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Sunto

Questo è 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 è un
rivelatore ottimizzato per la ricostruzione di miliardi di decadimenti di mesoni pesanti e
leptoni � prodotti in collisioni elettrone-positrone a 10GeV. Il suo obiettivo scientifico è la
ricerca indiretta di estensioni del Modello Standard, la teoria attualmente accettata.

I decadimenti dei quark b in quark diversi dal c (charmless) offrono opportunità 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 è usare le sfide sperimentali
associate alla ricostruzione di decadimenti charmless per studiare, comprendere maggior-
mente e possibilmente migliorare le prestazioni di Belle II affinchè siano ottimali in vista
dei campioni di dati aspettati nel prossimo futuro.

Nella prima parte discuto la ricostruzione di decadimenti B+ ! K+�0 nel campione
di dati raccolto da Belle II nel 2019 e corrispondente a 8.7 fb�1 di luminosità integra-
ta. Il canale B+ ! K+�0 sonda diverse capacità 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 è la prima ricostruzione di
decadimenti B+ ! K+�0 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 è l’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-parità (CP) nei decadimenti B+ ! K+K�K+ e B+ ! K+���+

ricostruiti nei dati raccolti nel 2019–2020 e corrispondenti a 34.6 fb�1 di luminosità in-
tegrata. I risultati, ACP(B+ ! K+K�K+) = �0:049 � 0:063(stat) � 0:022(syst) e
ACP(B+ ! K+���+) = �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 già competitive con le migliori degli esperimenti precedenti. L’impatto prin-
cipale è 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 �rst reconstruction of charmless
decays ofB mesons in Belle II data. Belle II is a detector designed to reconstruct billions
of decays of heavy mesons and� leptons from 10 GeV electron-positron collisions in search
for indirect indications of non-Standard-Model physics. Decays ofb quarks in quarks other
than c (charmlessB 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 scienti�c 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 �rst focus on the reconstruction of B + ! K + � 0 decays using the sample col-
lected by Belle II in 2019 and corresponding to 8.7 fb� 1 of integrated luminosity. The
B + ! K + � 0 channel probes several key aspects of the detector and reconstruction perfor-
mance such as background suppression, reconstruction of energetic photons, and charged-
hadron identi�cation. I achieve the �rst reconstruction of B + ! K + � 0 decays in Belle II
data, with a signal yield of 27 � 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-
ti�cation performance � a key capability in B physics � follows. I observe subtle instru-
mental dependences between particle-identi�cation variables measured by di�erent sub-
detectors, so far neglected in Belle II reconstruction, and assess their impact on long-
term performance. Finally, I achieve the �rst measurement of charge-parity (CP) vi-
olating asymmetries in three-body decaysB + ! K + K � K + and B + ! K + � � � + re-
constructed in 2019�2020 Belle II data corresponding to 34.6 fb� 1 of integrated lumi-
nosity. The results, A CP(B + ! K + K � K + ) = � 0:049 � 0:063(stat) � 0:022(syst) and
A CP(B + ! K + � � � + ) = � 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 CP-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 ofB decays at Belle II and
is expected to have signi�cant 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 e�ective 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� leptons
(heaviest partners of the electron) and mesons containing the quarksb and c (heavier
and longer-lived partners of the fundamental constituents of nuclear matter) produced
in electron-positron collisions at the energy of 10 GeV. Belle II started taking data in
March 2019, and has now collected collision samples corresponding to 70 fb� 1 of integrated
luminosity, or, equivalently, 80 million pairs of B mesons (bound states of ab 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 whereknown 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 �rst reconstruction of charmlessB decays in Belle II data and
on their use as sensitive probes of Belle II performance. CharmlessB decays are transitions
where abquark decays in quarks other thanc. CharmlessB 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 scienti�c program of Belle II. However, studying
charmlessB decays poses experimental and theoretical challenges. They are di�cult to
reconstruct due to their rarity (branching fractions < 2 � 10� 5) and to the similarity
of �nal states with backgrounds 105 times more abundant. Moreover, interpretation of
measurements su�ers from phenomenological challenges associated with the presence of
non-perturbative quantum chromodynamics e�ects, which spoil the precision of predictions.
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CONTENTS

Thanks to the abundance and variety of available decay channels, charmless decays allow
for detailed characterization of multiple and diverse experimental aspects relevant for �avor
physics analysis at Belle II.

I join this e�ort with three synergic contributions. In the �rst part of my thesis I
target the �rst reconstruction in Belle II data of B + ! K + � 0 decays, and an ensuing
dedicated investigation of photon reconstruction. TheB + ! K + � 0 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 � 0 reconstruction. Reconstructing B + ! K + � 0 decays imposes therefore a harsh
strain on many key experimental capabilities, such as background suppression algorithms,
� 0 reconstruction, and charged-hadron identi�cation, allowing to benchmark the physics
performance in depth.

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

In the �nal part of my thesis I use a larger data sample to target the �rst measurement
of CP-violating asymmetries in B + ! K + K � K + and B + ! K + � � � + decays. These
o�er a new set of peculiar challenges due to the larger number of �nal-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 theCP-violating asymmetries if left unconstrained.

This document is structured as follows: Chapter 1 outlines the �avor sector of the
Standard Model; Chapter 2 describes the Belle II experiment and provides an outline of the
general principles ofB meson reconstruction; Chapter 3, where the description of my direct,
original contributions begins, reports on the �rst reconstruction of the B + ! K + � 0 decay
channel; Chapter 4 shows an ensuing study on photon-energy miscalibrations; Chapter 5
presents my studies on the charged-hadron identi�cation in Belle II; Chapter 6 describes
the �rst Belle II measurement of charge-parity asymmetries in three-body charmlessB
decays; and the �nal chapter summarizes the salient results.

Charge-conjugate processes are implied throughout the document unless speci�ed oth-
erwise.

The work reported in this thesis is documented in two published Belle II preprints [1,2]
and in �ve internal Belle II documents [3�7].
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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 �eld theory that describes three of the four
fundamental interactions in nature (gravity is not included) [8�13].

The quantum �eld theory framework results from the uni�cation of quantum mechanics
with special relativity and o�ers the most fundamental description of nature known to date.

In physics, a �eld is a set of values, associated to certain physical properties, assigned to
every point in space and time. Quantum �elds are �elds that pervade the whole spacetime
and obey the rules of quantum mechanics. If a quantum �eld is modi�ed by an appro-
priate perturbation, the resulting oscillatory states, called �eld 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 �eld. The quantized nature of the
description implies that only certain perturbations that satisfy precise energetic conditions
are capable of generating �eld excitations. It is not possible, for example, to generate a
wave in the electron �eld that corresponds to half an electron, with half a unit of electric
charge.

Quantum �elds 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
�elds 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 �elds, is the key
overarching concept. Interaction terms appear in the free-�eld 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);

whereSUC (3) is the standard unitary group that describes the strong interactions (quan-
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CHAPTER 1. FLAVOR PHYSICS

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.1 The group SUC (3)
has eight generators,SUL (2) has three generatorsW1;2;3, and UY (1) has one, B . All
elementary particles are excitations of �elds.

Spin-1 particles called gauge bosonsmediate the interactions. Strong interactions are
mediated by eight massless particles corresponding to theSUC (3) generators, calledgluons:
they carry a charge that can be of three kinds, calledcolor. Weak interactions are mediated
by two charged massive bosons,W � , and a neutral massive boson,Z 0. Electromagnetic
interactions occur between particles carrying electric charge and are mediated by a neutral
massless boson, the photon
 . The physical electroweak bosons (W � , Z 0, 
 ) arise from
the following linear combinations of SUL (2) 
 UY (1) generators:

W � =
1

p
2

(W1 � iW 2) and

 



Z 0

!

=

 
cos� W sin � W

� sin � W cos� W

!  
B

W3

!

;

where� W is a free parameter, calledWeinberg angle. The W � mass depends on theZ mass
via � W . Particles acquire mass via the interaction with the Higgs �eld, which is mediated
by a spin-0 particle, the Higgs boson.

Matter particles correspond to excitations of spin-12 �elds and are calledfermions. 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 classi�ed into
two classes, quarks, that are the fundamental constituents of nuclear matter, and leptons,
each organized in three weak-isospin doublets.

� Quark doublets are composed each of an up-type quark, with charge23e, and a down-
type quarks, with charge � 1

3e,
 

u

d

!  
c

s

!  
t

b

!

.

They couple with both the strong and electroweak interactions. Each quark has color
and a `�avor' 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 con�nement [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.

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

 
� e

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.

1Only particles with left chirality are in�uenced by the weak interaction.
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CHAPTER 1. FLAVOR PHYSICS

Figure 1.1 shows a scheme of the Standard Model particles and their interactions.

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
(T ) 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 e�ective 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 di�erences 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 classi�ed 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.2 Historically this o�ered 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 signi�cant di�erences between precise measurement and equally precise SM
predictions in lower-energy processes sensitive to non-SM contributions. The idea is that
exchanges of virtual (o�-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� E � t > ~

2
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 e�ort in this approach is centered
on the weak-interactions of quarks (so called `�avor physics').

1.3 Flavor physics in the Standard Model

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

The role of �avor 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 �rst addressed by Gell-Mann and Levy [18] and then Cabibbo [19], who postulated
di�ering mass (d) and weak (d' ) eigenstates for down-type quarks. This was realized by
introducing a mixing angle (� C ) between thes-quark and d-quark, the only two down-type
quarks known at the time. While Cabibbo's theory addressed economically the di�erence
of weak coupling constants, it also predicted a rate for theK 0 ! � + � � 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 2 GeV=c2 mass, whose contribution in theK 0 ! � + � � decay amplitude would cancel
the u-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 ofCP violation observed in 1964 [21].
They introduced a matrix to describe the relations between mass and weak interaction
eigenstates of quarks as seen byW � bosons. This is known as the Cabibbo-Kobayashi-
Maskawa quark-mixing matrix or VCKM , a complex matrix that is unitary because the sum
of all the transition probabilities must equal one. The N � N CKM matrix has (N � 1)2

free parameters [22], whereN is the number of quarks families. IfN = 2 , the only free
parameter is the Cabibbo angle� C , whereas ifN = 3 , the free parameters are three Euler
angles (� 12, � 13, and � 23) and a complex phase (� ), which allows for CP-violating couplings.

2Mass shell is jargon for mass hyperboloid, which identi�es the hyperboloid in energy�momentum space
describing the solutions to the mass-energy equivalence equationE 2 = ( pc)2 + m2c4 . A particle on-mass-
shell satis�es this relation.
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The matrix is written as
0

B
@

d0

s0

b0

1

C
A =

0

B
@

Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1

C
A

0

B
@

d

s

b

1

C
A ,

where primed quarks indicate the weak-interaction eigenstates corresponding to the un-
primed mass eigenstates. TheVij matrix element encapsulates the coupling between an
up-type i and down-type j quarks. It is most conveniently written in the so-calledWolfen-
stein parametrization [23], an expansion in the small parameter� = sin � C � 0:23 that
makes explicit the observed hierarchy between its elements,

VCKM =

0

B
@

1 � � 2=2 � A� 3(� � i� )

� � 1 � � 2=2 A� 2

A� 3(1 � � � i� ) � A� 2 1

1

C
A + O(� 4) ,

where

� =
Vusq

V 2
ud + V 2

us

A� 2 = �
Vcb

Vus
A� 3(� + i� ) = V �

ub .

The parameter � expresses the mixing between the �rst and second quark generations,A
and � are real parameters, and� is a complex phase that allows forCP violation. The
unitarity condition VCKM V y

CKM = 1 yields nine relations,

jVud j2 + jVcdj2 + jVtd j2 = 1 V �
usVud + V �

csVcd + V �
tsVtd = 0 VudV �

cd + VusV �
cs + VubV �

cb = 0 ,

jVus j2 + jVcsj2 + jVts j2 = 1 V �
ubVud + V �

cbVcd + V �
tbVtd = 0 VudV �

td + VusV �
ts + VubV �

tb = 0 ,

jVubj2 + jVcbj2 + jVtbj2 = 1 V �
ubVus + V �

cbVcs + V �
tbVts = 0 VcdV �

td + VcsV �
ts + VcbV �

tb = 0 ,

which are sums of three complex numbers each, prompting a convenient geometric repre-
sentation in terms of so-calledunitarity triangles in the complex plane. A CP conserv-
ing theory would yield null-area triangles or, equivalently, a vanishing Jarlskog invariant
J = = (VusVcbV �

ubV �
cs) [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� or � 2, � or � 1,
and 
 or � 3.

Figure 1.2: Graphical representation of the Unitarity Triangle.
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1.4 Flavor physics to overcome the Standard Model

Many physicists �nd the current understanding of �avor 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 o�ers a framework to includeCP
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 andCP 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 �avor 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 �avor-physics processes most promising for probing contributions of
non-SM particles are�avor-changing-neutral-currents and CP� violating processes.

1.4.1 Flavor-changing neutral currents

Flavor-changing neutral currents (FCNC) are processes in which particle �avor changes
between initial and �nal 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 ofW � 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 identi�ed by
studying processes sensitive toCP violation, which allow comparing measurements of am-
plitude's phases with their theoretical predictions. In classical physics we measure the
phase di�erence between two waves through their interference. In the same way, when
a particle evolves transitioning from an initial to a �nal state, various possible paths are
open, corresponding to various quark-level processes: if the amplitudes corresponding to
each process have di�erentCP-violating and CP-conserving phases, the ensuing interference
allows measuring phase di�erences. The phenomenology ofCP 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 �avor eigenstate of
neutral �avored mesons di�er, and contributes further quark-level processes to the decay
amplitudes.

The experimental phenomenology ofCP violation in hadrons is conventionally classi�ed
into three classes of phenomena:

� 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 ) di�er. The observable typically used to measure directCP violation is the
partial-width asymmetry

A f =
�( X ! f ) � �( X ! f )

�( X ! f ) + �( X ! f )
. (1.1)

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 itsCP conjugate(X 0 ! X

0
) di�ers from the CP� conjugate process

(X
0

! X 0). The observable typically used is the semileptonic rate asymmetry,

A SL =
d�

�
X 0(t) ! f

�
=dt � d�

�
X

0
(t) ! f

�
=dt

d�
�
X 0(t) ! f

�
=dt + d�

�
X

0
(t) ! f

�
=dt

, (1.2)

where the �nal state f is chosen such thatX 0 cannot directly decay into f while its
conjugate can, and viceversa.

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

A f CP =
d�( X 0(t) ! f CP)=dt � d�( X

0
(t) ! f CP)=dt

d�( X 0(t) ! f CP)=dt + d�( X
0
(t) ! f CP)=dt

. (1.3)
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1.5 Role of charmless B decays

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

Charmless B decays proceed through the quark-level processesb ! u, b ! d, and
b ! s. These processes yield �nal-state hadrons without net charm, such as kaons, pions,
� mesons, and� mesons. Typical examples of charmless decays includeB 0 ! K + � � ,
B 0 ! � + � � , B + ! � + � 0 and many others.

Because the magnitude of the CKM elementVub (� 4� 10� 3) is much smaller than jVcbj
(� 4� 10� 2), the tree-level amplitudes are suppressed.3 The resulting branching fractions
are typically small (less than 2� 10� 5), which makes charmless decays di�cult to observe.
In fact, the �rst reconstruction of charmless B decays was reported in 1993 by the CLEO
collaboration [28], 16 years after the discovery of thebottom quark [29]. On the other
hand, contributions from loop amplitudes turn out to be comparable to, or even larger
than, those from tree amplitudes, o�ering multiple opportunities to probe e�ciently the
Standard Model and its extensions.

Charmless decays play a key role in �avor physics. They o�er multiple avenues for re-
�ning our understanding of CP violation and for probing the weak and strong interactions.
Transitions b ! du�u provide, for example, the only reliable determination of the�=� 2

parameter. Transitions b ! q�qs enable measurements of the�=� 1 CKM phase through
loop-level processes. Moreover, charmlessB decays o�er multiple accesses to directCP
violation: all neutral and charged B meson decays involving both tree and penguin ampli-
tudes are possible sources of directCP violation, as observed for example inB 0 ! K + � � ,
B 0 ! � + � � , and B + ! � 0K + decays.4

Experimental and phenomenological challenges need to be addressed for a successful
charmless program. The rarity of these modes and the similarity of their �nal states
with the background dominated by light-quark pairs (which combine to form mainly pions
and kaons) make their observation di�cult: one has to separate signal from irreducible
backgrounds that are at least 105 times more abundant. The lack of narrow interme-
diate resonances o�ering invariant mass restrictions to reduce combinatorial background
makes discrimination even more challenging. In addition, interpretation of measurements of
charmless decays su�ers from phenomenological challenges associated with the presence of
non-perturbative QCD e�ects. 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� s expansion tend
to vanish, is valid only when � s 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 �avor symmetries existing
between quark-level processes to reduce, with appropriate approximations, the QCD un-
knowns. An approximation often used is based onSU(3) symmetry, wheremu = md = ms

is assumed. The comparison between precise measurements and theoretical predictions

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

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

A P V

Figure 1.4: Amplitudes relevant in charmlessB decays: T) color-allowed externalW -
emission tree diagram; C) color-suppressed internalW -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 fractionsB(B 0 !
K + � � )=B(B 0 ! � + � � ) 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 charmlessB decays. A detailed
discussion of these amplitudes is beyond the scope of this thesis, but some intuitive features
can be identi�ed.

The �rst two examples represent a B 0 ! � + � � decay and a B � ! K � � 0 decay
proceeding through tree-level processes. The second amplitude (color-suppressed tree-
amplitude) is suppressed with respect to the �rst by the color factorNC =3, since the two
internal quarks coming from the W boson need to match the color of theB -meson quarks
to combine in a colorless �nal 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 (�fth picture), where the presence of an internal quark line opens
up sensitivity for non-SM contributions, but makes the calculations di�cult.

These and many other amplitudes o�er 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 �nal states (�� , K� , KK , etc.) and decays where one of the
decay products is a resonance (�; �; ! , etc.), so called `quasi-two-body decays'. Multibody
decays include �nal states with � , K , but also resonances or protons.

These decays o�er hundreds of possibilities for measurements of decay rates andCP
violation. Those currently considered as the most promising toward furthering the under-
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standing of �avor dynamics follow.

1.5.1.1 Isospin sum-rules to address the K� puzzle

Two-body charmlessB 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,

p
2A(K 0� 0) + A(K + � � ) =

p
2A(K + � 0) + A(K 0� + )

connects the amplitudes (A) of the decaysB 0 ! K + � � ; B + ! K 0� + ; B + ! K + � 0,
and B 0 ! K 0� 0 [30]. The relevant amplitudes have been determined by the Belle, BaBar,
and LHCb collaborations based on measurements of branching fractions andCP-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 di�erences in strong-interaction e�ects or a more prominent role of
subdominant amplitudes not included in the original derivation of the relation. This so-
called K̀� puzzle' is considered a relevant open problem in �avor 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 �nal-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 �rst part of my work (Chap. 3) I target the �rst reconstruction in Belle II data
of B + ! K + � 0 decays, an essential ingredient to prepare the study of theK� puzzle at
Belle II.

1.5.1.2 �=� 1 from B 0 ! � 0K 0
S and B 0 ! �K 0

S decays

The measurement of the�=� 1 angle was the original motivation for B Factories, where
it has been measured with high precision usingB 0 ! J= K 0

S decays, which are domi-
nated by tree-level amplitudes. The angle�=� 1 is today the best known parameter of the
Unitarity Triangle. Such precisely known reference o�ers 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
e�ects.

Belle II plans to use the charmless decaysB 0 ! � 0K 0
S and B 0 ! �K 0

S to measure
�=� 1 using loop processes, because they are a�ected by the least theoretical uncertainties.
The advantages of Belle II over competing experiments like LHCb are the more straight-
forward reconstruction of decays with �nal-state neutral particles as B 0 ! � 0(! 

 )K 0

S
and the higher precision on theB 0= �B 0 �avor determination, an essential element in the
measurement of�=� 1.

1.5.1.3 �=� 2 from B ! �� , B ! �� , and B ! �� decays

With an uncertainty of about 5%, the CKM angle �=� 2 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 ofB 0 ! � + � � , B + ! � + � 0, and B 0 ! � 0� 0
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decays and combine appropriately branching fractions,CP-violating asymmetries, and po-
larization fractions in a global �t that determines � by exploiting the existing symmetries
between the channels.

Competing experiments like LHCb, where reconstruction of decays with �nal-state
neutral particles like B + ! � 0� + and B 0 ! � 0� 0 is di�cult if at all possible, need inputs
from other experiments to perform this �t. 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 signi�cant attention.
Their rich dynamical structure due to the presence of many possible intermediate states
allows for a plethora of measurements ofCP-violating asymmetries localized in di�erent
regions of the Dalitz plot. These provide more information with respect to measurements
based on two-body decays, where only integratedCP violation is available. Recent measure-
ments by LHCb showCP-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 signi�cant experimental challenges and large systematic uncertainties.

In the last chapter of this work I present a �rst measurement of theCP-violation in the
three-body charmless decaysB + ! K + K � K + and B + ! K + � � � + at Belle II.

1.6 Current experimental status

Measurements of parameters associated with quark-�avor 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-�avor 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 ofsin 2� reached a precision of 2.5%, mainly due to the
availability of large samples ofB 0 ! J= K 0

S decays ine+ e� collisions, while the angle� is
known down to a 5% precision fromB ! hh decays (whereB is charged or neutral, andh
represents a charged or neutral� or � ) in e+ e� and pp collisions. The angle
 is measured
with 7% precision using combinations of several measurements involvingB ! DK decays
(B , D , K charged or neutral) reconstructed ine+ e� and pp collisions. Mild discrepancies
in the determinations of jVcbj and jVubj are found between values measured in di�erent
semileptonic decays, mainly performed ine+ e� collisions.

The decay width di�erence of the B 0
s � B 0

s system is determined with 6% precision
in pp collisions, while measurements are not yet precise enough to discern the expected
non-zero value for theB 0 � B 0 system. Mass di�erences 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 directCP violation in charm decays at
LHCb [34].
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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 inpp 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 �uid, �avor physics
emerges as a very promising asset to search for non-SM in the next decade. In fact,
despite the �rst-order consistency of the experimental �avor picture with the CKM theory,
possible deviations of up to 10�15% are still unconstrained, especially when associated
to loop-mediated processes, leaving su�cient room for non-SM physics. It is especially
promising that most of the relevant measurements are currently dominated by statistical
uncertainties, o�ering therefore fruitful opportunities for the two experiments that will
contribute the most in the next decade, LHCb and Belle II.

LHCb 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 ofbb pairs (� 45 kHz) and cc 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.
LHCb drawbacks are associated with the fact that LHC collisions occur between composite
particles. These lead to large backgrounds, which require challenging online selections
and o�er looser constraints on the production kinematics. This impacts specially the
reconstruction of neutral �nal-state particles, including photons and neutrinos.

Belle II is an experiment operating at the energy asymmetrice+ e� collider SuperKEKB
at KEK, which produces B B pairs from �(4S) decays at� 1 kHz rate. Compared to LHCb,
Belle II has a lower production rate but a better sensitivity to B and D �nal 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 B B pairs produced ine+ e� collisions make the determination of the �avor
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of the signal neutral B meson more e�cient than in LHCb. Belle II aims at operating until
2030 at the intensity frontier of the �avor sector to explore indirectly of non-SM physics,
in competition and synergy with LHCb [35].

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

The Belle II 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 1000B B pairs (B 0B 0 and B + B � in approximately equal propor-
tions) per second via decays of�(4S) mesons produced at threshold [36]. Such colliders
are called B̀ -factories', and were proposed in the 1990's for the dedicated exploration of
CP-violation in B mesons. The main goal ofB -factories is to produce low-background
quantum-correlated B B pairs at high rates.

Intense beams of electrons and positrons are brought to collision at the energy corre-
sponding to the �(4S) meson mass,10:58 GeV, which is just above the B B production
kinematic threshold. Such �nely tuned collision energy is key. The ensuing production of
�(4S) mesons, which decay inB B 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 �nal-state
kinematic properties, thus o�ering means of further background suppression. Since bottom
mesons are produced in a strong-interaction decay, �avor is conserved, and the null net
bottom content of the initial state implies production of a �avorless B B pair; even though
B 0 and B 0 undergo �avor oscillations before decaying, their time-evolution is quantum-
correlated in such a way that noB 0B 0 or B 0B 0 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 oscillatingB 0B 0 particle-antiparticle pair until either one decays.
This allows identi�cation of the bottom (or antibottom) content of one meson at the time
of decay of the other, if the latter decays in a �nal state accessible only by either bottom or
antibottom states. This important capability is called `�avor tagging' and allows measure-
ments of �avor-dependent decay rates, as needed in many determinations ofCP-violating
quantities.

Not just �(4S) mesons are produced in 10 GeVe+ e� collisions; Figure 2.1 shows the
hadron-production cross-section ine+ e� collisions as a function of the �nal-state mass.
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The various peaks are radial excitations of the� meson and the nearly uniform baseline at
about 4 nb represents the so-called continuum of lighter-quark pair production (e+ e� ! qq,
whereq identi�es u; d; c; s), which exceeds�(4S) production in rate. In addition, the most
frequent outcomes of 10 GeVe+ e� collisions are electroweak processes of lepton production,
such ase+ e� ! e+ e� (
 ), e+ e� ! e+ e� e+ e� and e+ e� ! � + � � (
 ). These amount to
about 94% of the total cross-section, but can straightforwardly be discriminated online
owing to their distinctive �nal states.

Figure 2.1: Hadron production cross section from e+ e� collisions as a function of the �nal-state mass.
The vertical red line indicates the B B production threshold.

Because the�(4S) mesons are produced at threshold, they would be nearly at rest in
the laboratory frame in an energy-symmetric collider. The resultingB mesons too would be
produced with low momentum (� 10 MeV/ c) in the laboratory, because of the21 MeV=c2

di�erence between the�(4S) mass and the mass of aB B pair. With such low momenta they
would only travel approximately 1� m before decaying. The10� m typical spatial resolution
of vertex detectors would not be su�cient to separateB -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 achieveB -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 about150� m.

SuperKEKB is designed to deliver collisions corresponding to50 ab� 1 of integrated
luminosity by 2030, corresponding� 5:3 � 1010 B B pairs, about 40 times the total amount
collected by B Factories to date.

Electrons are produced via photoelectric e�ect by illuminating a cold cathode with a
pulsed laser, then accelerated to7 GeV with a linear accelerator and injected in the High-
Energy Ring (HER). Positrons are produced by colliding electrons on tungsten; they are
�rst 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
con�ned in a small region and having a similar momentum), then accelerated to4 GeV with
the linear accelerator and injected in the Low-Energy Ring (LER). When the circulating
beams are su�ciently 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 re�lls of
the beams every few seconds.

The collision products �y from the interaction point trough the volume of the detector,
where various features of the �nal-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 con�guration 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
�nal-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,
o�ering great advantages in luminosity with respect to previous schemes. The reduction of
the luminous volume size to about5% with respect to the predecessor KEKB, combined
with doubling of beam currents, is expected to yield a factor40 gain in intensity.

Figure 2.2: Two-dimensional sketch of the nano-beam mechanism implemented in SuperKEKB (right)
compared with the previous KEKB collision scheme (left).

Figure 2.3: Scheme of the SuperKEKB collider.
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Figure 2.4: Cross sections of the main �nal states produced in e+ e� collision at the �(4S) center-of-mass
energy.
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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 speci�c features of the collision �nal-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 e�cient charged hadron iden-
ti�cation is implemented for increased separation of �nal-state charged hadrons, reduction
of backgrounds, and improved �avor-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-e�ects 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 classi�ed as follows:

� Detectors for charged particle tracking : silicon pixel and strip detectors close
to the beam pipe and a wire drift chamber, all immersed in a1:5 T magnetic �eld
parallel to the beam axis, are used for reconstruction of charged-particle trajectories
(tracks).

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

� 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.
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2.3 Tracking detectors

The innermost detectors are used for charged-particle reconstruction (tracking). E�ec-
tive track reconstruction is of great importance since �avor-physics �nal 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 ofCP-violating asymmetries involving mixing. To simplify
pattern recognition, tracks are �rst reconstructed in the outer tracking volume, and are
then extrapolated into the innermost detector to de�ne 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 �nal-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 �eld-e�ect 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 � m 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 around8 million pixels, 50 � (50 � 55)� m2

(inner layer) and 50� (70 � 85)� m2 (outer layer) each. The polar acceptance ranges from
17� to 150� .

The transverse impact-parameter resolution is12 � m, 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.

23



CHAPTER 2. THE BELLE II DETECTOR AT THE SUPERKEKB COLLIDER

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 �eld,
and induce a signal in the highly granular strip electrodes implanted at both ends of the
depletion region. The �ne 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 are300 � m-thick, and the separation between adjacent sensing strips (dpitch )
ranges from50 � m to 240 � m. Hence, the spatial resolution dpitch =

p
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
identi�cation of charged-particle species by measuring their speci�c-ionization energy-loss
(dE=dx).

When a charged particle traverses the CDC volume, it ionizes the gas, freeing electrons
and positive ions from gas atoms. An applied electric �eld then moves these charges toward
the sense wires, where high �eld 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 of16 cmand an outer
radius of 113 cm. The chamber is composed of14336 30-� m-diameter sense wires, divided
in 56 layers, immersed in a gaseous mixture of50% He and 50% C2H6, while 42240126-
� m-diameter aluminum wires shape the electric �eld. The azimuthal acceptance ranges
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from 17� to 180� .
The single hit spatial resolution is about 100� m and the dE=dx 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� (pT )=p2

T � 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-identi�cation detectors

Charged particle identi�cation 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-identi�cation
information is also provided by the electromagnetic calorimeter (ECL) and theK 0

L 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 re�ection 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 at1:2 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 the0:4 � 4 GeV=c
momentum range (kaon identi�cation e�ciency is about 95%, pion fake rate is about10%).
This time resolution is achieved with a micro-channel plate photo-multiplier specially de-
veloped for this purpose.
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