
the difference between the results as systematic uncertainty. Table 6.9 shows the re-
sults of an example of an alternative AFE fit performed considering independent and
floating peak-shifts for BT and B~ signal decays. The resulting charge-asymmetries
show little difference (2% of the statistical uncertainty), confirming no evidence for
asymmetric signal shapes.

Default model Alternative model
Bt - KtTK-Kt —0.067+0.063 —0.068 £+ 0.063
Bt - Ktg—nt —0.079 £ 0.081 —0.077 £ 0.081

Table 6.9: Raw charge-asymmetries in experimental data for BY — KTK~K™* and BT —
K*T7n~ 7% decays using the default fit model and an alternative model where the charge-
conjugate samples have independent peak-shifts.

Peaking background modeling. In the BT — K7~ 7" channel, I estimate the size of

the residual peaking backgrounds that survive the vetoes by using simulation. The
final results can be biased if the simulation of peaking backgrounds does not describe
properly experimental data, as events from peaking backgrounds could be mistakenly
absorbed into the signal by the fit. I therefore compare the results obtained by fixing
the charge-conjugate components to the expectations from simulation and by fixing
them to half of the total peaking background yield. The observed difference between
results using these alternative models is only 5% of the statistical uncertainty on A.

Instrumental asymmetry correction. The statistical uncertainty on the determina-

tion of A(K ™) contributes a systematic uncertainty.

Table 6.10 shows a summary of systematic uncertainties. The total systematic uncer-

tainty, obtained by summing in quadrature the individual components, amounts to about
25% of the statistical uncertainty. This is reassuring in view of future, larger samples, show-
ing how the current limiting factor on the precision is the small size of the data sample,
and not a systematic effect.

Source BT - KTK Kt Bt - K'n n"
Signal model 0.001 0.003
Pkg. background model — 0.004
Instrumental asymmetry correction 0.022 0.022
Total 0.022 0.023

Table 6.10: Summary of (absolute) systematic uncertainties in the Acp measurements.
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6.5 Consistency checks

A further effect that could bias the raw asymmetry is the possible presence of charge-
asymmetries in background. Large background asymmetries under the signal could be
leaking into the signal asymmetry if the fit does not separate properly signal from back-
ground. I therefore determine the background charge-asymmetry in various independent
background-rich sideband regions of the AFE distribution. I identify four different re-
gions, chosen to feature approximately uniform background composition in each. In the
Bt — K*r~ x" sample, the extreme regions (0.10 < |AE| < 0.15 GeV) only include
continuum background, while the intermediate regions (0.05 < |[AE| < 0.10 GeV) receive
contributions from misidentified Bt — KTK 7" and BT — nt7 7" decays too. No
major peaking backgrounds are expected in the BT — KTK~ K™ sample, but the same
AFE subdivision is applied for consistency. The results are shown in Table 6.11 and in
Fig. 6.14. All results but one (corresponding to the AE region —0.10 < AE < —0.05 GeV
in the Bt — KTK~K™ case) show asymmetries compatible with zero. No evidence of
background charge-asymmetry is found.

AF sideband region [GeV] [-0.15,—0.10]  [-0.10,—0.05] [0.05,0.10] [0.10,0.15]
BT 5> KTK K™t 0.043 + 0.079 0.224 4+ 0.080 —0.008 + 0.089 —0.103 + 0.092
BT 5> Ktn— ot 0.024 4+ 0.031  —0.002 + 0.035 —0.005 %+ 0.051 0.030 + 0.061

Table 6.11: Background charge-asymmetries obtained in various sideband AFE regions for
the Bt - KTK~K* and BT — KTn~ 7" decay channels.
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Figure 6.14: Background charge-asymmetries measured in sideband regions of the AFE
distribution of (left) BT — K+TK~ K™ decays and (right) BT — K7~ 7" decays.

6.6 Results and summary

By applying the instrumental correction to the raw charge-asymmetries and considering
the systematic uncertainties discussed in the previous section, I obtain the following mea-
surements of direct CP-violating asymmetries:

Acp(BT = KTK~K™) = —0.049 £ 0.063(stat) £ 0.022(syst), (6.10)
Acp(BT — KTr~nt) = —0.063 + 0.081(stat) + 0.023(syst) (6.11)
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These are the first such measurements in three-body charmless decays reported by
Belle II. The statistical and systematic uncertainties are still large with respect to current
best values, but the results are compatible with known determinations and represent the
first step for future studies and analyses of charmless B decays at Belle II.

This study offers significant contributions to the characterization of the detector as it
provides the first data-driven determination of instrumental asymmetries in Belle II data,
which serve for many other CP-violation measurements.

93






Summary

The Standard Model (SM) describes accurately thousands of measurements associated
with three (out of the four) fundamental interactions spanning many orders of magnitude
in energy. However, many open questions suggest that the SM ought to be completed
by a more general theory that extends it at energies higher than the TeV scales explored
so far. Determining the theory that completes the SM is the main goal of today’s high-
energy physics. Flavor physics offers a powerful probe into higher-energy completions of
the SM. Contributions from virtual (off mass-shell) non-SM particles of arbitrary high mass
to known lower-energy processes may be identified, if measurements and SM predictions
are sufficiently precise to discern inconsistencies.

The Belle II experiment, with its target of nearly 1000 B-meson decays collected per
second with a newly upgraded detector, will advance the progress in flavor physics for the
next decade, guiding the next steps in indirect searches for the completion of the Standard
Model at the intensity frontier. Charmless B decays play a key role in this endeavor,
as they provide unique access to parameters of the weak interactions highly sensitive to
non-SM dynamics.

Belle II started to collect data in 2019. Chief priority in this initial stage is studying
known physics processes to understand, calibrate, and optimize the performance of the
new detector and reconstruction algorithms. Because of the variety of the decay topologies
and final states involved, and their rarity, charmless B decays are sensitive probes of many
essential aspects of the detection and reconstruction performance.

This thesis reports three synergic contributions. I firstly target the first reconstruction
in Belle IT data of the decay channel BT — K 7% using the sample collected in 2019 and
corresponding to 8.7 fb~! of integrated luminosity. The task is challenging because BT —
K*7Y decays are rare, contaminated by abundant backgrounds, and exposed to nontrivial
instrumental challenges associated with 7% reconstruction. The key is to achieve an efficient
discrimination between signal and background while maintaining signal efficiency high. I
meet the challenge by optimizing in detail the baseline and advanced sample selection using
simulation and control samples. In addition, anomalies in the AF spectrum of signal events
prompt an in-depth investigation of the calorimeter-energy scale using a control sample,
analytical kinematic derivations, and simulation.

In the central part of my work, I study thoroughly the charged-hadron identification
performance, which is essential to suppress misidentification backgrounds in B physics anal-
yses. Belle II reconstruction algorithms combine identification informations from various
detectors assuming their independence. I perform a detailed investigation of the assump-
tion and its impact on physics, using abundant, low-background samples of kaons and pions
from D** — D%(— K—nt)rT decays and simulation.

Finally, I target the first measurement of CP-violating asymmetries in Bt — K™K~ K™
and BT — KT7~ 7" decays using the data sample available for summer 2020, correspond-
ing to 34.6 fb~! of integrated luminosity. These channels pose additional challenges with
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respect to the Bt — K70 study due to significant peaking backgrounds and the need
to identify possible instrumental charge-asymmetries that could bias the results. I use
simulation to identify and suppress the principal peaking backgrounds and D% — K~z
and Dt — K xt decays to determine the instrumental effects directly on data. The main
results of my work follow.

e I achieve the first reconstruction of Bt — K+70 decays in Belle II data, observing
2748 decays corresponding to a statistical significance of 3.95¢0. This channel probes
key aspects of the detection and reconstruction in Belle II, such as the background
suppression and the reconstruction of high-energy photons;

e prompted by anomalies observed in the BT — K70 signal, I identify and investi-
gate in detail a previously undetected energy-miscalibration in photon reconstruction,
which biases the physics measurements on channels with final-state photons. This
motivates the collaboration to include novel probes of calorimeter-calibration perfor-
mance that are more sensitive than previous Belle II methods;

e [ identify unmodeled dependences in the information used for charged-hadron identi-
fication, exposing an important limitation in the current approach to charged-hadron
identification in Belle II that may introduce biases in measurement using that capa-
bility;

e I achieve the first determination of charge-parity violation in BY — KTK K+
and BT — K*tnx~ 7" decays using Belle II data. This includes a first thorough
investigation, based entirely on data, of instrumental charge-asymmetries, which is a
fundamental stepping stone for any future measurement of CP-violation at Belle II.

All physics results are consistent with expectations and show (luminosity-independent)
performance on par with the best performance of the predecessor experiment. This work
provides solid ground for upcoming analyses of charmless B decays at Belle II and promises
significant impact on the quality of the physics produced by Belle II in the next few years,
when competitive precisions with current world-best results will be available.

This work is documented in two published Belle II preprints [1,2] and in five internal
Belle II documents [3-7].
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