Dmytro Meleshko

Search for exotic states
with c¢s§ quark content at Belle
and

Optimisation of the Photon Monitor
for the Belle II pixel detector

Dissertation

JUSTUS-LIEBIG-

UNIVERSITAT
GIESSEN







Search for exotic states
with cCs§ quark content at Belle
and
Optimisation of the Photon Monitor
for the Belle II pixel detector

JUSTUS-LIEBIG-
ﬁ UNIVERSITAT

GIESSEN



To science, a joyful sandbox that encourages
one’s childhood passion to thrive ...



Suche nach exotischen Zustinden
mit ccss Quarkinhalt am Belle
und

Optimierug des Photonmonitors
fiir den Belle II Pixeldetektor

Dmytro Meleshko
geboren in Sumy, Ukraine

INAUGURALDISSERTATION
zur Erlangung des Doktorgrades

am
II. Physikalischen Institut
des
Fachbereich 07 — Mathematik und Informatik, Physik, Geographie
der

Justus-Liebig-Universitit Gieflen

(2026)



Dekan: Prof. Dr. Christian Heiliger
Gutachter: apl. Prof. Dr. Jens Soren Lange
Gutachter: Prof. Dr. Claudia Héhne

This document was typeset with Lual{IEX 1.17 using the memoir class. The text is
set in Libertine, Biolinum, and Libert ineMono. Cover design by Tobias Blesgen,
Bonn.



Versicherung der Eigenstandigkeit

Ich erklare: Ich habe die vorgelegte Dissertation selbststindig und ohne uner-
laubte fremde Hilfe und nur mit den Hilfen angefertigt, die ich in der Dissertation
angegeben habe. Alle Textstellen, die wortlich oder sinngeméaf aus verdffentlichten
Schriften entnommen sind, und alle Angaben, die auf miindlichen Auskiinften
beruhen, sind als solche kenntlich gemacht. Ich stimme einer evtl. Uberpriifung
meiner Dissertation durch eine Antiplagiat-Software zu. Bei den von mir durchge-
tihrten und in der Dissertation erwéhnten Untersuchungen habe ich die Grundsatze
guter wissenschaftlicher Praxis, wie sie in der ,Satzung der Justus-Liebig-Universitat
GieBen zur Sicherung guter wissenschaftlicher Praxis® niedergelegt sind, eingehalten.

Angaben zu auf kiinstlicher Intelligenz (KI) basierender Hilfen wie ChatGPT oder
SchulKI von OpenAl oder Gemini von Google zur Erstellung meiner Dissertation
(Zutreffendes angekreuzt):

[IIch habe bei der Erstellung dieses Textes kein KI-Tool verwendet.
[ Ich habe ein KI-Tool in den folgenden Bereichen eingesetz:
[IIdeen finden, meine Kreativitit anregen
[]Verstehen von Konzepten, Recherche von Fakten und Definitionen
[] Optimierung eines von mir verfassten Textes
[ Erstellen ganzer Textpassagen nach meinen Vorgaben

Folgende KI-Tools habe ich verwendet, damit aufgefiihrte Teile meines Textes
von dem Tool wie folgt profitiert haben: ChatGPT, Perplexity Al und Google Gemini.

Datum Unterschrift






Acknowledgements

I would like to start my acknowledgements by thanking the whole SuperKEKB
and Belle II team for immense efforts and full commitment to running the experiment,
allowing hundreds of researchers to flex their curiosity in physics.

First and foremost, I would like to thank my supervisor, Séren Lange, for sharing
expertise, mentoring and entrusting freedom along my PhD journey. The adoptable
and human atmosphere in the working group has been a perfect environment for a
well-balanced commitment to research.

I would also like to thank Elisabetta Prencipe for — along with the valuable experi-
ence earned over the years of work on the analysis — the continuous commitment to
research, even when the career path took unpredictable turns. The insights I learned
from you go far beyond physics.

Additionally, I would like to thank Simon Reiter, Bjérn Spruck, Maiko Takahashi
and other collaborators for help on the service task, and to Andrii Dashko for advising
on the theoretical overview provided in this thesis.

I'sincerely thank my family for unconditional support and faith. I have discovered
my passion to physics during early years of the high school, and my parents have
been on the side of my dreams since. Thank you.

Lastly, from the bottom of my heart, I would like to thank my fiancé. You are
the most important finding I made along the PhD journey. I am incredibly lucky, to
have you on my side not only as a partner, but also as a remarkably bright physisist,
supporting me in every possible way. Your love and care helped me to endure
challenges and slumps in spirit. Thank you for helping me write this chapter. I am
excited to start the next one.






Kurzdarstellung

Diese Dissertation fasst meinen Beitrag zu zwei Themen zusammen: der Suche
nach vierquark-Zustdnden in den Daten des Belle-Experiments sowie der Unter-
grundiiberwachung fiir den Pixeldetektor (PXD).

Zum ersten Thema: Das Belle-Experiment war von 1999 bis 2010 am KEKB-
Beschleuniger in Tsukuba, Japan, in Betrieb. Wahrend dieser Laufzeit sammelte der
Belle-Detektor knapp unter 1 ab—! an Kollisionsdaten, grofitenteils bei der Schwer-
punktsenergie der T (4.5)-Resonanz, die iitberwiegend in ein Paar von B-Mesonen
zerfillt. Der vollstandige Datensatz umfasst etwa eine Milliarde B-Mesonenpaare
und zéhlt damit zu den wertvollsten Datensatz fiir Messungen von seltenen Zerféllen
in der B-Meson-Physik.

Im Jahr 2003 beobachtete Belle den sogenannten X (3872), einen Zustand, der
nicht in das konventionelle Charmonium-Spektrum passt und weithin als exotisch gilt.
Zahlreiche weitere unkonventionelle QQ-ihnliche Zustinde wurden anschlieBend
von Belle und anderen Experimenten entdeckt. Ein weiteres aktiv beitragendes Ex-
periment — LHCb am CERN in der Schweiz — berichtete 2017 und 2021 iiber mehrere
exotische Kandidaten im Zerfallskanal B~ — J/¢¥¢$K~. Trotz der beschrinkten
Quantenzahlen wurde die Beobachtung von sieben neutralen X-Kandidaten mit
ccss-Quarkinhalt gemeldet, viele davon erstmals. Da prazisere Messungen dieser
Zustande entscheidend fiir das Verstandnis ihrer Natur sind, wurde eine Suche nach
ccss-Kandidaten in einem alternativen Produktionsmechanismus vorgeschlagen.

In dieser Arbeit berichten wir iiber die Suche nach diesen und méglicherweise
weiteren exotischen Zustinden mit ccss-Quarkinhalt in den Prozessen ete™ —
DfD%,(2317)" und eTe™ — DY D,,(2460) in der Kontinuumsproduktion unter
Verwendung des vollstandigen Belle-Datensatzes. Die Analyse ist im Vergleich zu
fritheren Studien empfindlich gegeniiber einem breiteren Bereich von Quantenzahlen
und untersucht einen bislang nicht betrachteten Produktionsmechanismus. Sie
basiert auf Signal-Monte-Carlo-Daten, in denen die Ereignisrekonstruktion tiberpriift
wird; auf generischen Monte-Carlo-Simulationen, in denen komplexe Cross-Feed-

ix



Untergriinde untersucht werden; sowie auf realen Daten, in denen eine blinde Suche
nach exotischen Kandidaten durchgefithrt wird.

Zum zweiten Thema dieser Dissertation: Das Belle-II-Experiment ist der Nachfol-
ger des Belle-Experiments und zeichnet seit 2018 Kollisionsdaten am aufgeriisteten
SuperKEKB-Beschleuniger auf, der am selben Standort betrieben wird. Die um-
fassende Aufriistung umfasste wesentliche Verbesserungen des Beschleunigerdesigns,
das nun hohere Schwerpunktsenergien, hohere momentane Luminositit und gerin-
gere Energieasymmetrie erreicht, was ein breiteres Physikprogramm ermdéglicht. Die
Modernisierung des Belle-II-Detektors beinhaltete Verbesserungen aller Teildetek-
toren sowie die Entwicklung eines neuen innersten Pixeldetektors, der eine Vertex-
auflésung in Strahlrichtung von 25 pym erreichen soll. Diese Aufriistungen zielen
auf eine momentane Luminositit von bis zu 6 x 103% cm2s~! (ein Faktor 30 hoher
als Belle) und ermoglichen eine Gesamtdatensammlung von bis zu 50 ab~! iiber die
Laufzeit des Experiments.

Die gesteigerte Luminositat, die Nahe des PXD zum Wechselwirkungspunkt
und die Auslese tiber 7,68 Millionen Kanile stellen hohe Anforderungen an das
Datenerfassungssystem (DAQ). Bei der Designluminositit wird eine Ausleserate von
iiber 18 Gb/s erwartet — ein Faktor 10 hoher als bei allen anderen Teildetektoren
zusammen. Daher wurde eine eigenstindige DAQ-Losung ausschlielich fiir den
PXD entwickelt: das System Online Selection Nodes (ONSEN), entwickelt in Gielen
in Zusammenarbeit mit dem IHEP Peking.

Eine Herausforderung fiir den PXD ist die erhohte Unrergrundstrahlung. Ver-
schiedene strahlinduzierte Quellen wurden untersucht und ihre Effekte minimiert.
Eine dieser Quellen ist die indirekte Synchrotronstrahlung (SR), die durch Riick-
streuung von der Innenwand des Beryllium-Strahlrohrs entsteht und vor allem die
innere Lage des PXD betrifft. Um dies zu mindern, wurden wihrend der ersten
langen Abschaltphase 2021-2022 Gegenmafinahmen im Strahlrohrdesign umge-
setzt. Dadurch dnderte sich das SR-Muster, was eine Aktualisierung des Echtzeit-
Uberwachungssystems Photon Monitor erforderlich machte. Diese Aktualisierung,
im Rahmen dieser Arbeit durchgefiihrt, berticksichtigt die neuen SR-Bedingungen,
bewertet die Untergrundkontamination in fritheren Datennahmeperioden und liefert
eine vorhersagebasierte Abschiatzung der erwarteten SR-Belastung fiir zukiinftige
Messungen.



Abstract

This thesis summarises my contribution to two topics: search for quarkonium-
like four-quark states in data of the Belle experiment and background monitoring
for the pixel detector (PXD).

As for the first topic, the Belle experiment was operating from 1999 to 2010 at the
KEKB accelerator in Tsukuba, Japan. During the running period, the Belle detector
accumulated just under 1ab™! of collision data, most of which was collected at the
centre-of-mass energy of the Y (4.5) resonance, which predominantly decays into a
pair of B mesons. The full Belle dataset includes around 1 billion of B meson pairs,
making it one of the most valuable samples for rare decay measurements in B meson
physics.

In 2003 Belle observed the so called X (3872), a state which does not fit the
conventional charmonium spectrum and is widely considered as an exotic candidate.
Numerous discoveries of unconventional QQ-like candidates followed by Belle and
other experiments. Another experiment actively contributing to the quarkonium field
— LHCb at CERN, Switzerland - reported observation of multiple exotic candidates
in the B~ — J /9K~ decay channel in 2017 and 2021. Despite being constrained
in the accessible quantum numbers, the analysis reported the observation of seven
neutral X candidates with the ccss quark content, many of which had been observed
for the first time. Since rediscoveries or refinements of the measurements of these
X-states by other experiments are essential to elucidate their nature, a search for
ccss candidates in an alternative production mechanism was suggested.

In this thesis, we report a search for these and potentially other yet undiscovered
exotic states with a c¢¢ss quark content in ete™ — D D*,(2317)” and eTe™ —
D7 D,,(2460) inclusive processes in the continuum, using the full Belle dataset.
The proposed analysis, in comparison with earlier studies, is sensitive to a wider range
of quantum numbers and probes a different production mechanism, which was not
studied before. The analysis is performed using signal Monte-Carlo simulation, where
event reconstruction is verified; generic Monte-Carlo, where complex cross-feed
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background effects are studied; and data, where a blind search for exotic candidates
is carried out.

As for the second topic of this thesis, the Belle II experiment is the successor of
the Belle experiment, which began recording collision data in 2018. It operates at the
upgraded SuperKEKB accelerator, which occupies the same site as its predecessor.
The comprehensive on-site facility upgrade included major improvements to the
accelerator design, which, among other enhancements, can now reach higher centre-
of-mass energies, achieve higher instantaneous luminosity, and operates with a
reduced energy asymmetry, enabling a broader physics programme. The upgrade of
the Belle II detector involved, to varying extents, improvements to all individual sub-
detectors and the development of a new innermost pixel detector, which is designed
for reaching the vertex reconstruction resolution in beam direction of 25 ym. These
hardware upgrades are aimed to set a new instantaneous luminosity record of up
to 6 x 103> ecm~2s~! (a factor of 30 higher than the record set by Belle), allowing
the experiment to accumulate a total dataset of up to 50 ab~! over the anticipated
lifespan of the Belle II experiment.

The increased luminosity, the proximity of the PXD to the interaction point, and
the readout via 7.68 million channels impose stringent requirements on the PXD data
acquisition system (DAQ). At the design luminosity, the readout rate is expected to
exceed 18 Gb/s, which is factor of 10 higher than the combined readout rate of all
other sub-detectors. Therefore, a standalone DAQ solution was developed exclusively
for the PXD. It includes, in particular, a data acquisition and data truncation system
known as Online Selection Nodes (ONSEN), developed in Gieflen in collaboration
with the IHEP Beijing.

A challenge for the PXD is exposure to increased background radiation. Vari-
ous beam-induced background sources were considered, and their effects had been
mitigated or minimised. One such source is the indirect synchrotron radiation (SR),
which originates from backscattering off the inner wall of the beryllium beam pipe
and primarily affects the inner layer of the PXD. To mitigate this effect, countermea-
sures were implemented in the beam pipe design during the first long shutdown,
which took place from mid-2021 to the end of 2022. As a result of these changes, the
SR pattern has changed, necessitating an update to the real-time photon-radiation
monitoring tool known as the Photon Monitor, which was accomplished as a part
of this thesis. Consequently, this thesis also reports on the update to the Photon
Monitor, which accounts for changes of the SR pattern, provides an assessment of
background contamination in the previous data taking periods, and delivers a beam
optics- and currents-aware prediction of the expected SR contamination for the future
runs.
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Chapter 1

Introduction

Experimental particle physics underwent a spectacular transformation from
compact on-desk devices developed by individual enthusiasts to astonishing in scale
international research facilities that include thousands of engineers and researchers
working for years hand-to-hand to ensure stable operation, reliable data taking
and unbiased data analysis. At each step of this evolution, scientific interest was
frequently sparked by theoretical considerations that were developed alongside.
Collaboration between experimental and theoretical physicists has been instrumental
in generating new ideas and test cases for unresolved problems in modern physics.

After turning the page of successful predecessors, such as Belle, BaBar, Teva-
tron, HERA, etc., modern accelerators can be divided into two main sub-categories:
electron-positron machines representing the Intensity frontier, where high luminosity
is reached in relatively clean environment, allowing rare processes to be studied;
and proton-proton colliders, which act on the side of the Energy frontier, where
higher centre-of-mass energy allows producing heavier particles, while large pp
cross-section generates thousands (per collision) light particles allowing to reach
higher count of rare events. The most prominent lepton-lepton experiments are Belle
I (Japan) - the next generation B-factory, and BESIII (China) — a charm-physics fa-
cility capable of operating at the tunable centre-of-mass energy. The zoo of pp-based
experiments is mostly populated by LHC-based experiments (Switzerland/France),
namely LHCD - an asymmetric spectrometer devoted to B-physics, CMS - a general-
purpose detector that gained recognition through its role in the discovery of the
Higgs boson, ATLAS - the largest LHC-based detector that is mostly recording Pb-Pb
collisions data and is therefore focussed at the heavy-ion physics, and ALICE - an
experiment mostly dedicated to the study of quark-gluon-plasma.

The Belle II experiment, which constitutes the main focus of this thesis, is set



2 CHAPTER 1. INTRODUCTION

on a course of continuing the glorious legacy of the Belle experiment, which, in
particular, earned its fame by observing CP-violation in B-decays' and discovering
the first exotic cc-like candidate — X (3872). It is designed to reach the instantaneous
luminosity that is 40 times higher than the one of Belle and accumulate up to 50
times more data. In order to achieve these goals, a brand-new detector was developed
through a concerted international effort. In particular, to achieve higher vertexing
precision with tolerance to increased background exposure, a state-of-the-art pixel
detector (PXD) was developed by a collaboration of German universities. Due to
extreme rate of data? it is designed to record via 7.6M channels, a standalone data
acquisition system is utilised. Development of the PXD triggered countless number
of task and challenges that had to be addressed, such as data buffering and truncation,
slow control, calibration, background monitoring, etc. The latter is particularly
critical for data quality and is touched upon in Chapter 4.

Even though Belle is the previous-generation experiment, Belle II has not yet
accumulated a data sample comparable in size to that of Belle due to various chal-
lenges in establishing stable machine operation and data taking in recent years®. This
elevates the relevance of the Belle data sample, making it feasible for analyses of
yet unaddressed physics questions. In particular, Belle data have been utilised in
numerous studies of heavy quarkonia, where not only the aforementioned X (3872)
exotic candidate was observed for the first time, but also many other cc- and bb-like
candidates have been reported, as discussed in Chapter 5. This motivates us to revisit
the charmonium-like spectroscopy by looking for ccss candidates in Belle, which is
reported in Chapter 6.

'The achievement that was recognised with a Nobel Prize in 2008.
Zup to 20 Gb/s at target luminosity
31t is, however, approaching the 1ab~! milestone and is expected to surpass it by the summer of 2026.



Chapter 2

Theoretical overview

In this section, the fundamental principles and formalisms of the Stan-
dard Model of particle physics are reviewed. These principles, encoded in
the Standard Model Lagrangian within the Quantum Field Theory (QFT)
formalism, have been remarkably successful over the recent decades in
describing a wide range of phenomena in particle physics. However,
there are certain observations incompatible with the Standard Model
framework. This motivates an extensive and multifaceted search for
physics beyond the Standard Model, to which the Belle II experiment is
expected to make significant contributions.

2.1 Particle physics in the Standard Model framework

Particle physics studies elementary particles and interactions between them. The
most successful theoretical framework describing these phenomena, known as the
Standard Model of Particle Physics, was developed in the mid-20™" century based on
non-Abelian gauge theories introduced by Yang and Mills [1], the Electroweak Theory
formulated by Glashow [2], Weinberg, and Salam [3] and the Higgs mechanism
proposed by Higgs, Englert and Brout [4, 5]. At the time of its formulation, the
theory predicted several phenomena that were later confirmed experimentally, such
as the weak neutral current discovered in 1973 [6] and the existence of the Higgs
Boson first observed in 2012 [7]. The Standard Model (SM) is formulated within
the Quantum Field Theory (QFT), a formalism that consistently combines classical
field theory, quantum mechanics, and special relativity. Within this framework,
the two central components of the SM are Quantum Chromodynamics (QCD) and
the Electroweak Theory, which reduces to Quantum Electrodynamics (QED) after
spontaneous symmetry breaking.
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The SM describes fundamental interactions between elementary particles via the
following forces:

«+ Strong Force — a short-range interaction governed by QCD, with a character-
istic length scale! responsible for colour confinement and nuclear binding.

« Weak Force — an extremely short-range interaction? described by the elec-
troweak SU(2);, x U(1)y theory, which governs processes such as beta decay.

« Electromagnetic Interaction — an infinite-range interaction mediated by
massless photons and acting between electrically charged particles.

Fig. 2.1 illustrates the particles introduced in the Standard Model: quarks (blue),
leptons (red), and bosons (yellow and gray). Quarks and leptons are spin-1/2
fermionic particles composing matter observed in the visible universe. Massive
leptons (e*, ut and 7F) carry integer electric charge and distinct lepton flavours,
while neutral leptons — known as neutrinos (v,, v, and v;) — are massless in the
Standard Model framework. In contrast, quarks carry fractional electric charge and
an additional colour charge, which confines them within hadrons. Quarks and lep-
tons are arranged into three generations. Each generation contains a pair of quarks
(up-type and down-type), a charged lepton, and a neutrino. The masses of particles
generally increase with generation order®, but occasionally violate the hierarchy
within a generation.

Fundamental bosons are integer-spin particles that mediate the aforementioned
forces. Gluons (g), photons (v), and W= /Z bosons arise as excitations of the as-
sociated gauge fields and mediate the strong, electromagnetic, and weak forces,
respectively. The only scalar boson — Higgs (H) - is responsible for the generation
of mass for quarks, charged leptons and vector bosons via the Higgs mechanism.

The remaining fundamental interaction not mentioned above — gravity — is not
described by the Standard Model. Although the existence of a particle mediating
gravitational interactions is anticipated in the quantum theory of gravity, a consistent
quantum description of General Relativity has not yet been established. Fortunately,
unlike the other fundamental forces, gravitational interactions are suppressed by
many orders of magnitude and are therefore generally negligible within the SM
framework.

'r~ Agdp ~ 1075 m
Zp oyt ~ 1078 m
3including estimated upper limits on neutrino masses
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Figure 2.1: Fundamental particles of the Standard Model.
2.2 The Standard Model Lagrangian
The Standard Model is based on the following gauge group
G=5U(@3), xSU(2);, x U(1)y, (2.1)

where the subscript c refers to colour, subscript L indicates the left-chiral nature of
the SU(2) coupling, and Y stands for the weak hypercharge quantum number related
to the electric charge as

Y=Q-T%, (2.2)

where T7 is the third component of the SU(2), weak isospin and @ is the electric
charge.

The SU(3), factor is a non-chiral QCD component that has 8 gauge bosons
(gluons) and gauge coupling g,. It acts on colour indices, o (o = 1, 2, 3), of the left
(L) and right (R) chiral quarks. In contrast, the electroweak SU(2); x U(1)y factor
is chiral. The SU(2), group has gauge coupling g, gauge bosons W% i = 1,2, 3,
and acts only on the L—chiral fermions, leading to charged (associated with TW*)
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and neutral (associated with Z°) current interactions. The abelian U (1), factor is
described with a coupling constant g” and a gauge boson B. It is chiral and acts both
on L- and R-handed fermions with different charges. The spontaneous symmetry
breaking (SSB) of SU(2), x U(1)y results in a single unbroken U (1), which results
in a massless photon, a massive Z 0 _ linear combination of W© and B bosons — as
well as charged W+,

The Standard Model Lagrangian density, stemming from the gauge symmetry
group introduced above, can be written as

«C == L‘gauge + sz + rL‘H + /£Yuk7 (23)

where subscripts mark individual terms referring to gauge, fermion, Higgs and
Yukawa sectors of the SM theory, respectively.

o The gauge term is expressed as

1 a v,a 1 % v, 1 v
’Cgauge - 71G/LDGM T ZVV/U/WH T ZB/,LVBM s (24)

where the respective field strength tensors for SU(3)., SU(2),, and U(1)y are
Go,=0,G. —0,G% — g, furcGLGE,  a,byc =18

W;iw = auW;_aVW/i _geijkWiwfv iajak =13 (25)

B,, =9,B,—0,B,.

Due to the non-abelian nature of SU(3), and SU(2);, gluons (g) feature three-
and four-point self-interactions, unlike B bosons.

o The fermion part of the Standard Model involves F' = 3 families of quarks and
leptons, each consisting of

0 0
L — doublets: %, = [ ™ L
oublets 4l (d0> P mL (60 ) (2 6)
m L m L .

: . .0 0 0
R —singlets: u, », d r, €, &

where, the superscript ° marks weak eigenstates*. The fermions’ features touched
upon in the previous section are reflected in the Eq. 2.6 notation. Namely, u° and

4i.e. properties of field gauge transformations are defined as such that transform elements of each
doublet into each other under SU(2)
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d are up- and down-type quarks, which after SBB acquire electric charges 2/3 and
—1/3, respectively. Each quark also carries a colour index, which is dropped in the
notation above for the sake of simplicity. The ¢ and 1° leptons are colour singlets
with electric charge —1 and 0, respectively. The inclusion of right-handed neutrino
singlets (12, ;) is tentative, as they are required by many models for neutrino mass
generation®, but they are dropped in the notation above due to their absence in
nature. Since U(1)y commutes with SU(3), and SU(2), the hypercharge Values
(see Eq. 2.2) are identical for all members of the SU(3),xSU(2);, multlplets + 2and
—% for ¢° ;. ud ;and d2 p;and —5 O and —1 for £9 ,, 12 , and ) ., respectively.

The chiral representations of the SU(2);, x U(1)y gauge group forbids fermion
mass terms in £ . As a consequence, £ ; consists solely of kinetic terms and gauge
interactions, and is invariant under a global U (3) flavour symmetry. This invariance
implies that the Lagrangian is insensitive to independent unitary rotations among the
three families. Moreover, since the QCD gauge group SU (3),, is flavour-blind and
commutes with the flavour symmetry, strong interactions preserve this invariance.
As a consequence, the number of independent fermion flavour structures in the
fermionic term of the Lagrangian is significantly reduced

F
L.f = Z (qulwqu +£ szgmL

m=1

(2.7)
=0 0 J0 0 S0 0 =0 0
+ulelDumR + d'mRZldeR + e'mRZlDemR + VmRZlDVmR> .

Here, the first term can be expanded as

-0 0 E Oa Oa n
quzwqu i UL dmL
«@ ﬁ:l

) 40
g, 95 ~ mLj
x [(a#H;T W, +ig'Y,, IB >5a5+ 7)\&5-(;#1] (di’:m)

(2.8)

where I is the SU(2) identity matrix. The latter terms in Eq. 2.6 follow this expansion
pattern. The Eq. 2.8 clearly illustrates that SU(3), and SU(2); x U(1)y groups

SHowever, there are alternative ways to incorporate observed non-zero neutrino masses.
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commute. Then, the gauge covariant derivatives for fermions can be expanded as

0 _ Zga T Zg, 0
Dﬂqu_ (8M+2TWN+GBU'> qu,
g, -~ ig’
DM€97LL = (8N+2TWN_2BN> f?nL,

(2.9)

DMUEHR = (8 +
0 _ ig 0

D;AdmR - (8u - 3Bu> dmR’

DHeEnR = ((9“ — ig’Bu) eV -

where gluon couplings for the ¢° ;, u® . and d°, ;, are prominent.

o The Higgs term of the SM Lagrangian density is expressed as
£y =(D*6)' Do —V(9), (2.10)

¢+
(bO

where ¢ = ) is the complex Higgs scalar doublet. The gauge covariance

derivative is
g, = ig

The term V' (¢) entering the Eq. 2.10 is the Higgs potential, which is restricted by the
SU(2);, x U(1)y gauge invariance and renormalizability to

V(g) = +u2dte+ A(g1). (2.12)

Negative ;2 and positive \ values allow for non-zero vacuum expectation values
(VEV), which spontaneously breaks electroweak symmetry and generates masses for
W# and Z bosons.

e The Yukawa term (Ly, ) describes the interaction between the Higgs doublet
and fermions, which generates mass of the latter by non-zero VEV of the Higgs field.
For a generic number of fermion families F; it can be expressed as

F
L 7 d
L‘Yuk == Z [F;nnq?nL(éugR + anqfr)nL(bd?LR
m,n=1 (213)

+F$nn29nL¢e(r)LR + F?rmzi)nL%VgR] + h.C.,
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where

5= ir2et = (ﬁ:) (2.14)

is a conjugate form of the Higgs doublet. I'*, 'Y, T'® and I'” are arbitrary ' x F'
matrices determining fermion masses and mixings. Since no additional constraints
are imposed on them®, these matrices introduce most of the free parameters in the
SM and break most of the U (F)® symmetries that are otherwise preserved for the
rest of £.

For example, the mn term of 'Y and its Hermitian conjugate are

0,40, ¢d0 g =Tk, [0, 07 d) g + dp, 1 0%d0 ]

B B i (2.15)
df 70 dx [70  1— 0t 70

anand)qunL = an [an¢ UL + d?LR(ZS TdmL] ’
which can be interpreted as interaction vertices depicted in Fig. 2.2. Yukawa inter-
actions flip the chirality, but conserve the electric charge. Non-diagonal m # n
Yukawa terms are responsible for mixing between fermion families.

ugnL d?nL ng dg
d); - <F7dnn ¢6 Rl <Ffrlnn d): e <1ng*n ¢07T7 > - <5ngzn
d?nR ng u?nL dS@L

Figure 2.2: Yukawa couplings associated with T'¢, ,¢° ; #d® , + h.c.

If one explicitly expands gauge and fermionic terms given in Egs. (2.4) and (2.7)
using the respective covariant derivatives defined in Eqgs. (2.5) and (2.9), the summands
can be regrouped in a phenomenology-oriented manner, where the kinetic, QCD
and electroweak parts of the Lagrangian are isolated. Namely, terms quadratic in
fermionic fields are identified as kinetic, contributions involving the SU(3), gauge
fields as QCD, and those involving the SU(2); and U (1)y-gauge fields as electroweak.
Upon performing this regrouping, the Lagrangian originally written as in Eq. 2.3 can
be rewritten as

£ = Llinee + Locp +Lew+ Ln+ Ly (2.16)

%i.e. they are not necessarily required to be Hermitian, symmetric, diagonal or real
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This decomposition is purely notational and introduces no additional assumptions
beyond those already contained in the original formulation.

The QCD term £ p describes the strong interaction associated with the non-
Abelian gauge SU(3), color symmetry. Its fundamental degrees of freedom are
quarks, which carry color charge, and gluons — gauge bosons mediating the interac-
tion. Due to the non-Abelian structure of the gauge group, gluons also carry color
charge and therefore interact among themselves.

A key property of QCD is asymptotic freedom: the strong coupling decreases
at high energies, allowing perturbative calculations, while it becomes large at low
energies. This behavior introduces the characteristic scale Aycp ~ 200 MeV, below
which the theory enters a strongly coupled regime. In this regime, the phenomenon
of confinement arises, implying that colored particles cannot exist as free asymptotic
states. Instead, the observable low-energy spectrum consists of color-singlet bound
states — hadrons, the simplest of which are mesons, composed of a quark-antiquark
pair, and baryons, consisting of three quarks.

The electroweak interaction term of the Standard Model Lagrangian £ can be
written in terms of fermionic currents as

Loy = f% (WiHIG + W Tl ) = VP + 922,05 — eA,Jh,  (217)

where J{/‘Vi, J4, and J4 denote the charged, neutral, and electromagnetic fermionic
currents, respectively. After electroweak symmetry breaking, the L-handed fermion
fields are rotated from the weak interaction basis to the mass basis by unitary matrices

Aé, defined as

12 = A fu, (2.18)
where f; = uy,d;, e, v and the fields on the right-hand side correspond to the
fermion mass eigenstates.

In the mass basis, the charged current then takes the form
T =20,y AYTAS ) + 20, 4m AYTAdd, . (2.19)
This defines the lepton and quark F' x F'unitary mixing matrices
V, =AY A and V= AYTAT, (2.20)

respectively, where uy, d;, e, and v}, are F-component vectors. The matrix V,
describes the likelihood of transitions between up- and down-type quarks. An
analogous A, matrix is defined for the leptonic sector.
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A complex unitary matrix V,, can be defined’ by (F — 1)? parameters, which
include F/(F — 1)/2 angles and (F — 1)(F — 2)/2 phases. For the nature-motivated
case of F' = 3 families, the quark mixing matrix is commonly dubbed as Vi),

Vud Vus Vub
Vexkm =\ Vea Ves Ve (2.21)
Via Vis Va

It is defined by three mixing angles and an observable C' P-violation phase. The latter
one is in charge of the discrepancy between V), and V(i , matrix elements. The
strength of up-down transitions is illustrated in Fig. 2.3. It clearly illustrates that
transitions within a family are strongly favoured.

Figure 2.3: V), matrix elements visualized as intensity lines for transitions between
up- and down-type quarks. Square root scaling of V;; elements is applied to improve
visibility.

Several V-5, matrix parametrisations exist. The one widely adopted in the Belle
community includes o, 5 and v mixing angles defined as following

Vvtd‘/{;) ) ( Vcdv*b ) ( Vudv*b )
a=arg |~ |, B=ag|———2 |, y=ag| ———= |. (2.22)
( VuaVas ViaV VedVe
They form a so-called unitarity triangle illustrated in Fig. 2.4, in which the unitarity
of the C'K' M matrix implies the a 4+ /5 + v = 7 constraint.

The unitarity and relations between C K M-matrix elements have been subjected
to thorough experimental testing in various decays and scattering processes (e.g.
those illustrated in Fig. 2.4). However, the magnitude of the C'P-violation measured
within the C'K M matrix alone is insufficient to account for baryogenesis as a whole,
meaning an additional — yet unknown — source of C'Pbreaking is required.

’when rotational invariance is accounted for quark fields
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Im A
(p,m)

B — ntxT, pn0, ..

BY — D x¥. DEKF. B® — JJUKY, DD, ...

g 5
(0,0) (1,0) Re

Figure 2.4: Nllustration of the unitarity triangle in the notation commonly used in the
Belle II community. Blue arrows indicate processes, in which the respective mixing
angles can be measured.

2.3 Open problems of the Standard Model

Despite the tremendous success of the Standard Model, there is a plethora of
problems that so far could not be resolved in the developed framework. They include,
but are not limited to:

The Fermion Problem
The composition of terrestrial matter includes solely the fermions of the first family.
Meanwhile, the existance of the other two, which appear as heavier copies of the
first one, is justified by the role they played in the early universe. Both the number
of families F' and the mass hierarchy that spreads across 5 orders of magnitude
between the lightest (e*) and the heaviest (t) fermion are not justified within the
SM. Furthermore, non-diagonal elements of the CKM and the PMNS mixing matrices
differ by several orders of magnitude and are both nearly diagonal, which could hint
at another, yet undisclosed, flavour symmetry. Several beyond SM (BSM) models
attempt to describe these phenomena [8-12], but adequate experimental signatures
are essential to favour one.

The Strong CP Problem
The magnitude of the CP violation remains orders of magnitude below the rate re-
quired to explain the matter-antimatter asymmetry observed in the visible universe.
In contrast to the CP-violation mechanism incorporated in the Yukawa and Elec-
troweak sectors of the SM, the strong interaction mysteriously seems to feature CP
conservation. While this phenomenon is not explained within the SM framework,
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some models suggest that parity might be violated spontaneously [13]. However,
such models usually lead to difficult phenomenological and cosmological problems.
Another possibility is the Peccei-Quinn mechanism [14], which imposes an extra
global U (1) symmetry, making 6, dynamically variable. Spontaneous breaking of
the suggested symmetry introduces an additional very light pseudo-Goldstone boson
known as the axion [15, 16]. Experimental efforts probe this hypothesis by search-
ing for invisible axion-like particles (ALPs) in processes involving electromagnetic
coupling to FWF’ ¥ as a “shining through the wall” effect®, etc.
The Higgs Problem

The Higgs field is responsible for generating the masses of the W* and Z bosons
as well as those of charged fermions through the mechanism of electroweak SSB.
The physical Higgs boson corresponds to the quantum excitation of this field and
has been observed with the mass of approximately M ~ 125 GeV/c?, close to the
electroweak scale. However, the bare mass parameter of the Higgs field receives
quadratically divergent radiative corrections, implying that an extreme degree of
fine-tuning is required in order to obtain the physical Higgs boson mass at the
electroweak scale. Given that it creates tension with the naturalness principle’,
multiple SM extensions have been proposed to stabilize the Higgs mass, including
supersymmetry [17], composite or pseudo-Goldstone Higgs models [18], models
with extra dimensions [19], etc. The current precision of electroweak measurements
and flavour studies constrain most of these models. The possibility remains that
the observed scalar is part of a richer Higgs sector, as predicted in most of the
aforementioned extensions of the Standard Model.

The Gravity
Since general relativity is not a quantum theory, it can not be consistently unified
with the QFT description of the SM. Therefore, drastically alternative perspectives
exist, such as loop quantum gravity [20], Kaluza-Klein theory [21], supergravity [22—
24] and, of course, string theories. The latter appear to be the most promising, but
they struggle with infinite possibilities of string vacua, without an obvious selection
principle. Potentially, they might become prominent at the higher energy scale,
which is not reachable at the site of modern experiments.

The Gauge Symmetry Problem
The SM is built around the gauge symmetry G (see Eq. 2.1). However, only its
electroweak term is chiral and parity-violating. Similarly, the quantisation of charge,
which is essential to make charge neutrality possible, is not explained within the
SM. The complicated gauge structure might presume a certain interaction unification
either via a superstring of a kind [25-28], or via grand unification [29]. In either way,

8i.e. photon-axion-photon conversion producing a signal on the other side of an opaque barrier
%i.e. fundamental parameters should not depend on delicate cancellations
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it would explain both phenomena though embedding of hypercharge values Y, some
of which would be forbidden due to higher symmetries.

2.4 Belle II experiment physics programme

The activity in individual Belle II working groups (WGs) gives a good snapshot of
the Belle II physics programme and outlines the ongoing experimental efforts aimed
at the search for answers to the open questions of the SM and beyond discussed
above. Its brief summary is provided below.

The Semileptonic and Leptonic B-Decays WG focuses on semileptonic b — ¢
and b — u transitions to measure the CKM matrix elements |V,,;| and |V, |, probing
for new physics in both inclusive and exclusive processes. Charged and radiative
leptonic decays, e.g. BT — e/u/7or BT — {~uv, are also attributed to this WG.

The Radiative and Electroweak Penguins (EWP) WG gathers under its um-
brella

« Inclusive b — s radiative decays via inclusive, partial and full reconstruction
tagging;

Inclusive b — sy and b — d~ radiative decays via exclusive methods;

Exclusive b — sy and b — d- radiative decays relevant in the context of
polarisation or asymmetry studies, e.g. B — K7, K*yor B — pvy,wy,ay7;

« EWP with neutrinos, e.g. B — Kvvor B — vi;

Inclusive dilepton decays, e.g. B — X (1(~;

Rare and forbidden decays, e.g. B, — 77, neutral leptonic B(Os) — TT, or
lepton or/and flavour violating B — ¢7 decays.

The Time-Dependent CP Violation (TDCPV) WG revisits measurement
of unitarity triangle parameters. Namely, the « angle is measured in processes
like B — pp, p7,ay7; precision of the § angle can be improved in various
b — ccq processes, while search for new phases is carried out in b — sqq
transitions. Lastly, the v angle is revisited with the GLW method in processes
like B — D(KK,nr, K¢n®)K; the ADS method in doubly Cabbibo-suppressed
decays, e.g. B — D(Km)K; the GGSZ Dalitz method in three body decays, such as
B — D(KgKK)K or B — D(Kgnm)K; or the combined GLW+ADS method in
processes like B - DK, D*K, DK*.
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The Charmless Hadronic B-decays WG manages efforts in direct CP violation
measurements, in particular angular analyses for B — V'V. It also studies 2 body
B — hh’ and Dalitz-motivated 3 body processes; as well as hadronic B, decays,
QCD factorisation and flavour symmetry breaking.

The Charm WG has an elaborate physics programme that includes study
of D° mixing, direct CPV in the charm sector, radiative decays, signs of NP via
rare/forbidden decays (e.g. D — 7, D — e*e™) and (semi-) leptonic decays.

The Quarkonium WG focuses at inclusive baryon and meson production in
T(nS) decays, energy scan studies, production of exotic charmonium-like states
below and above the open-charm threshold and (potentially) b-hadron production at
T(55).

The Tau WG governs efforts in studying lepton flavour violating (LFV) 7 decays,
T properties, lepton universality, CP violation in leptonic sector and precision
measurements of SM decays.

The Dark Sector and Low-multiplicity WG includes two-photon and precision
electroweak physics, as well as the search for dark photonlo, ALPs, BSM scalar bosons
(e.g. the dark Higgs), etc.

1%4n direct production (via exotic mixing) and exotic final states






Chapter 3

The Belle II experiment

The Belle II experiment is a successor of the Belle experiment, which
was successfully running from 1999 to 2010. It is located on the flatlands
of the Ibaraki prefecture, Japan, near the city of Tsukuba. For a decade,
together with the BaBar experiment, Belle held leadership in B-physics
and beyond. It accumulated a large sample (1 ab—?) of electron-positron
collision data that was utilised in hundreds of analyses to study B-decays,
discover exotic quarkonium-like states, search for physics beyond the
SM, etc. The most prominent experimental result delivered by Belle
collaboration, the discovery of CP violation in B-decays, was honoured
with a Nobel Prize in 2008. Belle II experiment aimed to follow-up on the
physics programme of its predecessor by looking into yet unaddressed
mysteries with the improved machinery and data analysis techniques.

3.1 The SuperKEKB accelerator

SuperKEKB represents an upgraded version of the former KEKB collider. The
primary goal of the Belle II experiment is to accumulate a data sample approximately
50 times larger than that of Belle (=50 ab~!). Achieving this requires a substantial
increase in the instantaneous luminosity by a design factor of 40. This section
highlights key SuperKEKB upgrade features, while a more comprehensive accelerator
overview is provided in Ref. [30].

Fig. 3.1 schematically illustrates the layout of the SuperKEKB facility. The existing
KEKB tunnels gave room for the upgraded low- and high-energy rings (LER and
HER, respectively), each around 3 km in circumference. The HER stores bunches
of electrons accelerated to 7 GeV, while 4 GeV positrons are stored in the LER. The

17
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energy asymmetry quantified as 5 has been decreased from 0.48 to 0.28 to allow for
reaching higher beam currents, while an improved spatial resolution of the newly
developed vertex detector (VTX) balances it out.

A reconfigured radio frequency (RF) gun fires short laser pulses onto a photo
cathode to produce electrons, which are accelerated up to 7 GeV in LINAC before
being dumped into the HER. At the same time, a thermionic electron gun inherited
from KEKB generates 3.3 GeV electrons that strike a new tungsten target, producing
bremsstrahlung photons which, in turn, generate electron-positron pairs. To enhance
positron production, flux concentrators and large-aperture accelerating structures are
installed around the tungsten target. To meet the injection requirement on positron
emittance, an additional damping ring is employed to reduce it by a factor of two. A
combination of the new tungsten target and the newly constructed dumping ring
decreases horizontal positron emittance by a factor of 5-10 [30].

IBE‘"E Il detector |

callision point

Positron fing |

Electron-FPositron
linear accelerator |

Figure 3.1: Schematic of the SuperKEKB facility. The positron storage ring (LER) is
shown in red and the electron storage ring (HER) in blue. Other key components—the
LINAC, damping ring, and Belle II detector centred at the interaction point where
collisions occur—are labelled accordingly.
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A key design change aimed to ramp up instantaneous luminosity is the so-called
nano-beams scheme, which is illustrated in Fig. 3.2. It pursues the idea of minimising
the longitudinal size of the overlap region for colliding bunches (d) to reduce the
vertical beta function (/3;) in the interaction region (IR), which is generally limited by
the hourglass effect. In the case of head-to-head collisions, the hard limit introduced
by the hourglass effect is defined by the longitudinal bunch size: 8, > o, where
o, ~ 5 mm. This is why a collision scheme at a finite crossing angle has been adopted.
In this case, the hard limit on the beta function is expressed as:

*

g >dx= e (3.1)
¢

where o, is the transverse bunch size and ¢ is the crossing angle, which is set to
41.5 mrad. The feasibility of collisions at a large crossing angle was tested during
late stages of the Belle experiment using crab cavities'. This allowed reaching
record luminosity reported in Table 3.1 and proved the design concept that was later
implemented in Belle II. A secondary hourglass effect emerges for collisions at a large
crossing angle due to the vertical displacement of colliding particles in a non-uniform
betatron function field. It has been addressed with a crab-waist scheme, which uses
sextuple magnets to correct the trajectory of displaced “waist” particles and prevent
the beam performance degradation and the §, blow-up.

0.25 mm

6 mm

Figure 3.2: Illustration of the nano-beams scheme for colliding beams.

For a collision of two flat bunches of the same size, the luminosity is quantified

as:
Lzu([ifyi) & ’ (3-2)
2er, 5Zi REy

where «, e and r, are the Lorentz factor, the elementary charge and the electron
classical radius, respectively; the + subscript denotes association of parameters to

IKEKB originally employed an (almost) head-to-head collision scheme with 22 mrad crossing angle
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positrons (+) or electrons (—). The reduction factors R; and ng arise from the
crossing angle and the hourglass effect and are of the same order of magnitude.
Tunable parameters that fundamentally define the luminosity are the total beam
current (/), the vertical beam-beam parameter (£,) and the vertical betatron function
at the IP (5;). Achieved and designed values of these parameters for KEKB and
SuperKEKB, respectively, are provided in Table 3.1. A reader can point out that the
adoption of the nano-beam technique allowed reducing the vertical beta function by
a factor of 20, which in combination with the doubled target currents facilitates a
factor of 40 luminosity increase.

Parameter KEKB SuperKEKB

(LER/HER) (achieved)  (designed) Units
Energy 3.5/8.0 4.0/7.0 GeV

£y 0.129/0.090  0.090/0.088

BZ 5.9/5.9 0.27/0.41 mm

I 1.64/1.19 3.60/2.62 A
Luminosity 2.11 80 x10%* em2 571

Table 3.1: Summary of achieved and designed beam parameters for KEKB and Su-
perKEKB, respectively.

To maintain beam focusing at the interaction point, a new magnet assembly
known as the QCS system was installed in its vicinity. The system comprises eight
quadrupole magnets—five superconducting and three permanent—along with 43
corrector magnets and four compensation solenoids designed to counteract the
magnetic field of the Belle II solenoid. This field compensation effectively minimises
the vertical beam emittance near the interaction point.

The SuperKEKB accelerator performed the first collisions in April 2018. Since
then, the instantaneous luminosity record that was earlier set by KEKB was updated
several times. It currently stands at 5.1x103% cm~2s71 2,

The machine has a certain degree of the energy tuning flexibility, which allows
operating at different centre-of-mass (CM) energies (E();). The accessible Fy
range includes Y(nS) resonances (n = 1, 6) and intermediate off-resonance points.
The maximum achievable centre-of-mass energy is limited to 11.24 GeV due to the
limited injection power of LINAC. Although, even if this limit is circumvented,
the performance of magnets would only allow ramping the energy up to 12 GeV.
The majority of the Belle data sample (~ 70%) was accumulated at the centre-of-
mass energy that corresponds to the T(4S) resonance (E¢);=10.58 GeV), while the

2As for the time of delivering this letter, set in December 2025
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remaining data sample is shared between other T(nS) resonances and continuum
collisions. The latter, in particular, includes several energy scan campaigns, when
the machine was operated at off-resonance E,, points to accumulate a data sample
useful for studies beyond B-physics. A similar campaign has been carried out during
the early Phase 2 of Belle II experiment (Nov 2021). E,, scan points have been
chosen in between those of Belle to cover a wider physics programme (see Fig. 3.3).

PR - el
m el |

1258

Lemarosity [107°]

Ty

Cares-of-mass enengy [Ga'v]

Figure 3.3: E) points KEKB and SuperKEKB accelerators were operating at during
the respective energy scan campaigns.

3.2 The Belle II detector

The Belle II detector is positioned around the interaction point, where the elec-
tron and positron beams collide. It consists of multiple sub-detectors, each with a
unique design and specific functions (see Fig. 3.4). The detector features an asym-
metric geometry to account for the centre-of-mass boost in the Oho direction. The
superconducting solenoid, which encloses the magnetic spectrometer and electro-
magnetic calorimeter, generates a 1.5 T magnetic field parallel to the beam axis. It is
made of a niobium-titanium alloy and is cooled to superconducting temperatures
using a liquid-helium cryogenic system. The coordinate system commonly used for
discussing the detector geometry is defined as follows: the z-axis is parallel to the
beam axis and points in the direction of the energy boost, with the origin (z = 0)
set at the IP. The = and y axes lie in the plane perpendicular to the z-axis, where
the z-axis is oriented horizontally outward from the collider centre, and the y-axis
is defined vertically upward. An alternative, spherical coordinate space, employs
commonly-defined polar () and azimuthal (¢) angles.
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In this section, we briefly outline the main sub-detectors constituting the Belle
II detector and the readout system utilised to process recorded data. For curious
readers, an actual picture of the Belle II detector is given in Fig. A.2 of the App. A. It
has been taken in the Tsukuba Hall in February 2023, when the detector was partially
disassembled due to the undergoing first long shutdown (LS1). Many accelerator
and detector components have been upgraded during the LS1. In particular, the
single-layer PXD1 that was in operation during Phase 2 has been replaced with the
complete two-layer PXD2.

TR SYEW

Figure 3.4: Schematic top-view of the Belle II detector [30].

3.2.1 The Vertex Detector (VXD)

The innermost sub-detector, VXD, performs precise tracking and vertex mea-
surements. It comprises two constituent parts: the Pixel Detector (PXD) and the
Silicon Vertex Detector (SVD). In tandem, they provide a polar angular coverage
of 17° < 6 < 150°, while resolution of the impact parameters and the lifetime® is
around 12 pm and 65 fs, respectively [31]. A more compact design of the Belle II
interaction region (IR)* allows the VXD to be placed closer to the IP. This results

3Estimated for the D-meson decay.
4w.r.t. the Belle SVD
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in an increase in beam-induced background abd necessitates an exceptionally high
trigger rate (30 kHz) for teh readout system.

Figure 3.5: Picture of the VXD taken in the clean room with PXD and SVD assembly
in progress (credit: Koji Hara and Katsuro Nakamura, KEK).

The Pixel Detector (PXD)

The pixel detector [32] is the innermost component of the VXD. It consists of 40
modules (half-ladders) arranged in two layers, each displaced for 14 mm and 22 mm
from the beam axis respectively see (Fig. 3.6). Since one of the focal points of this
thesis is the background monitoring in the PXD (see Chapter 4), this sub-detector is
described below more elaborately than others.

Detection mechanism

The PXD utilises depleted field-effect transistors (DEPFET) for signal detection.
The underlying concept of the DEPFET was developed Josef Kemmer and Gerhard
Lutz in the MPI for Physics [34] in 1987. It performs signal detection and amplification
within a single device. The PXD is the first “field” application of this technology in a
particle physics experiment. Thickness of the sensitive area is of high importance for
vertex detectors, as a particle passing through a detector layer undergoes multiple
scattering, which degrades the vertex resolution. These considerations motivate the
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Figure 3.6: Rendering of: [left] complete PXD design, [right] a PXD module (forward
direction, outer layer) by the DEPFET collaboration [33].

choice of DEPFET technology for the PXD, as it allows reaching the thickness of a
sensitive area as small as 75 ym.

A DEPFET pixel consists of a silicon bulk that is grounded to a positive contact and
capped by a p-channel Metal Oxide Semiconductor Field Effect Transistor (MOSFET).
The positive grounding plate depletes the bulk region of free charge carriers, leaving it
fully depleted, while the p-doped ground plate acquires a negative potential. When a
charged particle traverses the silicon bulk, it ionises the material, producing electron—
hole pairs. The “positively charged” holes drift toward the ground plate, whereas the
electrons are collected in a potential minimum just beneath the FET gate forming
the “internal gate”, which compensates the potential of the FET gate. Once the gate
is active, the drain current, which is proportional to the count of generated charge
carriers, can be measured. After the amplified signal is sent down the data acquisition
sequence, the drift charge is cleared by applying a positive potential to the clear gate.
This forces electrons to drift towards the original location clearing the internal gate
and allowing the next measurement to be performed.
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Figure 3.7: Schematic Illustration of a DEPFET pixel [33].

Module design and readout

Each pixel measures 50 x (55-60) pm? in the inner layer and 50 x (70-85) um? in
the outer layer. The pixels form sensitive areas of 768 x 250 units each, corresponding
to widths of 12.5 mm for modules in both layers, and lengths of 44.8 mm and 61.44 mm
for modules in the inner and outer layers, respectively. Each sensitive area is mounted
on a 420 um-thick silicon support frame, defining the dimensions of each half-ladder
as 15.4x 68 mm? for the inner modules and 15.4x 85 mm? for the outer modules. The
supporting structure of a PXD module ensures mechanical stability and provides
space for application-specific integrated circuits (ASICs) essential for control, read-
out and voltage supply. The latter is provided by a flexible printed circuit (Kapton),
which establishes the connection to external control systems and power supplies.

The pixel matrix of each sensitive area consists of 250 long columns and 768 short
rows. Electrically, pixels are connected in a way that combines four physical rows
into a row group, giving 1000 pixels in total per group. This rearrangement defines
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1000 logical columns, called drain lines, and 192 logical rows, known as gates. This
modified logical structure enables a higher readout speed. The voltage is applied
to each DEPFET pixel in a way that allows the accumulated charge to flow along
the drain line it towards the Analog-to-Digital Converter (ADC). The readout is
performed from all logical columns simultaneously, while the signal from individual
drain lines is sampled in sequence to ensure stable readout and complete discharge.

The readout of a module utilises ASICs of three different types that are placed
directly on the supporting structure of a half-ladder:

Switchers

Six switchers [35] hosted by each module frame provide fast voltage pulses of
up to 20 V in amplitude to activate gate rows and clear the internal DEPFET gates®.
When no voltage is applied, drain charge is accumulated in the sensor. Application
of the gate voltage kick-starts the readout via an ADC. After a delay, sufficient for
readout to be completed, the clear voltage is added to neutralize the collected charge.
The complete readout cycle takes about 100 ns before a switcher continues with
the next row. With almost 200 rows, the complete readout cycle of a module takes
around 20 ys.

DCDs

Each of the four Drain Current Digitizers (DCD) [36] mounted for each module
converts analog drain currents from the DEPFET matrix into digital signals with
8-bit resolution across 256 channels. Implemented in 0.18 m CMOS technology
with radiation-hard design, the DCD achieves noise levels below 100 nA and operates
reliably up to doses of 7 MRad. The analog input stage keeps the column line potential
constant, which is necessary for fast readout. It also performs pixel-to-pixel offset
correction (pedestal compensation) and provides adjustable gain and bandwidth,
allowing noise optimisation for each pixel individually.

DHPs

Four data handling processors (DHPs) [37], each handling output from one of four
DCDs, reduce data volume from the DCDs through zero suppression and selective
readout of triggered events. Before suppression, the data are corrected for common-
mode noise and pixel pedestal fluctuations, with offsets continuously updated to
account for slow drifts. The processed hit data are stored in buffers and read out
upon receiving a trigger signal (the buffer size is chosen to store the data of an
entire module twice, ensuring that the previous readout remains available after a
trigger signal). Each DHP transmits the selected data via high-speed optical links

SAll pixels within a logical row receive the same voltage.
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(1.25 Gbit/s), providing a total bandwidth of 5 Gbit/s per module. In addition, the
DHP controls synchronisation of the DCDs and switchers and provides configuration
access through a JTAG interface.

The Silicon Vertex Detector (SVD)

As discussed in Sec. 3.2, the primary goal of the silicon vertex detector is to
precisely measure the position of the primary decay vertex without significantly
distorting kinematic properties of decay products. This requires the SVD to have low
mass, high resolution and radiation tolerance. The latter is motivated by its proximity
to the IP, which subjects the sub-detector to high radiation and requires its efficient
cooling.

To fulfil the above requirements, the SVD design is similar to that of the PXD. It
consists of 49 ladders arranged in four layers (see Fig. 3.8). The innermost layer is
positioned 38 mm from the interaction point, while the outermost layer is located
140 mm away from it. Most of the ladders are rectangular, except for those mounted
in layers 2-4 toward the forward endcap, which are trapezoidal®. The polar angular
acceptance ranges from 17°to 160°. The asymmetry of the acceptance region accounts
for the forward boost in the centre-of-mass frame. The total of 187 double-sided
sensors is connected via manifolds across the ladders following the Origami con-
cept [30]. Each sensor consists of a set of highly p-doped strips oriented along the
beam direction and highly n-doped strips arranged perpendicular to it. The strips are
separated by an n-type bulk region that becomes ionised when traversed by charged
particles. This ionisation produces electron-hole pairs, with the electrons and holes
drifting toward the nearest oppositely charged strips. The size of DSSD sensors varies
from 36x 123 mm? to 58 x 123 mm?. Rectangular sensors mounted on rectangular
ladders are arranged such that the long strips on the p-side run parallel to the beam
axis, while the short n-side strips are oriented along the  — ¢ plane. Slanted DSSDs
are utilised for trapezoidal ladders.

When ionising radiation passes through the silicon strips, it generates free elec-
trons and holes that, within the solenoid’s magnetic field, experience the Lorentz
force, causing a transverse spread. In order to minimise it, all modules are tilted.
According to Ramo’s theorem [38], the motion of both carrier types induces same
currents on p- and n-sides, but die to higher mobility: the Hall angle (and thus the
deflection) is three times higher for electrons than for holes. Consequently, the tilt
angle of the sensor plane reduces the electron spread at the cost of increased hole
spread (see Fig. 3.9). The overlap between adjacent ladders accounts for 8 to 10% of

The change of shape is motivated by the limited design volume.
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Figure 3.8: Schematic design of the SVD geometry. Black integers mark the number
of APV25 readout chips for each side of a ladder [30].

the total sensor area. A relatively large overlap facilitates precise module alignment,
which is difficult to achieve with alternative methods, e.g. using cosmic muons.
The primary readout system of the SVD involves 1902 APV25 chips [39] (each
reading 128 strips), an Flash Analog-to-Digital Converter (FADC) and a Processing
module (PROC). Extrapolation of dosimetric measurements performed in the area,
where DOCK boxes of the SVD2 were installed, yielded the expected radiation doze of
250 kRad, which is deadly for most on-shelf components. This is why the conversion
and processing block is placed away from the IR and connected to APV25 chips with

some 12 m-long copper cables.

'y
-
shoft BRSO T i i
' +HY i

i
L -5t f
- e e owee long ships along 2 -
HY — -
Farfiche Py Parhiche:
from IP i BHE from iR

Figure 3.9: Sensor orientation in the magnetic field: [left] electrons and holes deflected
by Lorenz force in the magnetic field passing through an untilted module; [right] the
minimised spread of charge carriers in a tilted module [30].
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3.2.2 Central Drift Chamber (CDC)

The Central Drift Chamber (CDC) is the third innermost sub-detector, which plays
a key role in tracking and particle momentum measurements [40]. It also provides
energy loss measurements (d E'/dz) that are crucial for particle identification. Low-
energy tracks that do not leave the CDC volume can be identified using the dE/dx
measurements alone. Finally, it provides efficient and reliable trigger signals for
charged particles.

The CDC has a radius of 160-1130 mm from the beam axis and extends for 2.4 m
along it. The total of 14366 sensor wires is arranged within its fiducial volume, which
is filled with a 50:50 mixture of He and C,Hg gasses. An ionising particle passing
through the CDC volume generates free electrons, which are accelerated in the strong
electric field before reaching the sensor wires. An avalanche created by the chain
reaction amplifies the signal to increase its detection efficiency. The spacial resolution
of the CDC wire grid is 120 pm [41], while the maximum drift time is 350ns.

Thin (30 um) CDC sensor wires are arranged in eight alternating super layers.
Each super layer is composed of 6 layers’ (in contrast with 3 or 4 layers in the Belle
CDC design). The innermost and outermost super layers have an axial layout® (“A”),
which mimics the shape of adjacent sub-detectors (see Fig. 3.10). The intermediate
super layers are arranged in the alternating sequence of stereo (“U” or “V”) and axial
layers. The wires in stereo layers are tilted for an angle that varies between 70 and
74 mrad. The stereo design provides spacial information in the = — y plane, while

"Except for the innermost layer, which has 2 additional layers containing guard wires.
8Parallel to the solenoid field.
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Figure 3.10: Left: the layout of CDC wires in  — y plane. Right: the arrangement of
CDC wired in an axial [top] and a stereo [bottom] layer [41].
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the z coordinate is measure by axial layers. In tandem, they facilitate a complete
three-dimensional reconstruction of track helices. The complete arrangement of
CDC super layers is expressed as: AUAVAUAVA.

The new readout electronics system has been developed to handle higher trigger
rates with less deadtime. A new ASIC chip that incorporates an amplifier, a shaper
and a discriminator processes the readout signal, while a time-to-digital converter
(TDC) implemented on a field-programmable gate array (FPGA) measures the drift
time. The signal charge is measured by a slow (~ 30 MHz) FADC. The components
of the frontend electronics mentioned above are mounted on a single board located
near endcaps. It sends signals to the electronics hut (E-hut) via optical fibres.

3.2.3 Particle Identification

The role of the particle identification (PID) at Belle II is devoted to two sub-
detectors: the Time of Propagation Counter (TOP) surrounding the barrel region
and the Aerogel Ring-Imaging Cherenkov detector (ARICH) covering the forward
and backward endcap regions. Both sub-detectors make use of the Cherenkov effect,
which suggests that a particle propagating in a medium with a refraction index n > 1
radiates light. The angular distribution of the emitted light is expressed as:

0= arccosi7 (3.3)
Bn
where 8 = v/c - is the particle velocity expressed in units of the speed of light in
vacuum. The angle O shapes the conical wavefront, known as Cherenkov cone (see
Fig. 3.11). eq. 3.3 relates a particle’s velocity to its Cherenkov angle. Combined with
momentum measurements from other subdetectors, this permits mass inference.

The combined performance of the TOP and ARICH sub-detectors provides ex-
cellent kaon—pion separation across the full kinematic range, while electron-muon
discrimination is achievable for particles with momenta below 1 GeV/c?. The current
TOP hardware and software configuration achieves a kaon identification efficiency
of 85% with a 10% pion misidentification rate [42], while the ARICH attains a 93%
kaon identification efficiency at the same pion misidentification rate [43].

Time of Propagation Counter (TOP)

The Time of Propagation Counter (TOP) [44] consists of 16 quartz bars, each
measuring 270 x45x 2 cm?, arranged around the outer surface of the CDC. Five out
of six facets of each bar are coated to fully reflect Cherenkov photons produced by
traversing charged particles. The remaining backward end is transparent. It extends
into a 51 mm-wide prism, to which an array of 32 microchannel-plate photomultiplier
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Figure 3.11: Schematic illustration of Cherenkov radiation showing the cone formed
by overlapping wavefronts.

tubes (MCP-PMTs) is attached (see Fig. 3.12). A focusing system that disperses the
ring image according to wavelength is employed to reduce the chromatic smearing
of the Cherenkov light [45], which limits the PID performance. To implement it, a
focusing spherical mirror (r = 7 m) is mounted to the forward side of each quartz
bar.

The schematic path of photons propagating through the quartz medium is shown
in Fig. 3.12. Photons with different © focus onto different PMT channels. The
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Figure 3.12: Schematic illustration of the Cherenkov light propagation in the TOP
detector.
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Cherenkov image is reconstructed from three-dimensional information - the (z, y)
coordinates and precise timing — both provided by the MCP-PMTs. Each module
contains four board stacks, each equipped with 16 custom-built 8-channel ASICs
responsible for waveform sampling readout [30]. The timing information is subse-
quently extracted using Standard Control Readout Data (SCROD) boards [46].

Aerogel Ring-Imaging Cherenkov Detector (ARICH)

The proximity-focusing Aerogel Ring-Imaging Cherenkov detector (ARICH) [47]
is installed in the forward endcap region. The ARICH system consists of an aerogel
radiator, where Cherenkov photons are generated; an expansion volume; an array of
position sensitive photon detectors; and a readout system (see Fig. 3.13).

The two-layer silica aerogel radiator comprises 2x 248 individual tiles with high
optical transparency (A > 40 mm for A=400 nm [30]), each measuring 16 x 16 x2 cm?.
The tiles are made from two types of aerogel with refractive indexes of 1.045 and 1.055.
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Figure 3.13: Schematic illustration of the Cherenkov light propagation in the ARICH.
The focusing radiator is composed of materials with gradually increasing refraction
indexes for better photon detection efficiency.
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The refractive indices are selected to ensure that the Cherenkov rings generated in
the two aerogel layers coincide on the photon detector plane (see Fig. 3.13). Separated
from the radiator by a 20 cm-wide expansion volume, the photodetector consists of
540 hybrid avalanche photon detectors (HAPD) arranged in 9 concentric rings in the
radial direction. The HAPD modules are produced by Hamamatsu Photonics. Each
module measures 73x 73 mm? in cross-section and contains a 12x 12 array of pixels,
4.9%x4.9 mm? each. They serve as baseline photon detectors, offering high single-
photon detection efficiency and excellent spatial resolution. A dedicated ASIC-based
readout system is employed to pass the 80k-channel output of the photodetector to
FPGA:s for the feature extraction [30]. The ASIC and the FPGA chips are encapsulated
in a printed circuit board directly attached to the HAPD output pins.

3.2.4 Electromagnetic Calorimeter (ECL)

The Electromagnetic Calorimeter (ECL) is mainly responsible for photon detection
and the precise measurement of photon energy and angular coordinates. It also
assists with electron identification, online and offline luminosity measurement and
generation of trigger signal (more in Sec. 3.3) [30]. Since roughly a third of B-decays
involve 7¥’s and/or other neutral particles in wide a kinematic range from 20 MeV
to 4 GeV, a high resolution calorimeter is utilised by Belle II. The energy-dependent
resolution of the ECL is expressed by Eq. 3.4. This, for example, gives a 2 MeV energy
resolution for a photon with the energy of 100 MeV.

op _ [{0.066%\% (081%\>
E_\/< a ) +( \/E) +(1.34%)? (3.4)

The ECL consists of a barrel and two endcap regions (forward and backward),
which together provide a polar angle coverage of 12.4° < § < 155.1°°. The barrel
section is 3 m long and 1.25 m in radius, while the forward and backward endcaps
are located at z = 1.96 m and z = —1.02 m respectively. Each section is composed
of thallium-doped caesium iodide CsI(Tl) crystals, with 6624 in the barrel and 2112
in the endcaps. Altogether, the calorimeter contains 8736 crystals with a total mass
of roughly 43 tons. Each crystal is covered with a 200 um thick of Gore-Tex porous
teflon followed by two 25 pm thick layers of aluminium and mylar. The crystals
composing the barrel region are shaped as truncated pyramids with an average size
of about 6 X6 cm? in cross-section and 30 cm in length, while the crystals in endcap
regions have 69 different shapes. Two 20x 10 mm? Hamamatsu Photonics $2744-08
photodiodes are mounted to each crystal through a 1 mm thick acrylite plate.

except for two ~1° wide gaps between the barrel and endcaps
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Two independent pre-amplified signals are read out from each crystal and digi-
tised at external Shaper Digital Signal Processor (ShaperDSP) boards, which are
placed in 52 crates around the Belle II detector. Waveform fits are done to the digi-
tised signals using FGPAs to extract amplitude and timing information from the
original light pulses [30].

3.25 The K 2 and Muon Detector (KLM)

The outermost detector, KLM, is responsible for the detection of long-living
particles, mainly K¢ and muons, and serves as the magnetic flux return for the
solenoid. It is located outside the superconducting solenoid, but inside the magnetic
yoke. Similarly to the ECL, it is composed of an octagonal barrel covering the polar
angle range from 45° to 125° and two endcaps extending the nominal acceptance
coverage to the range 20°-155°. The barrel consists of 15 detector layers interleaved
with 14 iron plates, whereas each endcap contains 14 detector layers and 14 iron
plates.

Each detector layer in the barrel section consists of glass electrode resistive
plate chambers (RPCs) [48] which range from 2.2x 1.5 m? to 2.2x2.7 m? in size, the
exception being the modules in the vicinity of the helium chimney, where each plate
is 63 cm shorter (see Fig. 3.14). Each side of a symmetric RPC module consists of two
3 mm thick dielectric glass layers with a narrow gap filled with air in between (see
Fig. 3.15). A mylar spacer separates two symmetric sides. While being technically
insulating, glass electrodes do conduct electricity with extremely high resistivity.
When a high voltage is applied to both electrodes, a particle passing through the
material generates ions, which are accelerated by the strong electric field and ignite
a chain reaction resulting in a streamer serving as a conducting channel allowing
charge to flow between plates. The aforementioned air gaps help with the initial
streamer formation and prevent afterpulsing in the surrounding area. The high
resistance of glass limits transverse spread of the discharge allowing to precisely
map it on external pickup strips, each 5 cm in width. There are 48 pickup strips
attached to each module, which are arranged in two orthogonal layers and compose
a pickup superlayer capable of two-dimensional positioning of the discharge. The
dielectric foam separating pickup strips from an outer conducting ground plate serve
as a transmission line. The signals from both readout planes are transmitted via
twisted-pair cables to discriminators and serializers mounted on the periphery of
the iron yoke. Long recotime of the electric field in RPCs leads to an extended dead
time, thereby reducing signal detection efficiency under high-background conditions.
Although, even when operating at the SuperKEKB design currents, the beam-induced
background is expected to remain comparable to the level of the cosmic radiation.
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Figure 3.14: Schematic side-view of the KLM detector. Gray lines mark the nominal
polar angular acceptance [30].

In contrast, endcap regions of the KLM are strongly affected by the high flux of
neutrons produced upstream in the beam pipe and reaching the detector due to the
limited shielding along the beam line. RPCs are therefore not suitable for endcap
sections of the KLM, where scintillators are employed. Due to the limited hardware
space and the strong magnetic field, photomultipliers are also not suitable for signal
amplification. Instead, organic scintillation strips, each measuring on 8.5 x40 mm? in
cross-section and from 885 to 2820 mm in length, each embedded with a wavelength-
shifting fibre, are utilised to collect the produced scintillation light. The signal of
each fibre is read out by a silicon sensor attached to the end of a strip. The total of
16800 strips are arranged into 28 superlayers. The readout of the signal from organic
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Figure 3.15: Exploded cross-section of an RPC superlayer [30].

sensors is performed by a 16-channel ASIC chip, which passes it to an FPGA for
digitisation.

Muons and non-showering charged hadrons—those that either decay in flight
or do not undergo hadronic interactions—traverse the KLM until they either escape
(for momenta above approximately 1.5 GeV/c) or range out due to electromagnetic
energy loss. As they propagate through the KLM volume along nearly straight tra-
jectories, their track identification is challenging. In order to distinguish muons from
charged hadrons, the KLM signal is combined with the CDC readout to construct the
identification likelihood. The muon identification efficiency is 89% for candidates
with the momentum above 1 GeV/c, while the efficiency of K 2 reaches a maximum
of 80% for a momentum of 3 GeV/c. The majority of false positive muon candidates
are in fact charged pions. On contrary, K candidates do not leave hits in the CDC
and therefore follow a different identification algorithm, which involves clusters
reconstructed in the ECL. It requires at least two aligned clusters projecting roughly
to the interaction point: either both belonging to two different KLM layers for KLM-
only K; candidates, or each belonging to their respective sub-detector for ECL+KLM
candidates. Following this approach, the K detection efficiency rises nearly linearly
with momentum, reaching its plateau of 80% at 3 GeV/c?. The resolution is approxi-
mately 1.5° and 3° for K; candidates reconstructed with KLM-only and ECL+KLM
algorithms, respectively.
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3.3 The Belle II Data Acquisition (DAQ)

3.3.1 Trigger System (TRG)

The Belle II Trigger System (TRG) is employed to isolate individual events in the
continuous flow of data recorded by the detector and to discard those that are not
interesting from physics perspective, helping to reduce disc occupancy. It performs
a trivial analysis of data acquired from outer sub-detectors to classify the shape of
events into one of predefined categories. In this way — using the charge and track
direction determined by the CDC and ECL, the timing information provided by the
ARICH and TOP, the energy deposition integrated by the ECL and the presence
of muons reconstructed by the KLM — the Belle II trigger has the classification
efficiency for events that include B-mesons above 99%. In order to cope with the
target luminosity of 8x103% cm~2s™1, the trigger is designed for a maximum average
trigger rate of 30 kHz, a fixed latency of 5 us, the timing precision below 10 ns and a
minimum two-event separation of 200 ns [49]. The trigger rate expected for relevant
physics events is summarised in Table 3.2.

Physics process Cross section (nb) Rate (Hz)
Y(4S) — BB 12 960
Hadron production from continuum 2.8 2200
whpo 0.8 640
Thr 0.8 640
Bhabha ( 6, > 17°) 44 350*
YY (Qlab Z 170) 2.4 19*
27y processes (0, > 17°,p, > 0.1GeV/c) ~ 80 ~ 15000
Total ~ 130 ~ 20000

Table 3.2: Total cross-section and trigger rates at the design luminosity from various
physics processes at Y (4S) CM energy [30]. For the entries marked with a *, the rate
is pre-scaled by a factor of 1/100.

All readout channels of individual sub-detectors send data to the global decision
logic (GDL) [50], which summarises available signals to create the final trigger
decision signal. Flexible configuration of the GDL allows masking or emphasising
particular channels, if tuning adjustments are required. The trigger decision is sent
out to frontend timing switches (FTSW) [51]. Multiple FTSWs arranged in a tree-
like structure ensure simultaneous readout of the most recent data by the frontend
digitalisation boards. If the final decision of the L1 trigger is positive, a signal that
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includes an automatically incremented event number and a 64-bit trigger type is
passed to the high level trigger (HLT).

3.3.2 Data Flow

All Belle II sub-detectors, excluding the PXD, have a similar readout scheme. Raw
data are promptly read out and digitised by individual fast FPGA- or ASIC-based
Front End Electronics (FEE). Each FEE module then sends data via the Belle2link
using a unified data transfer protocol [52] to several Common Pipeline Platform
for Electronics readout (COPPER) boards [53] located in the E-hut. Each COPPER
module additionally receives a trigger signal and current calibration constants, which
allow building a sub-event fragment. Up to 16 individual sub-event fragments corre-
sponding to a single trigger signal are sent to the sub-detector readout PC (ROPC)
via Gigabit Ethernet (GbE) links, where they are combined into a single sub-event
(Event builder 0).

Event fragments received from individual sub-detectors are transmitted from
ROPCs to the Event builder 1 (EB1). A round-robin scheme is used to merge them
into a single event, which is then forwarded to the HLT located in the computer
room via 10 GbE preserving the original event order (see Fig. 3.16).

The HLT is a software-based server-farm responsible for online reconstruction
of triggered events in the basf2 environment [54]. It consists of 20 individual units,
each including a distributor node, multiple worker nodes and a collector node. The
HLT uses data from all sub-detectors except for the PXD to perform the complete
real-time event reconstruction and decide whether an event should be saved for later
physics analysis or discarded. The processing time of a single event varies from few
milliseconds to 5 seconds, depending on the event topology, with an average of 1 s.
All events are processed in parallel across 20 HLT units, sending preserved events as
soon as possible, without maintaining the original event order. There are two HLT
modes used for detector operation: filtering — all events are classified, but only events
of interest are kept; and monitoring — all events are classified and and saved on the
disc with a respective tag. The latter mode is only used to verify HLT performance,
but not for the regular data taking. The HLT event filtering is expected to perform
a factor 3 data reduction, but the actual reduction factor depends on background
conditions and parameters set.

As mentioned earlier, PXD data is not included in the HLT decision-making
mechanism. Instead, so-called regions of interest (ROIs) are reconstructed by the
HLT and passed to the standalone PXD DAQ to truncate PXD data (see Sec. 3.3.5).
Truncated PXD sub-events that satisfy the HLT filtering are merged with the rest
of sub-events reconstructed by HLT at the event builder 2. The resulting complete
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events that contain data from all sub-detectors are temporarily stored on a disc in
the SROOT format [55], which protects previously written data from corruption in
the event of a failure. These files are later converted into the standard ROOT format
used for physics analysis [56], which are saved to the permanent storage.

3.3.3 PXD DAQ

The proximity of the PXD to the IP subjects it to a remarkably high radiation,
which imposes high requirements on its data readout system. As discussed above, the
maximum average PXD occupancy is limited to 3%. With 7.68 million pixels in two
PXD layers, this corresponds to a projected data rate of 17.3 GB/s at the design trigger
rate of 30 kHz. As data propagates down the DAQ stream, it is being reformatted and
augmented with metadata that includes checksums, module IDs, etc. Altogether, a
conservative estimate of the data rate reaches ~20 GB/s. To give a perspective, PXD
data flow rate is ~10 times higher than the data rate from all other sub-detectors
combined. These rough estimates highlight why the standard readout scheme is not
feasible for the PXD data. Instead, a different readout concept, which is described in
this section, is employed.

The data handling hub (DHH) [57, 58] is a dedicated system designed to receive
raw data from the PXD FEE, discriminate it into individual events using the trigger
signal and build a PXD sub-event that is passed further to the Online Selection Nodes
(ONSEN) system for data reduction. It consists of 5 data handling concentrators
(DHCs), 8 data handling insulators (DHI) and 40 data handling engines (DHE) organ-
ised into 8 individual DHH carrier cards (DHHCC). Each DHHCC is based on an
Advanced Telecommunications Computing Architecture (ATCA) board. It hosts one
DHC, one DHI and 5 DHEs. Fig. 3.17 illustrates the connectivity scheme of a single
DHHCC unit, which there are 8 of. All DHH modules are implemented on FPGAs
equipped with 4 GB of memory, supporting an internal bandwidth of up to 5 Gbps
and capable of streaming data at 6.125 Gbps.

PXD raw data is transmitted from the FEE to individual DHEs via individual
1.5 Gbps optical links routed through the patch panel. Accurate timing information
is crucial to ensure the integrity of PXD images. Another module, DHI, distributes
the trigger signal and timing information to DHPs via CameraLink cables, allowing
to isolate data corresponding to an individual sub-event. It also communicates the
DHH status to the slow control (JTAG commands). The DHE readout begins right
after a trigger signal arrives. Due to the long image readout time of 20 us, the next
trigger signal might arrive before the integration is completed. In this case, two
images must be received simultaneously. Only for this scenario is it permitted for
the average occupancy rate to exceed 5% for a short time to prevent data loss. To
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Figure 3.17: DHH connectivity scheme. The DHE receives PXD data from the FEE
and passes it to the DHC for sub-event building. The trigger signal received by the
DHC is passed further to the DHI to be distributed to the readout electronics for
precise timing synchronisation. Each DHC streams out individual sub-events to four
ONSEN nodes using the round-robin scheme.
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achieve this, the DHP behaviour is mimicked in the DHE. After receiving a complete
PXD image, the DHE augments it with the start and end frames, time stamp, DHE
ID, etc., and passes it further to the DHC via 5x6.125 Gbps links using the Xilinx
AURORA protocol [59].

Since the maximum average occupancy of inner PXD modules is three times
higher than that of outer modules, the bandwidth usage of the DHP-DHE links is
uneven. To mitigate this effect, each DHC receives data from two adjacent inner
modules and three neighbouring outer half-ladders that are diametrically opposite to
the first two. This connectivity scheme ensures load balancing and allows reducing
the number of DHC output channels down to 4 for each DHC without data truncation.
All PXD sub-events isolated by DHEs and DHCs are transmitted to ONSEN via 32
optical links following the round-robin scheme. A fraction of data processed by
the DHH is used for module monitoring and other local studies. For this purpose,
the first four optical links additionally pass data to the local DAQ system, where its
quality is assessed independently of the central Bell II data quality monitor (DQM).
As will be discussed in Chapter 4, raw PXD data available in the local DAQ system
proved useful for studying photon radiation in the PXD.

3.3.4 PXD data reduction

Raw PXD data is highly contaminated with background events originating from
sources that are later discussed in Sec. 4.1. Although, it is challenging, if not impossi-
ble, to determine whether a particular event stems from a signal cascade or from a
background process using PXD data only. To figure it out, the response from other
sub-detectors, especially the tracking information provided by the SVD and CDC, is
required. These sub-detectors operate at much lower background levels, which allow
efficient reconstruction of charged tracks without the shattering dominance of fake
tracks. If these tracks are complemented with PXD clusters that are close to the IP,
vertex resolution is improved greatly (see Fig. 3.18).

The concept illustrated in Fig. 3.18 can be naturally extended with an effective
data reduction mechanism: PXD clusters that are not associated with tracks promptly
reconstructed by the HLT are discarded, as they are unlikely to originate from signal
events. To realise this approach, the exact position at which an extrapolated track
intercepts a PXD layer-referred to as the Most Probable Hit (MPH)-is determined.
The area centred around an MPH defines a Region of Interest (ROI). PXD hits that
belong to established ROIs are preserved, while all others are discarded. This set of
ROIs is referred to as HLT ROls, as they are determined in the sequence of prompt
reconstruction performed by the HLT. HLT ROIs are received by the PXD DAQ
system with a delay comparable to that of the classifier output, i.e. up to 5 s.
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Figure 3.18: Ilustration of the ROI finding technique. A track reconstructed using
the response of the SVD and CDC is extrapolated in the IP direction to locate a ROI
in two PXD layers. The area around the interception points is referred to as an HLT
ROL

The second set of ROIs is built for PXD sub-events by the Data Acquisition
Tracking and Concentrator Online Node (DATCON) [60]. In contrast to the compu-
tationally demanding track reconstruction performed by the HLT using raw data
from all outer sub-detectors, DATCON is an FPGA-based system capable of fast
(~100 ps) reconstruction of SVD data to acquire so-called SVD ROIs. The sequence
implemented in the DATCON firmware first performs the hit clustering using the
next-neighbour search enhanced with Centre of Gravity (CoG) and n-corrections
to precisely determine strip-hit positions. Resulting hit coordinates are then pro-
cessed by the Fast Hough Transform, which performs pattern recognition in the
r — ¢ and r — z planes to identify track candidates. These 3D track candidates are
subsequently extrapolated toward PXD layers to define SVD ROIs. This additional
set of ROIs, thanks to a more advanced reconstruction algorithm implemented in
embedded circuits, tends to have higher reconstruction efficiency and lower rate of
fake candidates for tracks left by charged particles with low p, as they do not leave
hits in outer sub-detectors.

Finally, two sets of ROIs are meant to be combined into a single set, which is
used to truncate data for events that pass HLT classification. Although, as for the



44 CHAPTER 3. THE BELLE Il EXPERIMENT

moment of delivering this thesis, the DATCON concept has not been implemented
in hardware yet. Therefore, the data truncation is performed using HLT ROIs only.

The sequence described above forms the basis of the PXD sub-event filtering
procedure. It is expected to reject the majority of PXD hits at the negligible cost of
discarded signal events. In reality, the reduction factor strongly depends on beam
conditions, which affect tracking efficiency. Early simulations suggest a reduction
factor of ~10 with HLT ROIs only [61], which, when combined with HLT filtering,
results in an overall factor of 30 data reduction. This translates into the reduction of
the 18 GB/s incoming data rate transmitted by the DHH down to 600 MB/s of data
passed to EB2. A system dedicated to the data reduction, known as Online Selector
Nodes (ONSEN) is discussed in the next section.

3.3.5 Online Selection Nodes (ONSEN) system

Due to the standalone PXD DAQ stream, the HLT filtering discussed above is
applied to PXD sub-events following an alternative sequence. With a classifier latency
of up to 5 s, a substantial PXD data volume must be buffered during the continuous
readout cycle before an HLT signal is received. Therefore, a dedicated system, known
as ONSEN had to be developed. It is capable of meeting the 30 kHz rate of the L1
trigger, integrates sufficient low-latency memory necessary to delay a retain/reject
decision execution and is compatible with the 6.125 Gbps DHH output. As mentioned
earlier, the mean decision-making time required for the HLT is 1 s. If double of that
is assumed to calculate the required buffer size and bandwidth for a data reduction
system, it translates into 36 GB of the total memory capacity and 6.125 Gbps per DHH
link. Only after HLT filtering is applied to PXD sub-events, preserved candidates
are passed to the EB2, where they are merged with HLT-filtered event fragments
reconstructed in other sub-detectors.

The ONSEN system [62-64] has been developed considering the data buffering
and truncation requirements discussed above. It is capable of buffering PXD data
corresponding to 2.5 s of continuous readout at design luminosity, combining ROIs
from two independent sources, performing event-level filtering and data truncation
and streaming the resulting data to the EB2.

These features are achieved by using field-programmable gate arrays — recon-
figurable integrated circuits that consist of programmable logic blocks, memory
elements, and high-speed interconnects. They can implement complex data-flow
architectures with nanosecond-level latency, making them ideal for front-end and
trigger applications in the high-energy physics. In contrast to application-specific
integrated circuits, they feature flexible firmware updates, while compared to CPU-
or GPU-based systems, they achieve substantially lower latency and higher I/O band-
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width through direct serial link connections. This flexibility enables the ONSEN
system to sustain the full PXD data throughput within a self-contained hardware
infrastructure.

System architecture

The complete ONSEN system consists of 9 compute node carrier boards (CNCBs)
and 33 xTCA-based FPGA Processor (xFP) developed by the Trigger Lab at IHEP
(Beijing) in collaboration with Gielen [65, 66]. It is hosted inside an Advanced
Telecommunications Computing Architecture (ATCA) shelf [67], which features full-
mesh topology allowing high-speed (3.125 Gbps) communication between individual
boards (see Fig. 3.19). Each shelf is controlled by the Shelf Manager, which com-
municates with Intelligent Platform Management Controllers IPMCs) on individual
boards via the Intelligent Platform Management Interface (IPMI) [68], supporting
hot-swappable modules and redundancy. Communication between the Shelf Man-
ager and the slow control system allows remote access and monitoring of power
consumption, temperature, and other system health indicators.

Each CNCB installed in 9 of the 14 ATCA shelf slots is equipped with a Xilinx
Virtex-4 FPGA and a 2 GB DDR2 SDRAM module, and can host up to four full-
size xFP daughter cards [69, 70]. It provides multi-gigabit connections to the full-
mesh backplane, which can be extended with a Rear Transition Module (RTM) that
offers Ethernet, USB, and JTAG ports for slow control, debugging, and firmware
programming. The automatic configuration of FPGAs is achieved via an onboard
Complex Programmable Logic Device (CPLD) and Flash memory, which store the
carrier bitstream and a compressed Linux image executed by an embedded PowerPC
CPU to manage board operation and slow control. Additional components, such
as IPMCs, enable integration with the shelf manager allowing remote monitoring
through the slow control.

xFP daughter cards hosted by CNCBs are equipped with a Xilinx Virtex-5
FPGA [71, 72] and a 2 GB DDR2 SDRAM module. Each board connects to the
CNCB via six Multi Gigabit Transceivers (MGT) and twelve two-directional Low
Voltage Differential Signal (LVDS) links located at the end of the docking bay. The
external optical connection for high rate data transfer (up to 6.125 Gbps) is realised
through two SFP+ cages located at the front side of each xFP card. Additionally, it
hosts an extra Ethernet port that provides an interface to external monitoring and
universal asynchronous receiver/transmitter (UART) connections providing debugging
functionality. The readout is achieved via an add-on Module Management Controller
(MMC) developed by the Belle II group at the University of Mainz.
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Figure 3.19: Schematic illustration of the ONSEN system. Light-gray ( ) rectangles
indicate individual xFPs programmed with the selector (S) or merger (M) bitstreams.
Each xFP has an Ethernet port for the communication with the slow control ([§]).
Each selector xFP is labelled following the Sij scheme, where 7 is the xFP order in a
CNCB (counting from top to bottom) and j is the number of an ATCA slot a CNCB
it belongs to is inserted in. Each selector xFP has two optical connection: one for
receiving data from the DHH (IBl) and one for passing truncated data to the EB2 ([El).
Optical ports of the Merger xFP serve different purposes: one passing SVR ROIs from
the DATCON ([Bl) and the other passing HLT ROIs and the classifier output ([H).
Empty xFP and CNCB slots are marked with crosses. The blue ATCA slot hosts a
base-channel GbE switch.

ONSEN firmware

The firmware of the ONSEN system is implemented through four main projects.
Two of these, called Merger and Selector, run on xFP FPGAs, while the other two,
Merger Switch and Selector Switch, run on CNCB FPGAs [62, 63]. The current arrange-
ment of xFPs and CNCBs programmed in either way is depicted in Fig. 3.19, while
an actual picture of the ONSEN system is provided in App. A in Fig. A.3.
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The Merger xFP receives ROI data from the DATCON via 3.125 Gbps AURORA
links and stores it in the local memory. The trigger number and the memory address
of each ROI are recorded in a Look-Up Table (LUT). HLT ROIs, which arrive later due
to the higher processing time of the HLT, are matched to the stored DATCON ROIs
using the trigger number. The merger-core then combines both ROI streams, sorting
the merged ROIs by ascending DHE-ID, and transmits the result via the AURORA
interface to the Merger Switch on the CNCB.

The Merger Switch distributes merged ROI packets to Selector Switch units on
other CNCBs according to the load-balancing scheme of the DHH system. Each
Selector xFP receives pixel data corresponding to the assigned DHE-ID and the trigger
number, and buffers it in local memory until the associated ROI packet arrives. The
pixel-filter core then selects only those hits within the ROI, effectively reducing the
data volume. Filtered pixel data are transmitted to the EB2, where they are merged
with other sub-detector data streams. The flow of PXD data truncation algorithm is
schematically illustrated in Fig. 3.20.

The control and monitoring of the firmware is handled by the embedded PowerPC

EB1 DATCON
x10 l
:w I I N\
HLT unit ROISENDER]~ Merger %[Merger Switch]
x32 x8 l
EB2 { Selector = [Selector Switch]

Storage DHC

Figure 3.20: Schematic illustration of data reduction algorithm. HLT units receive raw
data from outer sub-detectors to calculate HLT ROIs, which are sent via ROISENDER
to the Merger AMC, where HLT ROIs are merged with DATCON ROIs. Combined
ROIs are communicated via Merger and Selector Switches to individual Selector
AMCs, where they are used to truncate PXD data passed by DHC modules. Truncated
PXD data is passed to the EB2, where it is combined with sub-events reconstructed
by the HLT using data from other sub-detectors. Fully reconstructed events with
truncated PXD data are passed to storage units.
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CPUs within FPGAs. Intellectual property cores implement the data-path logic and
expose 32-bit registers and interrupt interfaces accessible via a local bus. Software
running on embedded CPUs, including the EPICS-based slow control, can configure,
monitor, and debug the FPGA logic. Automatic programming of both xFP and CNCB
FPGA:s is supported via CPLDs and onboard the flash memory, ensuring correct
initialisation and allowing on-demand reprogramming during operation.



Chapter 4

Beam-induced background in the
PXD

The performance of the Belle II detector is steadily improved, as various
hardware upgrades and software updates are carried out. The rejection
of background events originating from diverse sources has critical impor-
tance for the longevity of hardware components, quality of accumulated
data and maximum luminosity reached. Being the innermost detector,
the pixel detector is most heavily exposed to the radiation in the in-
teraction region. Isolating sources of the background contamination,
mitigating their impact, and continuously monitoring them are essential
for the stable PXD operation. In this section, we review measures taken
to limit the impact of background events on the PXD and report on
efforts taken to improve its online monitoring.

The upgrade of KEKB allowed setting a new instantaneous luminosity record,
which currently stands at 5.1x103* cm™2s~! and was reached with the vertical
betatron function (3y) of 1.0 mm at the interaction point. The current target peak
luminosity for the decade ahead is 6 x103® cm~2s~! and is projected to be reached at
By-= 0.3 mm. Higher luminosity is reached by increasing beam currents, utilising
low-emittance colliding beams and reducing transverse dimensions of individual
bunches using the so-called nano-beams scheme. These measures come at the cost
of higher background, as larger number of beam particles deviate from the designed
trajectory and are eventually absorbed by the inner surface of the beam pipe. If this
happens in the vicinity of the Belle II detector, interaction of high-energy electrons
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and positrons with the material of the beam pipe inner wall generates showers of
secondary particles, which are registered by the detector. The increase of the detected
hit rate and the larger radiation exposure associated with these events are referred
to as “beam (induced) background”, which is by far the most significant source of the
background in Belle II. It is projected that some sub-detectors, e.g. TOP and CDC,
will be subjected to near-limit radiation levels, when target luminosity is reached. In
this view, mitigation of the beam-induced background emerges as one of the most
critical challenges for the SuperKEKB team [73].

The SuperKEKB design, in comparison with the original design of KEKB, includes
several major modifications, which are intended to reflect changes of beam energies,
ensure stable machine operation at higher luminosity and mitigate the consequential
rise of the beam background rate. They include, but are not limited to, the following
measures: i) LER dipole magnets were exchanged with longer ones to accommodate
the increased energy of the positron beam, ii) the IR has been redesigned to integrate
QCS final focusing magnets, iii) beam pipes with titanium nitride (TiN) inner coating
have been installed in the LER to mitigate higher density of the synchrotron radiation,
iv) a damping ring has been constructed to reduce the emittance of injected positrons,
v) the radio-frequency (RF) system has been modified to enable higher beam currents,
vi) movable beam collimators have been installed to filter out particles with large
transverse deviation from the nominal beam orbit before they reach the IR.

4.1 Beam background sources

Critical hit rates induced by background showers pose the danger to individual
sub-detectors, as they can degrade the performance or even cause the irreversible
damage. Mitigation efforts generally depend on the underlying mechanisms of the
background radiation production. In this section, we break down the most common
sourced of the beam induced background and the respective counter-measures taken.

Touschek background. The Touschek background arises from Coulomb scattering
between particles in a beam bunch. As a result of such interactions, energy is trans-
ferred between particles, which smears the energy distribution for particles in a bunch
and increases the beam emittance. The magnitude of this effect is proportional to the
beam current squared and inversely proportional to both the number of bunches in a
ring and the beam size. Due to the nano-beams scheme employed at SuperKEKB, the
small beam size elevates the Touschek scattering rates. While horizontal collimators
installed near the interaction region have significantly suppressed the associated
particle loss within the detector, Touschek scattering remains one of the dominant
sources of background in Belle II.
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Beam-gas background. Interactions between beam particles and residual gas
atoms in the beam pipe represent another major source of background in SuperKEKB.
The beam-gas Coulomb scattering alters particle trajectories, while the beam-gas
bremsstrahlung leads to the energy loss. The scattering rate is proportional to both
the residual gas pressure and the beam current. A high beam-gas loss rate within
the detector region is expected due to the narrow diameter of the beam pipe near
the IP and the exceptionally large vertical betatron function of the QCS. Although
vertical collimators have significantly reduced this background, further suppression
requires narrowing the collimator aperture by decreasing the gap between jaws — a
measure that may induce beam instability at higher currents. [74].

Luminosity background. The beam-beam interaction in the IR induces the luminos-
ity background, which — as the name suggests — is proportional to the instantaneous
luminosity. It is expected to dominate at the target luminosity of SuperKEKB.

The primary mechanism responsible for the background generation in beam-beam
interactions is the radiative Bhabha scattering (e" e~ — e"e 7). Its cross-section is
approximately 300 times higher than that of the key physics process - Y (4.5) produc-
tion — at the design centre-of-mass energy. The emission of bremsstrahlung photons
causes beam particles to deviate from the nominal orbit and smears their energy
distribution. Thanks to the upgraded quadrupole magnets system at SuperKEKB,
which is no longer shared between the in- and outgoing beams, the loss rate of these
off-momentum particles inside the detector has been significantly reduced. However,
due to various reasons [73, 75], a small fraction of low-energy beam particles can still
be lost inside the detector. The radiative Bhabha scattering can also induce neutron
backgrounds, which originate from the interaction of bremsstrahlung photons that
propagate along the beam pipe with accelerator components (primarily magnets)
located 10-20 meters downstream from the IP. These interactions, through the gi-
ant photo-nuclear resonance, produce neutrons that may be backscattered into the
detector, increasing the occupancy of the KLM [76].

Additionally, low-momentum electron-positron pairs can be produced in the
interaction region via two-photon process, i.e. ete™ — ete ete”. These soft
charged particles are particularly problematic: if their transverse momentum is
sufficient, they can curl in the Belle II solenoidal field and leave multiple hits in the
inner detector, significantly contributing to the total background.

Synchrotron radiation background. The synchrotron radiation (SR) is another
well-established source of the beam induced background. Its intensity scales with
the beam energy and magnetic field strength squared. Therefore, the HER beam is
primarily responsible for the contamination of the SVD and PXD with the SR-induced
photons that feature the energy spread from a few to several tens of keV. A more



52 CHAPTER 4. BEAM-INDUCED BACKGROUND IN THE PXD

elaborate discussion of the SR-induced radiation will is provided in Sec. 4.3.

Injection background. Due to the limited beam lifetime at SuperKEKB, regular top-
up injections using the betatron injection scheme [77] are required to maintain stable
beam currents. When the total beam current drops below the predefined threshold
(currently around 99% of the nominal value), additional electrons or positrons are
injected at the rate of 1-25 Hz. Newly injected particles feature a relatively large
transverse momentum, leading to betatron oscillations in the horizontal plane around
the main stored beam. These oscillations generate elevated background rates in Belle
II whenever a “refuelled” bunch passes through the interaction region. This effect
typically lasts for a few milliseconds until kinematic properties of all particles in
a bunch become uniform. To prevent saturation of the readout system during this
period, dedicated trigger vetoes are applied [54]. However, these vetoes introduce
dead time in the data acquisition, effectively reducing the recorded luminosity. The
intensity and time evolution of the injection-related background are continuously
monitored online to optimise injection parameters, refine veto schemes, and ensure
that background remains within acceptable limits. Maintaining stable injection
background levels over long operational periods remains one of the key challenges
of the SuperKEKB operation.

Large beam loss accidents. An unintended firing of one of the injection kicker
magnets can perturb a stored beam during its 2-us-long pulse, potentially steering
a beam toward a horizontal collimator and causing severe damage to collimator
jaws. In addition, for reasons that are not yet fully understood, events known as
sudden beam losses (SBL) can occur. In an even of a SBL, a beam becomes increasingly
unstable up to the point of directly hitting components of SuperKEKB. If this happens
in the vicinity of the IR, a single SBL may cause irreversible catastrophic damage to
the detector. Multiple incidents of this kind led to quenches of the QCS or damage
to sensitive Belle II hardware components. In less severe cases, jaws of impacted
collimators can be heavily damaged, requiring their replacement, a process that
typically results in the loss of 1-2 weeks of the beam time. Notably, the frequency of
SBL events tends to increase when beam currents exceed 0.5 A. These disruptions
have caused multiple delays and significantly hindered the progress toward the target
integrated luminosity.

The SuperKEKB team conducted (and continues conducting) extensive analyses
dedicated to the search of underlying causes of these instabilities. During the 2023
run campaign, after two consecutive SBL events caused severe damage to the PXD,
the sub-detector was excluded from the global data taking to stay protected from
further damage. Currently, the leading hypothesis explaining beam instabilities
puts blame on dust particles accumulated inside the beam pipe. It is believed that
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fine dust adhering to the inner wall of the pipe, possibly originating from damaged
collimator jaws, can become detached from the wall surface at high beam currents.
These particles may then interact with the beam in what is referred to as a “fireball”
event. As clearing electrodes mounted on the upper side of the beam pipe inner
wall were identified as a likely site of dust accumulation, they were flipped during
the 2023-2024 campaign to mitigate the problem. Later in 2024, another promising
hypothesis emerged. It supposes the improper use of vacuum sealant, which led
to contamination of the beam pipe. This contamination is now considered another
potential trigger for SBL events, and therefore the work on removing the vacuum
sealant is ongoing, as well as other mitigation efforts. As a precautionary measure,
the PXD will remain excluded from the physics data taking at least until mid-2026.
This measure might be reconsidered, if the problem of severe beam instability is
resolved and the safety of the PXD operation is ensured. However, while several
plausible hypotheses have been proposed for SBL events happening in the LER,
the origin of similar events in the HER, which account for roughly 10% of all SBLs,
remains unknown.

4.2 Beam background mitigation efforts and online
monitoring

A reader can mention that collimators play a key role in preventing damage to
the detector by off-orbit beam particles, independently on the mechanism of the
trajectory deviation or energy loss. Therefore, as a part of the KEKB upgrade, movable
collimator have been installed around SuperKEKB rings to filter out beam particles
with the large transverse deviation from the nominal beam trajectory before they
reach the IR. They are also instrumental in preventing colossal damage to Belle II
and the QCS in an event of a SBL [78]. There are currently two types of collimators
installed around SuperKEKB rings: asymmetric KEKB-type that have only one jaw
and symmetric SuperKEKB-type with jaws on both sides. Horizontal collimators
are targeted to stopping Touschek scattered particles, while vertical collimators are
mainly used to filter out beam-gas Coulomb scattered particles [79].

While collimators effectively protect the detector from the impact by scattered
beam particles, the detector shielding is essential for protecting against other back-
ground sources. Therefore, a thin layer of tungsten is installed outside the beam pipe
and inside the vertex detector (beyond the physics acceptance region) to shield from
single-beam losses and the luminosity background, while thick tungsten plates are
covering QCS magnets to protect Belle Il components from frequent beam losses
happening in the QCS due to a large betatron function.
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The IP beam pipe has been meticulously engineered to minimise the impact of
the SR in the IR [80]. Its central beryllium section is shielded from the upstream
SR by the tapered part of the incoming pipe, ensuring the IR is fully protected from
the direct radiation. The indirect (secondary) radiation is effectively suppressed by
the rigid structure on the tapered surface of the incoming beam pipe. Although
some backscattering contamination ma persist, its intensity has been significantly
reduced thanks to the redesigned geometry of the QCS. This effect and corresponding
mitigation efforts will be discussed in more details in Secs. 4.3 and 4.4

The beam quality and the level of background it induces are monitored online
to ensure the detector safety and the data taking quality. There are multiple online
monitors and sensors taking online measurements to control them in the real time.
They include, but are not limited to, the following:

Beam quality monitors

« X-ray beam profile monitors (XRMs) are used to measure transverse dimensions
of the beam [81];

+ The Luminosity Online Monitor (LOM) is employed for the online measurement
of the instantaneous and integrated luminosity [82].

Vacuum system monitors

+ A system of 300 cold cathode gauges (CCGs) is used to measure the residual
gas pressure in a ring [83];

« Residual gas analysers (RGAs) are utilised to measure the molecular composi-
tion of residual gases in a beam pipe.

Background monitors

« Diamond sensor-based detectors (Diamonds) [84] are used for measurement
of the radiation dose in the IR;

« The sCintillation Light And Waveform Sensors (CLAWS) detector system [85]
monitors beam-induced backgrounds associated with the SuperKEKB injection;

« The BEAST TPC system is utilised to provide directional and spectral measure-
ments of the fast neutron flux [86];

« 3He tube detectors [87] are in charge of counting thermal neutrons with kinetic
energy below 0.025 eV;
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« PIN photo-diodes [88] are installed next to each collimator to measure the
localized radiation caused by beam losses;

« 5-m-long ion chambers [88] mounted along the accelerator tunnel to mea-
sure cumulative and distributed beam losses, helping to identify regions with
persistent losses and radiation buildup;

« New loss monitors, based on photomultiplier tubes (PMTs) and electron-
multiplier tubes (EMTs) are used in tandem to pin down the location of sudden
beam losses around both rings.

Beam abort system

« A dedicated beam abort system that combines readings from Diamonds, PIN
photo-diodes, ionisation chambers and eight closest to the IP CLAWS detectors
is utilised to dump unstable beams and avoid severe damage to Belle II and
SuperKEKB components. It is capable of triggering a beam abort ~10 us earlier
than Diamonds alone.

The global online monitoring systems listed above requires a dedicated hardware
to perform measurements, while dozens of other monitors are based on the real-time
analysis of data recorded by individual sub-detectors. Given that each Belle II detector
component has individual vulnerabilities, dedicated background monitoring systems
are employed. In the context of the PXD, while SBLs pose the most significant threat
of irreversible damage to the PXD hardware, irreducible two-photon processes and
the injection background are the main sources of beam background in the PXD. It
is also particularly sensitive to the backscattered SR of low energy photons. The
nature of this contamination and the online monitoring system dedicated to it are
subjects of particular attention in this thesis and will be elaborately discussed in later
sections.

4.3 Backscattered synchrotron radiation (BSR)

As outlined in the previous section, a thoughtful design of the beam pipe shields
the IR both from the primary and secondary SR. The SR generated by most of the
mechanisms discussed above propagates parallel to the beam pipe orientation, and
therefore is filtered out by the tapered section implemented in the new beam pipe
design (see Fig. 4.1). On contrary, the SR emitted by injected beam particles, which
have larger transverse momentum, is non-parallel to the orientation of the beam pipe.
Therefore, after propagating through the IR, it can hit the start of the chamfer and get
scattered back into the acceptance region leaving hits in the PXD. The propagation
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Figure 4.1: Schematic design of the upgraded beam pipe installed prior to the Run
II. The area limited by dot-dashed lines, which are offset by specified angles, is the
physics acceptance region. Green arrows show the propagation of non-parallel X-
rays responsible for the backscattered radiation. The yellow-filled region represents
the gold coating on the outer surface of the beam pipe’s inner wall (credit: Shuji
Tanaka, KEK).

path of the non-parallel X-rays is illustrated by green arrows in Fig. 4.1. In order to
mitigate it, an additional thin layer of gold coating has been added to the outer wall
of the inner beryllium beam pipe outside the acceptance region, as highlighted in
the design scheme depicted in Fig. 4.1 and photograph shown in Fig. 4.2.

Figure 4.2: An image of the inner beryllium beam pipe with additional fragments of
gold coating added (credit: Shuji Tanaka, KEK).
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The impact of the BSR can be observed by looking into collision data recorded
by the PXD. A particle penetrating a layer of the pixel detector deposits energy in
one or multiple pixel in the area of interaction. A dedicated clustering mechanism
developed and integrated in the Belle II software is utilised to allocate pixels that
were ’lit” in a collision event and group pixels activated in the same region into a
cluster. Each pixel cluster corresponds to a single instance of a particle penetrating a
PXD layer. Based on the cluster shape and the total energy deposited in a cluster,
it is possible to distinguish the type of a particle that has been recorded. Charged
particles tend to generate clusters that consist of multiple pixels (MPC) and deposit a
larger amount of energy (>30keV). On contrary, photon clusters usually consist of a
single pixel (SPC) and deposit less than 30 keV of energy. Fig. 4.3 shows examples of
clusters lit up in the PXD by a photon and a positron.
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Figure 4.3: An image of clusters reconstructed in the PXD that were left by a [left]
photon and a [right] positron.

In order to demonstrate correlation between the injection timing and the inten-
sity of the photon radiation in the PXD, we perform an analysis of data collected
with the PXD in Run I and Run II. Event reconstruction with the basf2 software
allows combining response from all Belle II sub-systems. In particular, the timing
information provided by the trigger and raw hits recorded by the PXD are relevant in
this context. When a hit is recorded by the PXD, the drift charge gained by individual
pixels is mapped as described in Sec. 3.2.1. After clustering is performed, the charge
is summed up over all pixels in an individual cluster to determine the cluster charge.
In order to account for the non-uniform collection of the drain current by gates of
individual DEPFET pixels across a given row, gain calibration is performed. As a part
of the Conditions Database, a dedicated basf2 module, PXDGainCalibrator, stores
the pixel-to-pixel gain map, which corrects the cluster charge value measured in
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individual pixels for the respective charge gain performance. By renormalising it to
the keV scale, the cluster energy is acquired. Fig. 4.4 illustrates distributions of the
cluster charge and cluster energy for single-pixel clusters (SPC) and multiple-pixel
clusters (MPC) in the Experiment 30 Run 2486 with PXD2. The comparison of both
plots shows that these distributions are fairly similar, which is why some exclusive
to the PXD data analyses, which do not the response of other sub-detectors or the
Belle II -wide software, make use of the cluster charge data within the internal PXD
software, such as lab framework, without converting it to the cluster energy. It is also
noticeable that the cluster energy distribution exhibits repetitive bins with abnor-
mally high counts. This happens due multiplication of a discrete cluster charge value
by a float gain calibration factor, which results into a repetitive saw-like structure in
the cluster energy distribution, when finite binning is applied.

To continue the discussion of cluster the charge/energy distribution, there are
two distinctive peaks contributing to the distribution of SPCs. A narrow peak around
15 keV is formed by SR-induced fluorescence photons emitted perpendicular to the
beam pipe surface during the interaction with the gold coating of the inner wall.
These photons can penetrate the beryllium beam pipe and leave hits in the PXD. On
contrary, the broad distribution peaking at the larger energy of 35 keV is produced by
SR photons, which penetrate the beam pipe directly. This peak is less visible in the
measured energy spectra, as it is shadowed by the component generated by charged
particles that can be described by a Landau distribution with the maximum around
50keV.

The cluster energy distribution depicted in Fig. 4.4 supports a common way
to discriminate particle and photon clusters in the PXD. Single-pixel clusters with
low energy, more precisely from 8 to 30 keV, are considered to be photon clusters

Figure 4.4: Distribution of the [left] cluster charge and [right] cluster energy for
SPCs and MPCs in the Experiment 30 Run 2486 with PXD2.
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(LE SPCs), while multiple-pixel clusters with energy above 30keV (HE MPCs) are
treated as particle clusters. For clusters discriminated in this way, we determine
the corresponding time stamp since the last HER injection to map the dependency
depicted in Fig. 4.5. The zoomed-in distribution in the top plot in Fig. 4.5 clearly
shows a periodic feature in the photon radiation intensity at a frequency of about 7
kHz, matching the expected frequency of betatron oscillations. The increased photon
rate fades out entirely after around 10ms since the last HER injection, as the bottom
plot in Fig. 4.5 illustrates. The periodic structure is less pronounced for particle
clusters, but can be still observed in runs with various beam optics and currents (see
Fig. B.1 in App. B).
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Figure 4.5: Number of photon and particle clusters versus the time since the last HER
injection in the Experiment 30 Run 1957 with PXD2.
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4.4 Evolution of the BSR in the PXD

In this section, we provide a brief overview of the BSR evolution in the PXD1
during the Run II, along with the mitigation steps taken to address it. An increased
photon radiation during the injection period with the characteristic footprint in
backward (BWD) PXD modules was first observed in the Experiment 8. The newly
observed radiation was fully alleviated by adjusting the vertical HER tune.

The BSR reappeared in Experiment 10, when beam optics were changed. As
briefly described in Sec. 3.1, the focusing strength of QCS magnets is defined by
horizontal and vertical betatron functions - 5% and 35, respectively. In pursuit of
the higher instantaneous luminosity, beta functions are reduced to achieve a denser
focused beam in the IR. After the Experiment 10 Run 5401, the horizontal betatron
function of final focusing magnets was reduced from 80 mm to 60 mm, leading to
increased radiation in the PXD due to the BSR. The previously effective vertical
adjustment of the HER orbit in the IR no longer alleviated the BSR. Instead, a rotation
of the orbit by 0.42 mrad was applied. This reduced the localized radiation in BWD
modules but led to a more uniform exposure in other modules.

To demonstrate the pattern of the BSR in early runs of Run I, we perform a
reconstruction of PXD clusters in raw data stored by the pxdlocaldag machine. We
choose to directly processes raw PXD data using lab framework, as the response from
other sub-detectors is not relevant for the current analysis. This approach requires
less CPU time and memory, allowing to process more events and runs.

We consider the background knowledge mentioned above for an educated pick
of runs with PXD1 to perform analysis of:

« Exp.10 Run 5401 - ;1% 1 g =365/444 mA, B% /y=80/1 mm - the last run before
beam optics change (see Fig. 4.6);

« Exp.10 Run 5451 - I} ;r=303/435 mA, B}/Y:GO/I mm - the first long run
with the horizontal betatron function reduced to 60 mm (see Fig. 4.7 [top]);

« Exp.10Run 5611 - I 1 1 =338/475mA, /3}/);60/1 mm - the first “good” run
after the rotation of the HER orbit to mitigate the increased photon radiation
(see Fig. 4.7 [bottom]).

Given the strong dependency of the photon radiation in the PXD on beam currents
and optics, these values are provided above for each run under study. For the chosen
runs, we reconstruct PXD hits accumulated in a sample of arbitrarily selected 100k
events. After clustering is performed, reconstructed clusters are discriminated into LE
SPCs and HE MPCs, as described in the previous section. Eventually, to demonstrate
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the pattern of the photon radiation, a 2D map is plotted for photon clusters in the
first PXD layer (L1) in each run (see Figs. 4.6 and 4.7). The maximum bin count is set
to each map individually at 120% from the 90th percentile value to exclude sparse
misfiring pixels. The module H1032 is missing in each map, as it was excluded from
PXD1 data taking due to the poor performance.

Figs. 4.6 and 4.7 clearly illustrate features of the photon contamination described
above. The photon radiation for the Experiment 10 Run 5401, which is the last run
before beam optics were changed, illustrates relatively low contamination with LE
SPCs (see Fig. 4.6). The BSR observed in this run, despite being dominant in the
central region of the mayp, is still relatively uniform across all modules, if the total
number of LE SPCs is compared (see Fig. 4.8). This changes dramatically in the Run
5451, which is the first stable run with new beam parameters, where the value of the
horizontal betatron function was changed from 80 to 60 mm (see Fig. 4.7 [top]). The
photon radiation map plotted for this run illustrates emergence of the intense fan
localized in BWD modules, which is caused by the BSR generated by the HER beam.
The change of this pattern can be observed in the map of the Run 5611 (see Fig. 4.7
[bottom]), before which the orbit of the HER beam had been rotated by 0.42 mrad.
The photon hit distribution plotted for this run exhibits more homogeneous photon

Figure 4.6: Photon radiation map in the Exp.10 Run 5401 with PXD1.
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Figure 4.7: Photon radiation maps in [top] the Exp.10 Run 5451 and [bottom] the
Exp.10 Run 5611 with PXD].
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Figure 4.8: Intensity of [left] photon and [particle] hits in L1 modules of the PXD1 in
selected runs of the Experiment 10.

radiation, which is less dominant in the central region.

It is worth mentioning that the localized photon radiation is particularly problem-
atic for the PXD. As discussed in Sec. 3.2.1, data from each PXD module sensor is read
out by 6 switchers and 4 ASICs. The voltage applied to each of them can be adjusted
individually to control sensitivity. Therefore, if flux of the homogeneous radiation
changes, switchers’ currents can be adjusted accordingly to ensure safety of a module
without harming the data taking quality. On contrary, if a localized radiation is
observed, there is no way to decrease sensitivity exclusively in an arbitrarily shaped
sensor area. In addition, areas subjected to higher photon radiation tend to degrade
at higher rate, which additionally contributed to the efficiency loss.

It is useful to compare the total number of LE SPCs and HE MPCs in the considered
runs (see Fig. 4.8). Given that the average HER currents for each run lies within 10%
of the average of the three, the increase in the photon radiation intensity observed
in individual modules must be caused by the beam optics change. This distribution
confirms the drastic increase in the photon radiation in modules H1041, H1051 and
H1061, which was later uniformly smeared across all the modules with the HER orbit
rotation applied.

To study the SR evolution for PXD2 during Run II, we perform a similar exercise
for the following runs with relatively long duration and stable beam currents:

- Exp.30 Run 1463 - I ;% ;r=358/448 mA, 3% /y=200/8 mm (see Fig. 4.9 [top]);

« Exp.30 Run 1731 - Iiyip r =378/518 mA, 3% /,=100/3 mm (see Fig. 4.9 [bot-
tom]);
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« Exp.30 Run 2486 - Iy, ;p=639/780 mA, 3% ,=60/1 mm (see Fig. 4.10 [top]);

« Exp.31 Run 138 - I{if} 1 5z =799/997 mA, % ,=60/1 mm (see Fig. 4.10 [bot-
tom]).

Comparison of photon hit maps for the selected runs in Experiments 30 and
31 illustrates radiation density increase in the central area, as the beam is being
squeezed (see Figs. 4.9 and 4.10). Additional gold shielding applied prior to Run II
helps to create a photon radiation shade outside the central area and to limit the area
of the high photon radiation in problematic BWD modules, i.e. H1041, H1051 and
H1061. As beam operation was resumed after LS1, parameters of the designed HER
beam trajectory were reset, reverting the aforementioned HER orbit rotation. This,
in combination with gradually ramped up beam currents and consistently decreased
betatron functions of the final focusing magnets, escalated intensification of the local
photon radiation. To give a timeline perspective of the photon radiation evolution in
the PXD2, we also perform reconstruction of photon clusters in the Experiment 31
Run 138 - one of the last runs before the PXD2 was excluded from the data taking due
to safety concerns. This run features same optics, as the Exp. 30 Run 2486, but also
further ramped up beam currents. In the corresponding map (see Fig. 4.10 [bottom]),
where multiple switchers killed by frequent SBLs are visible, the characteristic SR
“paw” appears to be the most intense so far recorded by the PXD2.

Similarly to the analysis of the Experiment 10 data with PXD1, we plot distri-
butions of the numbers of LE SPCs and HE MPCs in L1 modules of the PXD2, but
with a couple of important modifications. Firstly, some of the switchers and isolated
pixels of the PXD2 have been irreversibly damaged by frequent sudden beam losses
that took place over the course of Run II. These pixels, after being corrupted by large
radiation doses, no longer record genuine hits, but generate frequent misfires that
are recorded by the PXD DAQ. In order to filter out the data provided by compro-
mised pixels, we calculate occupancy of L1 pixels to discard those with occupancy
above 0.2% — a value selected by looking into occupancy plots for individual P X D2
modules in the Experiment 30 runs listed above. As an example, in Figs. B.2 and B.3
in App. B we provide occupancy distributions plotted for L1 ladders in the Run 2486.
Secondly, photon maps shown in Fig. 4.9 illustrate noisy regions observed in modules
H1041 and H1042. These areas have been fixed in later runs by adjusting voltages
for the corresponding switchers. Although, data recorder by these areas in affected
runs can not be recovered. We therefore exclude modules H1041 and H1042 in Run
1463 and the module H1042 in Run 1731 from the histograms shown in Fig. 4.11 to
prevent misleading hit rates.

Histograms shown in Fig. 4.11 illustrate the increasing concern of the localized
photon radiation in the PXD caused by the backscattered SR. The overall intensity of
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Figure 4.9: Photon radiation maps in: [top] Exp.30 Run 1463 and [bottom] Exp.30
Run 1731 with PXD2.
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Figure 4.10: Photon radiation maps in: [top] Exp.30 Run 2486 and [bottom] Exp.30
Run 138 with PXD2.
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Figure 4.11: Intensity of [left] photon and [particle] hits in L1 modules of the PXD2
in selected runs of the Experiments 30 and 31 with PXD2.

the SR increases with higher HER currents, while consistent decrease of transverse
and longitudinal dimensions of beam bunches localize radiation in modules H1041-
H1062.

For the sake of completeness, we would like to elaborate on additional studies
of clusters’ distributions in Run I. Looking beyond the conservative discrimination
of clusters into LE SPCs and HE MPCs, it was observed in the reconstruction of
Experiment 12 data that distributions of HE SPCs and HE double-pixel clusters
(DPC) feature higher density in several FWD modules affected by the backscattered
radiation generated by the LER beam, namely H1012 and H1022 (see Fig. B.4 in App.
B). While the concentrated intensity of HE SPCs can be explained by events falling
in the right tail of the wide peak in the cluster charge distribution, as explained in
the beginning of this section and illustrated in Fig. 4.4, the localized feature of the
HE DPCs distribution was a new phenomenon to observe. Later in Run I, as beam
parameters evolved, localized features of the HE DPCs distribution faded away and
the intensity of the HE SPCs distribution decreased by the Experiment 26 (see Fig. B.5
in App. B). The same distributions in the Run II show that the intensity of localizes
HE SPCs continues to vanish (see Fig. B.6 in App. B plotted for the Experiment 30
Run 2486). This evolution effectively excludes HE SPCs and HE DPCs from the area
of interest in the context of SR study. Distributions of other clusters, e.g. LE DPCs,
have also been studied, but no significant localized contamination is observed (see
Fig. B.7 in App. B). We therefore preserve the original scheme of interpretation of LE
SPCs and HE MPCs as photon and particle clusters, respectively.
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4.5 Photon Monitor

In order to monitor the photon radiation in the PXD, the Photon Monitor (PM)
is employed. Implemented as a part of the lab framework, it is performing the
real-time analysis of data acquired with the PXD. The calculation is performed on
the pxdlocaldag machine. During the SuperKEKB and Belle II operation, the PV
monitored by the PM is communicated to the BCG shifter to monitor the level of the
SR in the PXD.

The Photon Monitor utilises the cluster discrimination scheme described in previ-
ous sections, in which LE SPCs are treated as photon hits and HE MPCs are identified
as particle hits. Monitoring of cluster densities of each kind is performed in reference
and signal areas defined in modules that are affected by the localized photon radiation
the most. Reference regions are typically defined in parts of individual modules that
are not affected by the BSR, while signal regions are defined to cover areas with the
highest density of the localized photon radiation.

For each i-th region defined within a given module (data from which is handled
by a given DHE), the total number of LE SPCs and HE MPCs, as well as the total area
size, are calculated as follows:

NPHE = N, . w, - hF,,

o (4.1)

= pxl_size"™ . NP < w;,
where N, is the total number of reconstructed clusters in an area, w; is the area
weight factor, hF is the area hit factor, pxl_size is the physical size of DEPFET pixels
in a given ladder in ym? and N™ is the total number of pixels in an area.

Counted rates (N"HE) and areas sizes (SPHE) estimated in individual regions are
then separately summed over all reference and signal regions across all modules to
determine the hit rate intensity:

sig sig
. 5. NDHE/ S~ gDHE
7= N*&/S%€ g ! DHE,i (4.2)
- F - Nref/Sref - ref ref ) :
rF - Z NDHE/ Z SDHE
DHE DHE

where 1F is the reference area factor. Each ladder, in which measurement regions
are introduced, has a single reference area, but might have several signal areas,
depending on the shape of the field affected by the photon radiation. This explains
the ¢ summing index in the nominator.

Following the Eq. 4.2, intensities of LE SPCs (I{f.) and HE MPCs (I{l.) are
calculated. The ratio of two is used to estimate the resulting PV of the PM, which is
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used to assess the contamination of the PXD with the photon radiation:

_ T
res = —= 1 (4.3)
Iypc

If the value monitored in the real time is fluctuating around 0, the data collected
with the PXD is considered to be good, i.e. clear from the SR. If the PV is higher than
3, the PXD is considered to be highly affected by the SR and the alarm is issued to
the BCG shifter.

Measurement regions of the Photon Monitor were established during Run I with
PXD1, based on the photon radiation map that was valid at the time. Figs. 4.6, 4.7, 4.9
and 4.10 clearly illustrate changes in the photon radiation pattern for PXD2, which
need to be reflected in the updated definition of Photon Monitor regions to improve
its efficiency. The old definition of the photon monitor includes the following DHEs:
H1011, H1012, H1022, H1031, H1041, H1051 and H1061. As discussed in the previous
section and illustrated by Figs. 4.7 and 4.9, the SR monitoring in the BWD modules in
the central region of the map remains a relevant challenge, but the location of areas
needs to be reconsidered. Meanwhile, modules H1011, H1012 and H1022, which
were previously affected by theBSR generated by the LER beam (as also observed in
distributions of HE S- and DPCs), no longer show this effect in later runs, reducing
the relevance of continued monitoring in these modules.

In order to reconsider definition of signal and reference areas, we plot distributions
of LE SPCs in the ladders that historically used to be (see Sec. 4.4) or are (in latest
physics runs with the PXD included) the most affected by the BSR. For these plots,
we overlay boundaries of measurement areas using the following colour scheme:

« red — old reference areas;
« green — old signal areas;
« magenta — new reference areas;

. - new signal areas.

The event reconstruction and mapping of photon hits in individual modules are
performed on raw data of the Experiment 30 Run 2486, using the same procedure
described in the previous section. Fig. 4.12 illustrates the photon hit map in the
modules that used to be affected by the SR in the early Run I. Given that the localized
SR is no longer observed in these modules, these areas have been removed.
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Figure 4.12: Distribution of photon clusters in modules [left] H1011, [center] H1012
and [right] H1031. Red boxes indicate boundaries of reference areas defined in the
previous version of the Photon Monitor, while green boxes mark signal regions.

Figure 4.13: Distribution of photon clusters in modules [left] H1041, [center] H1051
and [right] H1061. Red boxes indicate boundaries of reference areas defined in the
previous version of the Photon Monitor, while green boxes mark signal regions.
Similarly, magenta boxes indicate boundaries of reference areas defined in the new
version of the Photon Monitor, while orange boxes mark signal regions. Reference
areas in the new and old definitions overlap in the left and central plots.
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Figure 4.14: Distribution of photon clusters in modules [left] H1052 and [right]
H1062. Magenta boxes indicate boundaries of newly introduced reference areas,
while orange boxes mark signal regions.

The highly contaminated region in the BWD modules — which are most affected
by BSR generated by the HER beam - has significantly shifted due to the additional
gold shielding. We therefore redefine reference and signal areas in modules H1041,
H1051 and H1061 as illustrated in Fig. 4.13. This effect extends into FWD modules, in
which a dense SR fan is also observed. We therefore introduce new areas in modules
H1052 and H062 (see Fig. 4.14).

Newly reconsidered measurement areas have been implemented in the PM source
code. The old version of the photon monitor performs calculation of the photon rate
and photon fraction only in BWD modules. We therefore introduce additional PVs
to monitor photon contamination in FWD modules and in all modules combined. To
test the new implementation, we run the PM over raw data of the Experiment 30
Run 2486 and plot PVs calculated in real time. The photon rate and photon fraction
distributions for BWD modules illustrate clear improvement of the Photon Monitor’s
performance of capturing the photon radiation, as both values increase by factor ~7
(see Fig. 4.15). Similar distributions for FWD modules and for all modules combined
shown in Figs. B.8 and B.9 in App. B illustrate a similar behaviour.
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Figure 4.15: [top] The photon rate and [bottom] photon fraction calculated by the
Photon Monitor using the old versus new area definitions in the BWD modules.

4.6 Extrapolation of the BSR and possible mitigation steps

To study the output of the revisited Photon Monitor and to try to extrapolate
it into future runs, we apply the new PM to the list of selected “good” runs in the
Run II. These runs are required to have all sub-detectors included, last longer than 30
minutes and to have stable HER beam currents, i.e. the maximum deviation of any
minute-averaged value from the mean value over the run should not exceed 5%. We
select the total of 212 runs in Experiments 30 and 31 that satisfy these requirements,
but the raw data of only 210 of them is available at the KEKCC for analysis.

As the PM is running over selected raw data, it writes out values of the photon
rate and photon fraction with the refresh rate of 5000 frames. The average value
of the photon rate and photon fraction is estimated for each run. Both values are
calculated for areas defined in FWD, BWD and all modules. In Fig. 4.16, we show
distributions of photon rates and fractions in selected runs, plotted against the HER
beam current. The trend is clear and expected: higher beam currents induce higher



4.6. EXTRAPOLATION OF THE BSR AND POSSIBLE MITIGATION STEPS 73

le6
e FWD modules .
201 < BWD modules
1.5 A .
o ° o
& . s
c . H
[=}
5 1.01 .
<
o [
° °® :
% ! ° ° i
0.5 A . :.* . s$° °
o. "l . . ° ©
. LN ] l' L] L]
. o, o° 0o 8 o
‘! ' .. . .
00d ° !. ° ° “ s
200 300 400 500 600 700 800 900
HER current [mA]
5
e FWD modules
¢ BWD modules
——=- Contamination threshold
41 .
L]
L] . . :
_5 3.____________________________________2____ __: _______
g . . Tt e
c P i} ° . °
% 04 H 0 - 8, ' ° i
é 21 . . . o o o ®
. !" e © . ' ° ° .
[] . %o o o o° ° 8
s l [ o ' . .
14 ° ° ) l
: .s RIS L B
1{ o 8 . o« T2 ]
] ° .
M o
2 :

200 300 400 500 600 700 800 900
HER current [mA]
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Photon Monitor in FWD and BWD modules across selected “good” runs in Experi-
ments 30 and 31.
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photon contamination, which, if we look at the photon fraction, is reaching and
sometimes even exceeding the alarming limit. In the current implementation of
the Photon Monitor, only the photon fraction calculated in BWD PXD modules is
communicated to the BCG shifter, and, if the threshold is exceeded, an alarm is issued.
Although, as Fig. 4.16 illustrates, the intensity of the photon radiation dominated in
FWD modules, which might incentivise redefinition of the communicated PV in the
future. For now, we stick to the existing PV definition to preserve consistency with
earlier measurements.

Mitigation of the photon radiation is an evolving and intensifying challenge
for the PXD. Photon radiation patterns depicted in Figs. 4.6 and 4.7 illustrate the
emergence of the localized photon radiation and how it evolves with beam optics
changes. Various steps, including beam orbit adjustment and beam pipe modification,
have been taken in the past to reduce its strength. At the current experiment stage,
when stability of the beam has the highest priority for the collaboration, possibilities
of beam orbit adjustment are limited, while the hardware changes are not possible
until the LS2. Therefore, effective monitoring is essential to ensure safety of the PXD
and the quality of data taking.

Evolution of the photon radiation in the PXD, has now been reflected in the new
definition of the Photon Monitor. Tests described above have confirmed its improved
capability to monitor the intensity of the photon radiation. Current levels of the SR
fan, even though are approaching alarming rates, do not pose the threat to the PXD
yet. Though, the effect of localized photon radiation on the PXD can intensify in the
future, as betatron oscillation functions are decreased and beam currents are ramped
up. Therefore, an insight into this topic in later runs, when the PXD is included in
the global data taking again, is required to work on future mitigation efforts.



Chapter 5

Introduction to the spectroscopy of
exotic states

Despite the remarkable success of the Constituent Quark Model in de-
scribing the spectrum of most known hadrons, recent experimental stud-
ies of heavy quarkonium systems revealed growing tensions between
QCD-motivated predictions and experimental observations. While the
interpretation of these discrepancies remains ambiguous, such results
provide a unique testing ground for our current understanding of the
QCD and fuel the interest in various possibilities of more exotic hadron
configurations beyond conventional mesons and baryons. In this sec-
tion we summarise the status of the heavy quarkonium spectroscopy in
the context of the search for structures with the ccss quark content to
motivate the analysis reported in the next chapter of this thesis.

5.1 Constituent Quark Model

The Gell-Mann Zweig idea, currently known as the Constituent Quark Model
(CQM), remains an effective scheme for classifying all known hadrons. It was devel-
oped half a century ago, when only light quarks, i.e. up (u), down (d) and strange (s),
had been discovered. Although, it could be successfully expanded to accommodate
heavier quarks: charm (c), bottom (b) and top (¢). The CQM explains the structure of
conventional hadrons — mesons and baryons - to be composited of a quark-antiquark
pair and a quark-triplet, respectively. In order to avoid the violation of the Pauli
principle in cases, when a baryon is composed by several identical quarks, e.g. sss,
the strong charge was introduced by M. Y. Han and Y. Nambu in 1965 [89]. The
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Han-Nambu idea suggests that each quark represents an SU (3) triplet in the flavour-
space with a strong charge in another SU (3) triplet. Then, each hadron represents a
singlet in this space of an additional SU(3) symmetry group. Due to the similarity of
these rules to the human perception of colour, the strong charge was later dubbed as
the colour charge, which takes values of red, green and blue. Following this analogy,
all free particles can only exist in a colourless composition, such as, for the case of
conventional hadrons, colour-anticolour for a meson or a complete colour-triplet for
a baryon.

As discussed in Chapter 2, forces binding individual quarks into hadrons are
described by the QCD. Due to the self-interacting nature of gluons, the beta function
of the strong coupling receives an extra summand, which changes the coupling
constant evolution!. As a result, the strong interaction strength decreases at short
distances, reaching values as low as oy, = 0.1185 £0.0006 at r = 0.002 fm, resulting
in a phenomenon known as asymptotic freedom. At long distances, the o, value scales
up, facilitating the effect known as confinement, which explains why free quarks
can never be observed in nature. These features of the strong interaction potential
elevate the feasibility of perturbative expansions for first-principle calculation at short
distances, which can be probed in the high-p; environment of collider experiments,
such as LHC-based LHCb or CMS. However, as the perturbative calculation example
shows for quark-quark scattering at high momentum transfer, long-distance effects,
which can not be described with the perturbative expansion, significantly impact the
momentum distribution of quarks within protons and must be approximated in some
other way. This example indicates significant limitations of the pure perturbative
QCD expansion even for a golden test case.

The CQM leaves room for hadronic configurations more complex than conven-
tional mesons and baryons, as long as the requirement of the total color neutrality is
maintained. Exotic states are in particular predicted in the light meson spectrum, but
earlier experimental efforts suggest that light sector suffers from dense background
of conventional states, which makes unambiguous isolation of exotic candidates
challenging. For example, several pentaquark candidates, dubbed as Z, and Z; were
included in the PDG review in 1976 [90]. But after no observations of these states
by other experiments followed in almost two decades and alternative theoretical
interpretations for the observed enhancements were suggested [91], these states
were eventually removed from the PDG listing by 1994 [92]. The same happened to
the resonance formerly known as ©7. Its sharp peak (I' < 25 MeV) was originally
observed in the K n invariant mass distribution near M = 1.64 4+ 0.01 GeV in
the yn — K+ K n inelastic scattering [93]. This observation sparked a heated
discussion, as the newly observed resonance matched an earlier prediction of an

lin comparison to the QED
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open-strange (S = +1) pentaquark [94]. Alas, by 2006, the ©" resonance had been
removed from the PDG listing [95], when more comprehensive experimental results
became available [96-98].

Meanwhile, an approach alternative to the perturbative QCD expansion gained
attention after the first cc states had been discovered: .J /4 [99], ¢’ [100] and x.; [101].
Due to the large mass of the ¢ quark (m, = 1.3 GeV), its motion in the cc system is
nearly non-relativistic. Therefore, it can be described reasonably well by the Cornell
potential [102], which includes a Colomb-like component resembling the asymptotic
freedom at short distances and a linear component reflecting the confinement at
large distances (see Eq. 5.1). The feasibility of the potential model constructed within
this approximation has been confirmed over time, as nearly all observed charmonium
states were found to be consistent with corresponding predictions (see Fig. 5.1 [top]).

V(r) = —g% +or (5.1)

The spectrum of conventional bottomonium underwent a similar story of the
potential model success, as the same non-relativistic approximation is even more fea-
sible for it?. Namely, most of narrow Y (/") resonances discovered in the 9.4-10.4 GeV
mass region matched respective non-perturbative calculations (see Fig. 5.1 [bottom]).
Due to their notorious similarity, the c and b quarks are usually referred to as heavy
quarks (denoted as @, in contrast to the ¢ notation for light quarks). Likewise, the
quarkonium umbrella term collectively describes charmonium and bottomonium
states, denoted as QQ).

The large mass of heavy quarks suppresses its production in a fragmentation
process. Hence, if a (g meson is observed, a heavy quark is likely to be constituent to
the mother particle. This advantage of heavy-quarkonium allows searching for exotic
candidates in a cleaner environment than the one of the light sector. In addition
to it, QQ candidates tend to have narrower width, making their identification less
ambiguous due to the limited overlap with adjacent conventional quarkonium states.
These arguments introduce heavy-quarkonium as a prospective field for search for
unconventional hadronic states. Until recent years, there were few quarkonium(-like)
candidates without a viable conventional interpretation. This status-quo changed
in late 2000’ — early 2010°, when a boom of discoveries reporting observation of
unconventional candidates happened, mostly in the charmonium-like spectrum.
Pentaquark and charmonium-like candidates observed in this era point to a possi-
ble extensive exotic hadronic spectrum, which goes beyond predictions of the yet
successful potential model.

2due to yet larger mass of the b quark
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Figure 5.1: Spectrum of conventional quarkonium: [top] charmonium and [bot-
tom] bottomonium. Black bars show potential model predictions calculated in the
non-perturbative approximation [103], while yellow boxes indicate experimental
measurements listed in the PDG2024 [104].
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In the next section, a general classification of theoretical models describing the
structure of unconventional states is provided. While in the section that follows it,
the summary of latest experimental results reported by B-factories (Belle/Belle I,
BaBar), LHC- (LHCb, ATLAS, CMS) and Tevatron-based experiments (D@, CDF) is
given to assess feasibility of the aforementioned theoretical models and to highlight
yet unresolved matters of the charmonium spectrum relevant in the context of this
thesis.

5.2 Theoretical models for unconventional hadrons

Unlike conventional hadrons, which have a limited number of valence quarks
and therefore can only take certain J©'“ quantum numbers®, unconventional states
have more degrees of freedom and therefore can access J©'C combinations that
are forbidden for conventional hadrons?. As discussed above, the first-principle
approach features limited feasibility. Therefore, various simplified models step-up
for predicting unconventional states allowed by the CQM.

Across these models, the concept of a diquark appears in the role of a “building
block” for different configurations. Originally introduced by Jaffe [105], [gq] diquarks
and [qq] antidiquarks naturally carry a colour charge and therefore are bounded by
the strong force. It was originally articulated that considering the Pauli principle,
diquarks can either form a “good” spin-zero combination with the attractive poten-
tial, or a “bad” spin-one coalescence subjected to repulsive forces. Although, these
considerations were later revised by Maiani [106] and Teraski [107], who indepen-
dently concluded that “badness” of S = 1 diquarks is significantly weakened for
(anti-)diquarks containing a heavy (anti-)quark due to the factor m,/m, suppres-
sion of spin-spin interactions, allowing them to play an important role in constituting
exotic hadrons [108].

Existing models of exotic quarkonium-like states can be divided into two large
families: QCD-motivated compact models and loosely bound hadronic molecules.
Compact models include (but are not limited to) tetraquarks, hadro-quarkonium,
hybrids and glueballs. We now provide a brief overview of concepts underlying the
listed models and include a simplified illustration of respective inner structures in
Fig. 5.2.

a) Compact tetraquarks

These tightly bound diquark-antidiquark configurations were introduced to account
for exotic charmonium-like states that cannot be accommodated within the con-

3J=L+8 P=(-1)*"andC = (1)L
4suchas 0, 0t—, 17+, 27 etc.
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ventional QQ spectrum. Theoretical calculations using the color-spin Hamiltonian
predict a rich spectrum of such compact states, as all constituent quarks significantly
contribute to the structure of the full state. The compact tetraquark model provides
a natural explanation for unconventional 17" charmonium-like exotics and offers a
reasonable description of the full 17~ sector [109]. The internal diquark—antidiquark
also structure helps to account for the observed preference of many of these states to
decay into open-flavour mesons rather than conventional quarkonia.

In the nearly-static approximation of the Hamiltonian treatment, the concept of
a dynamic tetraquark—in which diquark-antidiquark pairs are produced with large
relative momentum—plays a key role. It prevents the system from reorganizing
into a more loosely bound open-flavour state and naturally explains why many
exotics exhibit relatively small widths®. As a result, compact tetraquarks can
appear as narrow resonances, even above open-flavour thresholds, making them
experimentally accessible and phenomenologically distinct from meson-meson
molecular states [110].

b) Hadroquarkonium

The underlying idea for the hadro-quarkonium model stems from the fact that
decays of conventional charmonium states located above open-charm thresholds
into respective open-charm modes are favoured over transitions into lower-laying
charmonium states by 2-3 orders of magnitude, while for unconventional candidates
this favouring factor is 10 or less [111]. The hadro-quarkonium model accounts for
this discrepancy by embedding a compact QQ “core” into a “cloud” of light quarks
and antiquarks. Driven by a QCD version of the Van der Vaals potential, mutual
forces between the “core” and the “cloud” are strong enough to form a compact object,
while favouring transitions into hidden-quarkonium in comparison with branching
fractions of “fall-apart” decays predicted by loosely bound configurations [112].
¢) Hybrids

In contrast to the QED, the linear term of the strong field confines colour field-lines
within a compact flux tube that runs between valence quarks (antiquarks) of a
hadron [113]. In a ground state, J©'¢ quantum numbers of a hadron are defined ex-
clusively by the relative orbital momentum of quarks and the alignment of their spins.
Although, if a flux tube is excited, its non-zero orbital momentum and/or spin can
contribute to the total J”'¢ quantum numbers of a state, leading it to take values that
are otherwise forbidden for a conventional hadron [114]. Some hybrid models sug-
gest that their decay into a pair of S- and a P-wave states is favoured over a decay into
a pair of S-states (just like for the conventional quarkonium) [115, 116]. Therefore,

SDecay can only occur via the long-distance tails of meson wave functions connecting the quarks
and antiquarks.
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searches for hybrid candidates are mostly focused on decays into D**D*) or B** B(*),

d) Glueballs

Due to the self-interacting nature of the strong field, compact bound states composed
exclusively of gluons, known as glueballs, are predicted. Like hybrids, these states
can take J©¢ quantum numbers inaccessible for conventional hadrons. Lattice
QCD predicts the lightest scalar glueball around 1.5-1.7 GeV, as well as tensor and
pseudoscalar states at higher masses. Experimental efforts are mostly focussed
on production mechanisms that include light mesons with J7¢ = 0*+, 0=+, and
2%". So far, only indirect evidences exist for a scalar glueball mixed with nearby
conventional mesons, while searches for tensor and pseudoscalar glueballs remain
inconclusive. Even though glueballs are generally not considered viable explanations
for quarkonium-like exotic states, they may contribute to states with unusually broad
or flavour-diverse decays. A more complete discussion can be found in Ref. [117].

e) Hadronic molecules

The concept of a shallow hadronic state bound by a Yukawa-like meson exchange was
introduced several decades ago [118-120]. Such “molecular” states are expected to lie
near the threshold defined by masses of their constituent mesons and to adopt .J ¢
values corresponding to their S-wave combination. In 1994, Térnqvist predicted the
existence of BB* and B* B* states predominantly bound by the pion exchange [121].
Due to the similarity of the binding mechanism to that of the deuteron, this model
was imaginatively dubbed a “deuson.” Within this framework, if a molecular state is
formed by a pair of open-flavour mesons, the heavy quark and antiquark are spatially
well separated, resulting in minimal overlap. This configuration favours decays into
a pair of open-flavour mesons rather than coalescence into a hidden-quarkonium
plus a residual light meson. Moreover, because pseudoscalar couplings such as DD
or BB are forbidden by rotation-parity invariance, the formation of shallow states
composed of DD or BB meson pairs is disfavoured. This argument justifies extensive
experimental efforts in searching for exotic candidates fitting the molecular picture
in systems like D DM, D(S*>D(S*>7r or B* B®)r.

In addition to models describing unconventional four-quark structures, hexaquark
states have been introduced. Dyson [122] and Jaffe [105] envisaged the possible exis-
tence of non-trivial six quark configurations. Once formed, dibaryons are predicted
to be fairly stable. A search for hexaquark candidates holds potential to shed the light
on the possible existence of even more exotic structures than what we have seen up
to now. Gaining an understanding of the mass spectrum of these exotic candidates,
as well as precise branching fraction, width and spin parity measurements are critical
for their interpretation. The latter — when possible — can be accessed by an angular
analysis approach.
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Figure 5.2: Illustration of a a) compact tetraquark, b) hadro-quarkonium, c) hybrid,
d) glueball and e) hadronic molecule

5.3 All that peaks is not resonance

An experimental search for exotic hadrons naturally presumes looking for en-
hancements in invariant mass distributions of interest. Although, not always can
these enhancements be associated with genuine resonances, as some kinematically
induced effects must be considered, mainly threshold cusps and anomalous triangle
singularity.

Threshold cusp is a kinematic effect appearing at the opening of an S-wave thresh-
old [123]. It stems from the steep rise of the imaginary part of the scattering amplitude
at the threshold [124-126]:

ImT'(s) o< g%p(s), (52)
where g is the coupling constant and p(s) is the phase-space factor. An abrupt growth
of the imaginary part is eventually terminated by the hadronic form-factor F'(s):

F(s), (5.3)

where k is the momentum in the two-body rest frame.

The real part of the scattering amplitude is expressed as:

1 [e’e} d 72 / ’
ReT(s) = 1p [ 29 (Dpls) (5.4)
s S et S — S
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where Pis the principal value integral and s, is the squared mass of the threshold.
The resulting |T| features a sharp resonance-like peak at the S-wave opening, e.g. as
demonstrates in Fig. 5.3 [left] for the case of the DD* threshold.

Some authors doubt the pure kinematic cusp production [127], questioning non-
analytic form-factors in the definition of the coupling constant g. On contrary, it is
suggested that the presence of a nearby pole is always required to see the kink as
pronounced. Therefore, in case of an observation of a near-threshold enhancement
in an experiment, it is always advised to perform an analysis of the Argand diagram,
when the sample size allows. However, this approach is not always accessible,
especially in cases when a very rare process is studied.
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Figure 5.3: [left] The scattering amplitude near the DD* threshold. The dotted line
represents the imaginary part of the scattering amplitude, while the dashed line - the

real part. The solid curve is | T'|. [right] A three-body decay with an internal triangle.

Three-body decays can configure diagrams with internal triangles, as illustrated
in Fig. 5.3 [right]. According to Landau [128], a diagram of this type becomes
singular, when all three virtual particles are simultaneously on-shell. This leads to
an effect called the anomalous triangle singularity (ATS). If kinematic conditions are
satisfied [129], the ATS can produce resonance-like peaking structures that have
nothing to do with true particle resonances. This effect does not yield misleading
enhancements in elastic scattering, as shown by Schmidt [130]. But in the presence
of many coupled channels, the sum of amplitudes can produce a Dalitz plot, which
in projection to individual channels can produce narrow resonance-like peaks [131].
A more detailed description of the ATS can be found in Ref. [132-134].
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5.4 Overview of the exotic charmonium-like spectroscopy

The field of the charmonium-like spectroscopy is dominated by 3 main categories
of players: B-factories (Belle/Belle II and BaBar), LHC-based experiments (LHCb,
ALICE and CMS) and specifically BESIIIL. Each of the listed experiments features
unique advantages that amplify its potential in some areas of the exotic spectroscopy
and weakening in others.

LHC-based experiments are recording data of pp collisions and enjoy the produc-
tion rate of ¢q pairs that is 5-6 orders of magnitude larger than in e*e™ collisions.
Even after correcting this for the lower reconstruction efficiency and the shorter
accumulated beam time, the production rate of hidden charmonium is still approxi-
mately 1000 times larger compared to B-factories. To give a vivid perspective, the
data sample of B decays to J /1 and light hadrons that was accumulated during the
three-year-long Run-I of the LHCb experiment (~ 3 fb~!) is roughly one order of
magnitude larger than that of the Belle experiment accumulated over a decade-long
operation. Meanwhile, by the time of delivering this thesis, the data sample accu-
mulated by LHCb is approaching the mark of 20fb—?, strengthening the importance
of the experiment in the area of flavour physics even more. Another advantage of
LHCb is the exceptional spacial resolution thanks to a large boost, which results
into a better signal purity than in BaBar or Belle for analyses targeting long-living
open-bottom hadrons. The notorious downside of experiments operating at hadron-
hadron collisions is their low sensitivity to channels including neutrals, e.g. y or
70, This being said, does not entirely veto this type of analyses, as the recent LHCb
analysis of X (3872) decays into .J /1 and y¢)" shows [135], but significantly limits
the minimal energy of neutrals that can be detected and the reconstruction efficiency
due to the missing decay vertex information.

Meanwhile, B-factories benefit from the clean environment of lepton-lepton colli-
sions. Their almost 47-geometry detectors allow recording data at the instantaneous
luminosity that is higher than that of pp experiments. Light material budget of
electromagnetic calorimeters employed by Belle/Belle II and BaBar allows detecting
soft photons with energies as low as 25 MeV®, while precise vertexing, event topology
classification and flavour tagging techniques significantly improve the reconstruc-
tion efficiency, signal clarity and expand the range of decay modes accessible for
reconstruction.

The BESIII experiment features key advantages of et e~ B-factories, but in addition
has some crucial design advantages putting it a unique position in the field of the
charmonium spectroscopy. In particular, it records collision data of the BEPCII
collider, which is capable of operating at the tunable centre-of-mass energy from

®for the case of Belle II [30]
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2.0 to 4.6 GeV. The ability of BEPCII to adjust the collision energy allows BESIII
accumulating datasets targeting individual charmonium(-like) resonances. While
B-factories have to resort to leptonic decays of conventional charmonium, which
feature distinct event topology and tolerable background levels, BESIII is capable
of reconstructing .J /v and ¢’ decays into multiple hadrons, which usually have
larger branching fractions. Another advantage of diverse BESIII datasets is the
ability to profile energy-dependent cross-sections of individual processes to look for
enhancement in production rates at different energy points. This type of analyses is
usually not accessible for other experiments, as they are operating at a fixed Ey,
most of the run time’.

In the context of B-factories, these are the main processes, in which cc pairs are
produced and therefore charmonium(-like) states can be searched for:

« B-mesons decays

A Y(48) resonance predominantly (> 96%) decays into a BB meson pair. A
b quark constituting a B meson may transition into a ¢ quark by emitting a
W boson, which with 15% probability converts into a ¢s quark-antiquark pair.
The obtained c and ¢ quarks materializes into a 0=+, 17~ or 17+ charmonium
state, while the s quark and a spectator quark coalesce into a kaon.

« Two-photon processes

Fusion of two photons radiated by beam leptons can produce a quark-antiquark
pair with the probability that is proportional to 63. Given the charge of a ¢
quark, c¢ production is favoured. These mostly “untagged” events feature low
pr, which serves as an important experimental signature. Quantum numbers
accessible for a charmonium created in this process are 0¥ and 2+,

« Double charmonium production in the continuum

The QCD-motivated effective field theory predicts the J /¢cc production rate
of around 10% at the E,, of 10 GeV [136]. This former prediction was con-
tradicted with the observations of B-factories, which reported that prompt
J /1) production accounts for almost 69% [137]. Due to the unexpectedly high
cc production rate in the recoil of .J /1), several conventional (7,, x.o and 1)
and unconventional states have been studied in the inclusive ete™ — J /¢ X
precesses [138].

Initial state radiation (ISR)

The spontaneous radiation of a photon by the initial state e or e~ can reduce

7with the exception of several energy scan campaigns carried-out by B-factories
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the effective centre-of-mass energy, bringing it closer to threshold energies of
the charmonium production. This higher-order process, known as initial state
radiation (ISR), is suppressed by QED and can only generate resonances with
17~ quantum numbers®.

Unconventional charmonium-like candidates are collectively called XY Z states.
In the commonly used naming scheme, X states denote neutral states with unconven-
tional or not yet established quantum numbers, Y states designate neutral candidates
with JP¢ = 17~ and Z states mark charged charmonium-like states.

The discovery of X (3872) by the Belle collaboration in 2003 [139] introduced the
experiment as on of the key players in the field of charmonium-like spectroscopy®.
Observation of a narrow resonance in the J/¢¥7n" 7~ invariant mass distribution,
later established by LHCb to have 11" quantum numbers [141], kick-started a heated
discussion on its nature, which boils until now. Its measured invariant mass falls
behind the expectation for the missing x_; by almost 80 MeV [103], which would
reflect in the inverted M,_; (1P) vs. 6 M,_, (2P) mass splitting hierarchy. It is also
reported to favour isospin violating decays, measured as B(X — wJ /¢)/B(X —
atn=J/1y) = 0.8 + 0.3 [104], by the rate that exceeds expectation for a pure
charmonium for at least one order of magnitude and can not be explained by the
pure suppression of the X — w.J /1) kinematic phase space!’. These arguments, in
addition to the narrow width [104]", disfavour interpretation of X (3872) as a pure
charmonium.

Observation of the X (3872) — D°D7Y decay channel with the rate that dom-
inates over the 77~ J /¢ mode by the factor 9.451:% [142] strengthened the hy-
pothesis of its coupling to the D°D*? channel, which by the time of the discovery
was speculated about due to the proximity of the X (3872) invariant mass to the
respective threshold. The latest measurement of the splitting is expressed as:

SM = My 3570 — Mpo — Mpo = —0.08 + 0.09 MeV/c?, (5.5)

which is consistent with zero within the uncertainty [104]. Arguments listed above
support identification of X (3872) as a molecular state. This interpretation is able
to accommodate most of attributed abnormalities and the lack of observed part-
ners, which should arise, if an alternative interpretation, e.g. a compact tetraquark,

8as the produced resonance couples to the virtual ISR photon

9This publication stands out as the most cited Belle paper, even more cited than the one reporting the
discovery of CP-violation that earned a Nobel Prize in 2008 [140]

Charged pions in the 77" 7~ J /1) mode originate from p decays, as confirmed by the shape of di-pion
distribution [142].

1in comparison with the I' = 0.84 4 0.04 MeV width of X, even though it has fewer allowed
decay channels as an S-wave state
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is assumed. Although, this model confronts with the enormous scattering length
agy > 9 fm'?, which comes from the resonance location precisely at the D D*°
threshold [143]. Another argument disfavouring the molecular interpretation of
X (3872) comes from its prompt production in pp collisions [143], where the depen-
dence of the differential cross-section on the transverse momentum clearly resembles
the pattern of ¢/, rather than the one of a genuinely composite object, such as deu-
tron, hypertriton or helium. Due to existing counter-arguments, pure molecular
interpretation of X (3872) lures to be challenging, which is why a mixed hypothesis
stands out as the most complete one. It is described by Eq. 5.6, which contains
coherent charmonium and molecular components, with the former constituting

(28 — 44)% [143].
1X) = V/ZeelXe1 (2P)) + / Zpyot| D" D) (5.6)

The latest efforts in better understanding of X (3872) paradoxes are focussed on
the study of its lineshape [144-146] and mostly struggle with the sensitivity of the
Flatté model, which is aimed to describe it [147]. Pole positions that are derived
from the Flatté fit can disclose whether X (3872) is a genuine resonance or a virtual
state. Although, uncertainties derived by these calculations do not allow claiming the
position of at least one pole on a physical Riemann sheet. Qualitative improvement
of these measurements require significantly larger data samples, especially those
from ete™ experiments, as they are sensitive to the X (3872) — D°D%7° decay
channel.

Shortly after the discovery of X (3872), observation of another narrow structure,
this time in the wJ /1) invariant mass system, was reported by Belle [148]. Formerly
observed in B-decays, the enhancement dubbed as X (3915) was later confirmed by
BaBar in the same process [149, 150]. In parallel, a resonance decaying into the same
final state was also observed by Belle and BaBar in two-photon processes [151, 152].
Due to the similarity in measured properties, both observations were attributed to
the same resonance with the following fitted average mass and width [153]:

M = 3918.4 + 1.9 MeV/c?

(5.7)

I' =20.0 4 5.0 MeV
Similarly to X (3872), despite having the matching 0™ quantum numbers [152],
X (3915) can not be identified as a conventional cc state [154-156]. This conclusion
is supported by the anomalously small §M,_,(2P) mass splitting [156-158], the
observation of the OZI-suppressed w.J /1 decay mode [159-161] and the absence of

2twice the value of the deutron’s scattering length
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evidence for the expected dominant decays into DD. Therefore, its interpretation as
an exotic charmonium-like candidate, both in the form of a molecular state [162] and
a compact tetraquark [163], is considered. The molecular interpretation is supported
by the proximity of the measured mass to the 2D threshold ({M = 18.2 MeV/c?). It
can account for the suppression of the X (3915) — DD decay via the OZI mechanism,
as well as for the enhancement of decays into wJ /1 due to the presence of an s§
component in the former. A recent LHCb publication reported results of an amplitude
analysis of the Bt — D~ DT K™ decay [164], which established the presence of
two resonances, X ,.,(3930) and x.(3930), with spin-0 and spin-2, respectively. The
former was identified as the X (3915) state, but due to the contradiction with the
earlier measurements and poor signal purity, authors claim that a substantially
larger data sample is required to eliminate ambiguity. The same is relevant for the
observation of a resonant structure near the D} D threshold by LHCb [165]. Despite
the significance of 120, the Flaté fit to the near-threshold enhancement yields an
invariant mass value, which is almost 40 MeV/c? larger than the world average for
X (3915). This result, along with the confident (90) establishment of its quantum
numbers as 07, can either be interpreted as the strong coupling of the hypothetical
[c][¢s] molecular component of X (3915) to the DY D channel, which manifests in
its larger width, or as a sign that the newly observed state is different to the X (3915)
known before.

The LHCb study of B — J /1K™ [166], which reported observation of 4 new
neutral X resonances in the J/¢¢ invariant mass distribution, shook the field of
charmonium-like spectroscopy in 2017. This full amplitude analysis resolving seven
coherent K* — ¢ K resonances and possible X — J /¢ states yielded confirmation
of X(4140) and X (4274) states that were earlier reported by CDF [167]*%, and
reported the first observation of two other neutral states, dubbed as X (4500) and
X(4700). An improved amplitude analysis performed in 2021, exploiting the Run-II
data set (6fb~1), revisited the same decay channel. In addition to confirming the
states reported in the earlier study, it reported the observation of three additional
neutral X states and two charged Z states that had not been seen previously [168].

Within the states reported in LHCb publications [166, 168], the X (4140) state
has been previously studied the most by other experiments. It was first observed by
CDF [167] and rediscovered by CMS in B-decays [169]. Shortly after the rediscovery,
it was observed in prompt production by D@ [170]. In view of consistent experi-
mental results and inability to incorporate X (4140) in the spectrum of conventional
charmonium, various theoretical interpretations have been suggested, including a
compact tetraquark [163, 171-174], D*~ D*" molecule [175-184], 1~ hybrid [183,
185] or kinematic cusp [186, 187]. A large fraction of hypotheses was ruled out,

Beach with significance below 50
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Figure 5.4: Distribution of the [left] ¢ K", [middle] J /v ¢ and [right] J /¢ K™ invari-
ant mass distributions for Bt — J/¢¢ K" candidates (black points) approximated
(red curve) either with the [top row] default or [bottom row] Run-I model.

when JF¢ = 17F quantum numbers were assigned to X (4140) by LHCb. Within
the remaining interpretations, the tetraquark model proposed by Stancu stands out
the most [173], as not only it correctly predicts quantum numbers of the X (4140)
state, but also anticipates the existence of a second 17 tetraquark with a mass close
to that of the observed X (4274) resonance. Another viable interpretation proposed
by LHCbD [188] explains X (4140) as a possible D D% cusp effect below the J /4o
threshold. According to the 2024 PDG [104], the world average width of X (4140) is
based on earlier CDF, CMS and D@ results and excludes latest LHCb measurements.
This exclusion persists due to the pronounced discrepancy between widths reported
by LHCb (I' = 83 4+ 2172} and 162 4 21723 MeV [166, 168]) and those from previous
studies (e.g. T' = 2871° 4 19 and 16.3 + 5.6 & 11.4 MeV [169, 170]), despite the
substantially larger event sample derived by LHCb!*. The reason for this drastic
deviation lacks clear explanation.

An evidence for the second X state confirmed by LHCb, X (4274), was reported
by CDF. Due to the large statistical error of the measured width (I' = 32.3721-9 &
7.6 MeV), the X (4274) width measured by LHCDb is consistent with the former result
(I' = 53 &+ 5 £ 5 MeV). The most prominent models describing the existance of

MLHCb isolated approximately 4.2k events in 2017 [166] and 24k in 2021 [168], compared to 14-616
events reported by other analyses [167, 169, 170, 189, 190].
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X (4274) suggest its interpretation as a hybrid or a compact tetraquark. Further
studies are required to favour a particular interpretation.

The initial rejection of the conventional c¢ interpretation of X (4140) was based
on its narrow width measured by CDF: ' = 11.3f§:8 =+ 3.7 MeV [167]. Although, in
view of the latest LHCD results, these conclusions might be reconsidered. Several
potential models predict conventional cc states with masses and widths in the range
of values reported by LHCb. For example, X (4140) and X (4274) states can be con-
sidered as candidates for the missing x; (3P) state, as they lay within considerable
theoretical uncertainties for its predicted mass and width [115, 191-195]. Similarly,
X (4500) and X (4700) states have been suggested as candidates for the ., (4P) and
X.0(5P) resonances, respectively [194, 195]. If these interpretations are correct, the
are expected to be pronounced for conventional charmonium resonancgs. ’H;e lack of
experimental searches for these states in decays involving charmed-strange mesons
contribute to the motivation for the search reported this thesis.

aforementioned X states should manifest in fall-apart decays into DE %DE ;, which

Its feasibility is additionally highlighted by another recent Belle result, which
reported observation (5.90) of a narrow resonance in the D} D, (2536)~ invari-
ant mass distribution [196] and the evidence (3.40) for an enhancement in the
Dt D, (2573)" system [197] in ISR processes. Measured mass and width of both
enhancements are consistent with those of the narrow Y (4660) resonance that was
earlier seen in ete” — w7 ¢’ by BaBar [198] and Belle [199]. In a suggested
model [200], Y (4660) is interpreted as a shallow D{ D, (2536)~ molecular state
bounded by the f,,(980) exchange. In this regard, the reported observation of fall-
apart open-charm decays supports this interpretation, but further studies are required
to make reliable conclusions.

Experimental results summarises in this section list various candidates for
charmonium-like state, including those with ccss quark content. Decays into open-
charm final states are OZI-favoured for these states, if conventional or molecular
interpretations are assumed. The clear lack of experimental efforts in searching for
decays into various charmed-strange mesons form the comprehensive motivation
for the analysis described in the following chapter.



Chapter 6

Search for cCss exotic states

In this section, we present an analysis focussed on a study of decay chan-
nels, where structures with ccss quark content can be revealed using the
full Belle data set. As such, we study the ee™ — DjD(S*J)_ + anything
inclusive process, where D((:])f denotes either the D*;(2317)", or the
D, (2460)" meson, and look for resonances in the DjDSff invariant
mass distributions. Along with cross-section upper limit estimates for
the process under study, we look into other matters, such as mass split-
ting and width estimates for the D%;(2317)~ and D, (2460) meson,
which give insight into reasons behind their deviation from potential
model predictions.

The central idea of the proposed analysis is based on the search for ccss exotic
resonances in continuum, 7.e. in the eTe™ — cc process. This approach ensures the
access to a larger variety of quantum numbers that a potential exotic state can take
and allows utilising the full Belle dataset, rather than Y (4S) resonance data only. The
primary goal of the analysis is the search for resonances in D DS})_ invariant mass
systems. In addition to it, we look into adjacent topics, such as precise mass-splitting
measurements and the measurement of the D%,(2317)~ width, which can shed light
on open questions of the c¢s spectrum and the ambiguous nature of the D*,(2317)~
and D, (2460)~ mesons.

Earlier studies of decay channels including D¥,(2317)~ and D,;(2460) indi-
cated significant cross-feed affects caused by kinematic similarity of their decay
products [201-203]. These effects will be elaborately discussed in later chapters
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(see Sec. 6.3.5), but for the current context, it justifies the motivation to study the
ete” — DI D%,(2317)" + anything and ete™ — D{ D ,(2460) + anything decay
channels in parallel - to correctly interpret observed events. Here, and throughout
the text, an inclusive process with the + anything component is presumed for the
decay channels under study. We therefore are dropping the + anything notation from
now on. Charge conjugated modes are also considered by default throughout the
entire text for mesons present in the decay cascade.

This work is strongly connected with the search for exotic states in the B —
J /1@ K process that was performed in the working group of E. Prencipe’ . It, just like
the analysis reported in this document, is focussed on the search for non-constituent
resonances with ccss quark content, but makes use of a different production mecha-
nism, ¢.e. through B decays.

6.1 Search feasibility

As discussed in Chapter 5, recent results reported by LHCb reignited the inter-
est to the field of exotic charmonium-like states, when the rediscovery of X (4140)
and X (4274) and the first observation of X (4500) and X (4700) was published. As
the list of newly observed X states was shortly extended with X (4150), X (4630)
and X (4685) reported by the follow-up study [168], the need for confirmation of
numerous exotic candidates with ccss quark content in other processes got under-
lined. Given that the D} DSZP and J/1¢ invariant mass ranges partially overlap,
as reported in Table 6.1, this analysis offers a unique opportunity for a cross-check
of resonant states reported by LHCb [166, 168, 188] in both different systems and
different decay modes, and eventually a look for yet unseen exotic states.

With the present analysis in the continuum, we are looking for a possible con-
firmation of X-resonant states observed by LHCb in a new production mechanism.
If resonant state(s) compatible with those are found, this would constitute the first
observation by a non-LHC experiment. Such a finding would be of critical im-
portance, as e.g. if a state compatible with X (4274) is observed, it would further
support X (4274) interpretation as a genuine particle, rather than a reflection of the
controversial X (4140) peak, as proposed by CMS.

From an experimental point of view, the best method to verify, if a molecular
or a cusp hypothesis is feasible for an exotic candidate, is to look for it in elastic
scattering. The average measured mass of X (4140) is (4146.5 + 3.0) MeV/c? [104],
while the threshold of Df D*~ is ~ 4080 MeV/c?. Consequently, X (4140) is located
more than 60 MeV/c? above the D] D~ threshold, which makes its interpretation

IDFG project n. 389090153 (2017), Search for four- and six- quark states with c- and -s quarks
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Invariant mass system Decay from Range [GeV/c?]

D, D} BY [3.936—5.367]
D;Dfr" B [4.071—5.567]
D; D+ BY [4.080—5.567]
D, D% (2317)* B [4.285—5.567]
D; D, (2460)" BY [4.428—5.567]
J /e B° [4.118—5.280]
J /g B* [4.116—5.279]
J [ continuum [4.116—FE,,,]
D, D%, (2317)" continuum  [4.285—F_,,]
D;D,,(2460)" continuum  [4.428—F_, ]

Table 6.1: Physics processes, where a search for resonances with ccss quark content
is feasible.

proposed by LHCD [188] as a D} D%~ cusp not ideally suited, though still possible.
Therefore, the D} D%~ elastic scattering is a viable test case for the X (4140) puzzle.

This applies even more prominently to X (4274): its average measured mass of
428615 MeV/c? is located exactly at the D} D%,(2317)~ threshold (~ 4285 MeV/c?).
Therefore, the hypothesis of X (4274) being a D D*;(2317)~ cusp effect below the
J [1¢ threshold is feasible. The latest LHCb results report comprehensive establish-
ment of quantum numbers (J ) for X (4140) and X (4274) as 1**. This important
result favours looking for X (4140) in the D} D%~ invariant mass system, but is
against the cusp interpretation of X (4274), for which other possibilities could be
considered [163, 173, 200, 204]. As a reminder, Belle showed an evidence for a state
dubbed as X (4350) by analysing the J/1¢ invariant mass via v+ interaction, with
still unclear interpretation of its nature [205]. Lebed and Polosa [163] propose a
model, where quantum numbers of X (4140) coincide with those reported by LHCb
(1*7). The same model claims for a state compatible with X (4274) on the mass scale
and with quantum numbers compatible with those of the D D%;(2317) system
- 072, though contradicting with 17 found by LHCb. A more recent theoretical
paper from Maiani, Polosa and Riquer [206] explains X (4274) in a tetraquark model
as a possible overlap of 2 nearby states with J¥¢ = 0+ and 27,

In this view, search for X, ; states as from Ref. [168] in elastic scattering by
analysing ee” — DﬁDE:J)f processes gains significant importance. In case of

observation, cusp hypothesis for the aforementioned X ., states could be excluded.

20 ®0" =0"
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X decays into Thresholds  J¥ product Compatible with
DiD% 4081 MeV/c? 0"® 1~ X (4140): possible cusp
DID:(2317)" 4286 MeV/c? 0"® 0t X(4274): possible P-wave cusp
DD, (2460) 4428 MeV/c? 0 @1t None reported in Ref. [168]
DiD,,(2536)" 4504 MeV/c? 0 ® 1" X (4500): possible cusp
DID,(2573)" 4537 MeV/c? 0 ®2" X (4500)
DID,(2700)" 4682 MeV/c? 0™ ® 2 X (4500): not a cusp
DiD,,(2860)" 4827 MeV/c? 07 ® 1 X (4700)

DD 5(2860) 4828 MeV/c? 0-®3" None reported in Ref. [168]

Table 6.2: Possible X ;,; decays, as from Ref. [207]. A possible interpretation of
X _zs5 states observed in Refs. [166, 168], if any will be found in the continuum, is
given in the last column of this table. Some of those X_;,; states are eligible to be

interpreted as cusps since their mass is very close to the indicated threshold.

Table 6.2 shows several newly observed resonances that appear near thresholds, for
which this check is compulsory.

The considerations outlined above form the analysis proposal: study of the
e"e” — DI D%(2317) and the ete™ — DY D,,(2460)~ decay channels. These
decay channels open a possibility to perform first cross-section measurements of the
ete” = X(— DI D%,(2317)7) and ete” — X(— D{D,;(2460)™) inclusive pro-
cesses to, in particular, look for X .. exotic candidates reported by LHCb. The D}
and D%(2317) mesons carry 0~ and 0" quantum numbers respectively. Hence, the
D} D%, (2317)" system carries 0~ quantum numbers in S-waves, and 17 in P-waves.
After discarding the X (4140) resonance, which lays below the D D%,(2317)" in-
variant mass threshold, only the X (4274) and X (4685) states appear to be feasible
candidates within those reported by LHCb [197] for a decay into the D} D%,(2317)".
Repeating this exercise for the system of D and D, (2460)~, 1~ quantum numbers
are allowed for X states in S-wave, while 07, 17, and 2% in P-wave. This means
that only X (4500) and X (4700) (both 07), as well as X (4630) (17), are allowed (see
Table 6.2).

Still, we should not limit the spotlight of this analysis to rediscovery of reso-
nances observed in the J /¢ ¢ K system, as we cannot rule out a possibility that other
previously unobserved resonant states may appear in this study. For example, a
possible 0~ particle decaying to D/ D*(2317)~ predicted by Rosner and Karliner
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is supposed to peak at the mass value of 4286.0 GeV/c? (the exact threshold)®. In
addition, as reviewed in Sec. 5.4, two recent papers published by Belle [196, 197]
reporting analyses of ete™ — DI D,,(2536)" and ete™ — D! D*,(2575)" via
ISR show an interesting enhancement at the mass of 4626 MeV/c?. The observed
enhancements are compatible in mass, width, quantum numbers and cross-section
with the Y'(4660) vector state. These results additionally indicate that the proposed
analysis of eTe™ — D;*DE:])* processes carries high discovery potential that can be
realised with a bit of luck.

Invariant mass ranges, in which the D} D% (2317)~ (D} D,;(2460)) system
can be studied with available Belle datasets are:

. [4.286(4.428) — 9.460] GeV/c? with the Y (1S) sample;
. [4.286(4.428) - 10.023] GeV/c? with the T(2S) sample;

(29)
o [4.286(4.428) - 10.355] GeV/c? with the T(3S) sample;
. [4.286(4.428) — 10.580] GeV/c? with the T (4S) sample;
(58)

. [4.286(4.428) - 10.885] GeV/c? with the T(5S) sample.

Additionally, this analysis may make use of a plethora of off-peak samples recorded
by the Belle detector.

To further motivate the analysis of decay channels involving the D%,(2317)~
and D, (2460)~ mesons, it is beneficial to review the history of their discovery. A
rich spectrum of heavy-light (()¢) mesons was originally anticipated. Unlike for
the quarkonium, for which masses of constituent quarks are comparable and their
interaction can be well described by the total angular momentum, spin interactions
are suppressed for heavy-light mesonic systems due the large mass of a heavy quark
(c). There are two possible ()¢ meson combinations in S-wave: 0~ and 17, which
correspond to parallel and antiparallel orientations of the total angular momentum
(j;) and spin angular momentum of a heavy quark (s(,), respectively. Meanwhile, in
P-wave, the j, value can be equal to 1/2 and 3/2, which opens a possibility for two
doublets of mesons: 0" and 1" for j, = 1/2; and 1" and 27 for j, = 3/2.

In the case of non-strange charmed mesons (Q) = ¢, ¢ = u/d), a pseudoscalar
D and vector D* form a well-established isospin doublet. The same is valid for the
spectrum of charmed-strange mesons, where the D} and D*™ isospin singlets are
observed (see Fig. 6.1). This gives nearly equal hyperfine mass splitting for both
meson pairs: m;- — my- = 140MeV/c?. On contrary, P-wave charmed mesons are

31t is expected to be an 1-bound state
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either difficult to produce or study. For example, the non-strange 0 resonance, i.e.
the Df;(2300)~, was discovered relatively recently, in 2004 [208]. Its relatively late
discovery is mainly attributed to the extremely large width of 229416 MeV, which
made its observation complicated. Meanwhile, the spectrum of cs states appeared
to be even more puzzling. Its narrow j, = 3/2 states, i.e. the D (2536)" and the
D (2573)" (see Fig. 6.1), were discovered by CLEO in 1993 [209], but the j, = 1/2
scalar and vector mesons remained undiscovered for another decade. They were
predicted to feature the invariant mass above the mpu + my threshold, where
intensive experimental efforts were concentrated to search for their decays into DK
and D* K. However, these efforts did not yield the anticipated observation.

Later, in 2003, a BaBar discovery shed the light on this puzzle, when an extremely
narrow state decaying into D 7¥ was observed in the e*e~ — D7 inclusive inter-
action [201]. The newly-observed state was named D ;(2317)7, as per its measured
mass. It was shortly confirmed by CLEO [203] in the analysis, which in addition
reported observation of another previously unseen state with the mass near 2460
MeV, dubbed as D, ;(2460). The same study assigned 0" and 1 quantum numbers
to the newly observed mesons, leading to their current naming as D%,(2317)~ and
D,,(2460), respectively. Later the same year results of BaBar and CLEO were
complemented by the Belle study, which established the inclusive production of both
states. The D, (2460)" state was confirmed to decay into D%~ and to have 17+
quantum numbers.

Eventually, the two newly discovered mesons were recognised as the missing
P-wave cs states, as their measured quantum numbers and the mass splitting of
141.8 4+ 0.8 MeV/c? matched initial predictions. However, their masses were much
lower than expected and, more importantly, below the DK and D* K thresholds
(see Fig. 6.1). This fact leaves these states with the only opportunity to decay via an
isospin violating process, which causes their extremely small widths.

The measurement of the mass difference, defined as AM = M (D((L)fﬂ'o) —

M(D((g*)f), is crucial for better understanding of the D%,(2317)~ and D, (2460)~
resonant states. The background knowledge suggests that strong interactions involve
three light flavours (u, d, s) and three heavy flavours (c, b, t) with respect to the
QCD infrared scale. The spontaneous breaking of chiral symmetry characterizes
the light sector, while the heavy sector exhibits heavy-quark symmetry. There are
theoretical works [210] pointing to the question of the form of the heavy-light
effective action in the limit, where light flavours are massless, while the heavy
flavours are infinitely massive. The spontaneous chiral symmetry breaking yields
the mass splitting between the chiral doublet of about 345 MeV/c?, when the pion
coupling to the doublet is half its coupling to a free quark.
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The D%,(2317)" and D, (2460)" mesons can be interpreted as the first chiral
partners of hadrons that are theoretically built of light (s) and heavy (c) quarks.
As such, they represent a pattern of spontaneous breakdown of chiral symmetry
rather than isolated events. This motivates elevation of the (0",17) doublet over the
(07,17) doublet by the aforementioned value of 345 MeV/c?. Although, judging on
the latest mass splitting measurements, it is not necessarily the case. Former mass
difference measurements for the D?,(2317)~ and D, (2460)" mesons have large
statistical and systematic errors because of the limited data sample available and
large deviation of the central mass value from the PDG average [104]. Despite the
world-average mass splitting for the D%,(2317)~ and D, (2460) mesons coincide
within 1o, individual measurements, especially for D, (2460) ", do not necessarily
support the chiral symmetry hypothesis. The lack of precision in experimental
measurements did not allow disclosing the nature of D%,(2317)~ and D, (2460),
which still remains unknown. Consequently, their precision study could potentially
offer a unique possibility to perform a tests of chiral symmetry breaking in heavy-
light systems. This provides an additional motivation for this analysis, as we expect,
thanks to improved analysis techniques and the full Belle dataset currently available,
to measure the D%;(2317) and D, (2460)~ mass splittings with higher precision
to test the chiral symmetry hypothesis in a heavy-light systems.

The discrepancy of the measured massed of the D*;(2317)~ and D, (2460)~
mesons with respect to former predictions and the potential chiral symmetry breaking
laid the ground for various speculation on the structure of these resonances. It
was pronounced that D%;(2317)~ and D, (2460) could potentially be four-quark
structures implemented either in the form of a [¢q][5q] tetraquark (a group of charged
and doubly charged is expected to exist in this case), or a D) K molecule [212].
There are arguments that favour the molecular hypothesis [163, 173, 200, 204, 206],
though it has not been proven so far due to the difficulty of measuring the extremely
narrow width. Some other theories beyond the quark model are also reluctant to
explain these resonances as compact states. In particular, exotic molecular states
with negative parity were predicted [200]: a possible molecular interpretation of
states with J© = 0~ and J”'= 2™ is enhanced, as they could be bound by 7 exchange.
On contrary, some lattice QCD calculations explained D%,(2317)~ as a canonical cs
state [213]. However, they are rather scarce and outdated.

The best way to distinguish, if D¥,(2317)~ is a pure c§ state, a molecule or some-
thing else, it is to measure its width. As reported in several theoretical papers [214-
221], width predictions are strongly dependent on the assumption of the quark con-
tent and the inner structure of the D%,(2317)~ resonance (see Table 6.3 and Fig. 6.2),
making it a unique discriminant that can disclose the nature of D%,(2317)~. A reader
can spot that width predictions reported in Table 6.3 are all extremely narrow. This
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Figure 6.1: The c¢s meson spectrum, as predicted by Godfrey and Isgur [115] (solid
lines) and Di Pierro and Eichten [211] (dashed lines) and as observed by experiment
(points). The DK and D* K mass thresholds are indicated by the horizontal lines
spanning the width of the plot.

makes the direct measurement of the intrinsic width impossible due to the detector
smearing. However, the width upper limit (UL) measurement is still possible and can
be used to reject some of theoretical interpretations.

The latest D%;(2317)~ width UL measurement was performed by BaBar in
2006 [223]. The idea was to describe the D%;(2317) line shape with a convolu-
tion of a modified Lorentzian and relativistic Breit-Wigner functions, where the
width parameter (I') is fixed to a constant value. By varying this constant in the
interval of interest, a likelihood scan has been performed. The width value (I'?5%)
that demarcates 95% of the total likelihood curve integral was then taken as the
width UL at 95% confidence level (CL). The D?%,(2317)~ width UL value of 3.8 MeV
that was acquired with this technique, still stands as the world-best measurement. It
is worth mentioning, there are different approaches to the width UL measurement,
which can deliver better results. Although, they are based on likelihood studies of
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D7, (2317)~

Reference width prediction (keV) Interpretation
[214] 642 pure cs-state
[215] 7T+1 pure cs-state
[216] 10 pure cs-state
[217] 10—100 tetraquark
[218] 79.3 + 39.6 DK-molecule
[219] 140 Dynamically-generated

resonance

[220, 221] 133 4- 22 DK-molecule

Table 6.3: Summary of the main theoretical prediction of the D*,(2317)~ width.
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Figure 6.2: Prediction of the D%;(2317)~ width, using different theoretical ap-
proaches, as indicated in Ref. [222]

multidimensional distributions, which can be composed in B decays. For example,
in 2011 the X (3872) width UL study reported the following: I" < 1.2 MeV at 90%
CL [224]. However, the suggested analysis offers a search for D¥;(2317) candi-
dates in off-resonant interactions, and therefore multidimensional techniques are
inapplicable in its context.

To conclude this section, searching for either earlier observed or yet unseen
resonances in the DY D:}f system is a topic of very high impact, as it would open a
way for two scenarios:

o If Diff])* is a pure cs state, the newly found resonance in this invariant mass
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system can be interpreted as a molecule or as a compact tetraquark;

o If D(S?_ is a tetraquark or a molecular state, the newly found resonant state
might contain six constituent quarks.

The goal of the hereby proposed analysis is then not only looking for exotic
candidates in the D;*DE:])* system, but also, if the analysis conditions allow, to
probe the nature of D%;(2317)~ by performing the most precise D¥,(2317)~ width
UL and mass-splitting measurements. The high ability of the Belle calorimeter to
reconstruct photons, then 7m0, and the high statistics collected over the past years,
make this analysis feasible. Known restrictions due to the trigger cuts and limitation
in reconstructing low momentum photons at LHCb favour the use of the Belle
data set for such investigation. On the other hand, in competition with earlier
D(Sff measurements, introduction of 3 additional tracks to reconstruct an additional
primary D} meson will significantly decrease the reconstruction efficiency, which is
expected to be below 1%.

6.2 Analysis goals and strategy

In this section we summarise goals of the proposed analysis and suggest a strategy
for achieving them.

The main goals are:

« Search for resonances in the D} D%,(2317)™ and D D, (2460)~ invariant
mass systems in the continuum;

« Cross-section measurements of the ete™ — X(— DI D%,(2317)") and
ete” — X(— D} D, (2460)7) inclusive processes, where X denotes ac-
cessible states reported by Ref. [168] and, as discussed in the previous chapter,
are accessible in the proposed process;

« Precise mass-splitting measurements;

« D*,(2317)" and D, (2460)~ width upper limit measurements.

Achieving the last two goals is only possible if analysis conditions allow,
i.e. if the reconstructed yield is high enough to perform a reliable fit of the

*

D((:;f line shape. For the example of D%,(2317)~, the most optimal channel to
perform these measurements would be an inclusive ete~ — D;7” decay, being
D*(2317)" — D;7° - the only channel where the D%;(2317)” meson has
ever been observed. In principle, the width measurement can also be performed
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in efe” — DFD%,(2317)7, as we intend to. However, limited yield and poor
reconstruction efficiency significantly reduce the sensitivity of such measurement.
The Belle analysis of the e"e™ — D 7 inclusive channel reported 761 D*,(2317)~
candidates in 87 fb~!, suggesting approximately 8700 candidates from the complete
dataset. However, reconstructing an additional primary D meson will decrease
the yield by at least one order of magnitude, constraining the achievable precision
for D%,(2317)" measurements. The same logic applied to the decay channel that
includes the D, (2460)~ meson.

Our strategy for the proposed analysis consists of the following steps:

1. A dedicated reconstruction of the ete™ — D D% (2317)~ decay channel that
mostly relies on selection criteria reported in former analyses [201-203, 223]
is developed for initial Monte-Carlo (MC) studies;

2. Various approaches in MC generation of signal events with FvtGen framework
are studied. The best performing EvtGen model is selected to generate a
sufficiently large (1M events) signal MC sample and simulate its evolution and
interaction with Belle detector components;

3. The validated approach to generation, simulation and reconstruction of signal
events is then applied to the second channel of interest, i.e. the ete™ —
D! D,,(2460)~. Reconstruction results of both decay channels are studied in
parallel to confirm cross-feed background components that are expected in
this analysis;

4. Selection criteria are optimised in generic MC sample. The optimised event
reconstruction and selection is performed in Belle data;

5. A more sophisticated MVA technique is employed to maximise reconstruction
efficiency in generic MC and data;

6. D;rD((*J)f invariant mass systems are studied to validate resonances, if any
observed. Cross-section calculations are performed, or, depending on the yield,
ULs are set;

7. Precise mass-splitting and width UL measurements are performed, if competi-
tiveness is confirmed.
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6.3 Signal Monte-Carlo study

6.3.1 Simulation model

We study ete™ — D} D*,(2317)" inclusively, without imposing any require-
ments on the rest of event. The inclusive component of the decay channel is not
reconstructed explicitly, while primary mesons, i.e. D{ and D%,(2317), are recon-
structed exclusively following their respective decay modes.

An educated choice of the EvtGen model is critical for reliable simulation of
signal events. As the text that follows will explain, different models have characteris-
tic pros and cons, as well as innate limitations. Their immanent features can distort
kinematic properties of decay products and lineshapes of intermediate resonances in
comparison with real data.

The following two approaches suitable for simulation of continuum cc events
were considered:

« CASE (A). Simulation of ete™ — Df D*,(2317)~ events, assuming no reso-
nant state X — DY D%(2317) exists;

« CASE (B). Introduction of an artificial intermediate resonance (Dsprt) in the
particles’ library to allow it to decay into D} D*(2317)".

One million events were studied in order to validate both approaches. Simulation
of signal events was performed using FvtGen MC generator, while the detector pen-
etration was simulated with GEANT4. The standard bas f revision was employed
to perform reconstruction of signal events. The cascade of secondary decays defined
for events generation is schematically shown in Fig. 6.3.

- K K =
D7 p{— KK )" (— n* 2"
Ae——r"e < TR (892)(— KR
I?:..I'?:tlnh L b KK I

nD, e @+ K*K )p (— na”)
| “HUs02)(—+ K ' K

-y

Figure 6.3: The eTe” — D{D*;(2317)~ decay scheme, where A (anything else)
denotes the generic rest of event.
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The result of case (A) is show in Fig. 6.4 [top-left]: clearly this is not the correct
way to proceed in this analysis. We then decide to follow the approach reported
in case (B). The hypothetical Dsprt is initially defined as a scalar (J = 0) with
the threshold invariant mass, i.e. equal to the sum of the masses of the D}, and
the D%,(2317)" meson and a zero intrinsic width (I' = 0 GeV). We further vary
parameters of the Dsprt particle to study how their definition affects the distribution
of signal events. Here below we provide the summary of the Dsprt parameters that
were studied (see Fig. 6.4):

. Case B1m = 4.286 GeV/c?, T' = 0 GeV, J = 0 (Fig. 6.4 [top-central]);
« Case B2m =4.3GeV/c2, T =0GeV,J =0 (Fig. 6.4 [top-right]);

« Case B3 m = 4.5 GeV/c?, T = 0 GeV, J = 0 (Fig. 6.4 [central-left]);

. Case B4 m = 4.7GeV/c?, T' = 0 GeV, J = 0 (Fig. 6.4 [central-central]);
« Case B5 m = 5.0 GeV/c%, T = 2 GeV, J = 0 (Fig. 6.4 [central-right]);

« Case B6 m =6.0GeV/c2, ' =4GeV,J =0 (Fig. 6.4 [bottom-left]);

. Case B7 m = 6.0 GeV/c?, T' = 4 GeV, J = 1 (Fig. 6.4 [bottom-central]);

This sequence of simulations is developed to create a pull of bias-dependent
invariant mass distributions, which will come handy for the comparison to results on
data. This may allow tracing back intrinsic features of a resonance, if any observed.
Cases B5-B7 are studied to create invariant mass distributions of signal events
following the shape of the phase space (PHSP). A similar shape of the distribution
is expected, if no resonant state is observed in the D} D*,(2317) system. We
also notice that changing spin, J = 0 or J = 1, has no significant effect in our
simulated PHPS-like distributed events. Each signal MC sample is generated at
T(nS) (n = 1,5) center-of-mass energies, with each subset proportional to the
luminosity of the corresponding energy in the full Belle data sample.

It is worth mentioning that additional studies have been performed by using
different decay models, but those appeared to be vastly unsatisfactory. In particular,
the PYCONT model, which is often used for running inclusive analyses in con-
tinuum, has been tested. However, it leads to nonphysical results, if a state with
the invariant mass greater than that of the lightest cc state is included in the decay
cascade. In our case, the mother particle is an artificial particle with the invariant
mass of 4.287 GeV/c? - greater than the mass of 7). Hence, the model used for former
D%,(2317)~ studies cannot be used in our case.
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Figure 6.4: Invariant mass distribution of the D} D*(2317)~ system reconstructed
in a signal MC sample. For each MC sample, the simulation of the ete™ —
D! D%,(2317)~ process is performed following the cases described in the text:
A [upper-left], B1 [upper-central], B2 [upper-right], B3 [central-left], B4 [central-

central], B5 [central-right], B6 [bottom-left], B7 [bottom-central] and B8 [bottom-
right].

Our final choice of the model that is used for all further MC studies falls on
the case B1, as it aligns with theoretical hypotheses and experimental results that
we intend to cross-check, as introduced in Sec. 6.1. The model we finally choose
for simulation of signal events is a compromise, as it is able to correctly reproduce
invariant mass distribution of intermediate resonances, but distorts their kinematic
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properties. This, in turn, leads to challenges in the event selection and calculation of
the reconstruction efficiency in signal MC. This is best illustrated by an example of
D%,(2317)~ candidates reconstructed in a generated sample. While the invariant
mass distribution is reasonable, some distributions of kinematic variables exhibits
unphysical behaviour and hence cannot be included in the event selection due to
limitations of the MC model (see Fig. C.2 in App. C.2). Looking ahead, the irrelevance
of kinematic distributions becomes even more prominent, if one compares them to
similar plots acquired in the generic MC study (see Fig. C.3 in Sec. 6.4). This motivates
us to adopt event selection criteria from Refs. [201-203] as reference in the early
analysis stages.

Additionally, we report in Fig. 6.4 [bottom-right] a case, where parameters of
the artificial Dsprt state are set in accordance with those of the X (4274) resonance
reported in Ref. [188]: m = 4274 MeV/c? and I' = 56 MeV. Despite its invariant
mass is located below the D} D%,(2317)~ threshold, which makes the decay into
D} D%,(2317)~ kinematically forbidden, its close location to the threshold and the
large width opens a possibility of its off-shell generation. This may create possible
interference effects, which might need to be accounted for in this analysis. At the
same time, given that the mass resolution for X (4274) at LHCb is not very high, the
reported resonance may also end up being above the D D*;(2317)~ threshold.

Former analyses involving the D%,(2317)~ and D, (2460)" mesons confirm
their strong interdependence and suggest that it is essential to study the eTe™ —
DI D*,(2317) and e*e™ — D{D,;(2460)" processes in parallel to account for
complicated mutual reflections. Decay products of these two particles are kinemati-
cally similar, which leads to cross-feed background that can not be reliably modelled
without analysing both channels simultaneously. Therefore, we additionally perform
MC simulation of the decay channel involving the D, (2460) meson by following
the same approach that has been selected for the ee™ — D[ D% (2317)" process
and the decay cascade depicted in Fig. 6.5. Both decay files used for generation of
signal MC events are provided in App. C.4 and App. C4.
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Figure 6.5: The eTe™ — DI D,;(2460)~ decay scheme, where A (anything else)
denotes the generic rest of event.

6.3.2 Event pre-selection

We apply the initial loose selection (pre-selection) to events reconstructed online
to discard obviously misidentified tracks, misfired photon clusters and incorrectly
combined composite particles. This allows to vastly reduce the size of the ntuples at
a negligible cost of correctly reconstructed candidates.

Each of the reconstructed decay channels includes two D mesons of the opposite
charge: the primary one coming from the artificial Dsprt particle, and the secondary
one originating from the D%;(2317) or D, (2460)~ decay. We therefore require at
least 6 tracks to be detected — 3 tracks for each D meson - and at least 2 neutrals
essential for composition of a ¥ candidate. All charged tracks are required to meet
spacial conditions that are considered standard for a Belle analysis. As such, all tracks
must have the impact parameter dr < 1.5 cm in the r» — ¢ plane with respect to the
interaction point and the displacement |dz| < 3 cm in the r— z plane (see App. C.1 for
a more elaborate definition). In order to identify a track and distinguish kaons from
pions, we use a likelihood criterion, which makes use of response properties of each
track in various sub-detectors. The binary ratio P(K /7) = £(K /7)/(L(K)+ £ (7))
estimates the likelihood of a tack to be a kaon or a pion. In our study, for each pair
of kaons combined to form a D candidate, we apply a tight selection on one the
kaon candidates by requiring P(K) > 0.6, and a loose selection on the second kaon
candidate - P(K') > 0.2. Meanwhile, all pion candidates must meet the requirement
P(m) > 0.1.

We reconstruct ¢ and K* candidates in their respective decay channels into
K~ K" and K~ 7. For ¢ meson candidates, we combine pairs of oppositely charged
kaons originating from the same vertex. The width of the K~ K invariant mass
distribution is dominated by the intrinsic width of ~ 4 MeV. We therefore define
the signal region for 1/ candidates within 10 MeV/c? (~ 2.50) from the ¢ nominal
value: 1010 < M (K~ K™") < 1030 MeV/c?. In order to verify the goodness of the ¢
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reconstruction, their residual distribution is plotted (see Fig. C.10 in App. C.3). A
fit to the residual distribution performed with a Crystal Ball proves the absence of
the reconstruction bias: 1 = (7.20 + 1.59) x 1075 MeV/c?, while the fitted width of
0.55 4+ 0.19 MeV implies good detector resolution. The width of the K~ 7" invariant
mass distribution is also primarily determined by the large natural width of K*:
51.4 4 0.8 MeV. Accordingly, prioritising the signal purity, a narrow signal region of
845 < M(K~mt) < 945 MeV/c? is defined for K* candidates. Charge conjugated
with respect to K*(892), K*(892) candidates, are selected the same way.

In order to combine ¥ candidates, we select photons with energy larger than 100
MeV. A tight selection applied on photon candidates helps with suppression of high
combinatorial background coming from numerous fake photon clusters in the low
energy region. The FWHM of the ~+ invariant mass distribution is dominated by the
detector resolution, which is estimated to be ~ 4.5 MeV/c2. Therefore, we define the
signal region for ¥ candidates as: 122 < |M(y7)| < 148 MeV/c? - +30 from the
nominal 7° invariant mass. We also require 7" candidates to have momentum greater
than 150 MeV/c. After applying the complete 7° selection, we proceed to perform
the mass-constrained fit to 7" candidates. All fits to invariant mass distributions
of intermediate resonances and the summary of corresponding fit parameters are
provided in App. C.3 (see Figs. C.9 to C.12).

From the study of the invariant mass distributions of secondary D} in different
decay modes (see Figs. C.13 and C.15 in App. C.3), we learn that its resolution and
reconstruction efficiency varies significantly, depending on a specific decay mode.
As such, the two decay modes that are combining only charged tracks, i.e. ¢pm—
and K*K—, tend to have higher reconstruction efficiency, which is indicated by
fitted yields of 3,106 &+ 57 and 2, 616 + 53, respectively. They also have compatible
detector resolutions of 3.6 £ 0.20 and 4.0 & 0.21 MeV, respectively. On contrary,
the decay mode that includes an additional 70 into a combination of a Dy candidate,
as expected, has lower reconstruction efficiency (the fitted yield is 134 4- 12) and
exhibits the detector resolution of 7.88 + 0.62 MeV, which is twice as large as the
width of the invariant mass distributions for the modes that do not include neutrals.
Although, due to the low yield of the ¢7T’7r0 mode, the standard fitting procedure
that employs a double Gaussian to describe the signal component performs well for
the D invariant mass distribution that includes events reconstructed in all 3 decay
modes. The total resolution of 3.94 4+ 0.15 MeV established as a weighted sum of two
Gaussian components, motivates us to define the signal region for D candidates
as: 1.955 < [M(Dy)| < 1.979 MeV/c? (+30). The Dy invariant mass hypothesis is
then applied to all selected D candidates: both primary and secondary.

We reconstruct D~ candidates by combining a selected D} candidate with a
photon that is required to have energy larger than 100 MeV. The D%~ invariant mass
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distribution includes two peaking components: the matched signal and the broken
signal (BS) (see Fig. C.17 in App. C.3). The so-called broken signal component is
originating from D« combinations, in which a correctly reconstructed D candidate
is paired with an arbitrary photon detected in the calorimeter. This leads to emergence
of the peaking background that can be described with a Gaussian with relatively
large fitted width (17.95 4 2.92 MeV). Meanwhile, the width of the matched signal
component is almost 4 times as little: &~ 5 MeV. A +30 signal region is then assigned
to D%~ candidates: 2.097 < M(D;v) < 2.127 MeV/c?. The mass constraint fit is

later applied to all D%~ candidates that have passed this selection.

D*,(2317)~ and D, (2460)~ candidates are reconstructing by combining a 7°

candidate with D}~ and D}, respectively. No extra selection criteria are applied on
the D%,(2317) and the D,;(2460)" candidates at this level.

6.3.3 Event post-selection

In this section, we make a list of selection criteria that are applied offline. Since
there are two D mesons in each decay channels (see Fig. 6.3 and Fig. 6.5), they
can be matched in a wrong way, which leads to existence of an artificial peak in
the D*;(2317)" and D,,(2460)" invariant mass distributions. A truth-matching
criterion is employed to avoid it. In signal MC, it is imposed by requiring that
the mother of the primary D} is Dprt, and the mother of the secondary D is
D?,(2317)~ or the D,;(2460) ", depending on the decay channel.

We implement the second Fox-Wolfram momentum variable, R, (see App. C.1
for an elaborate definition), to test its separation power between BB and continuum
events. Following the example of the former Belle analysis [201], the R, < 0.4
criterion is tested. Although, the study of the I?, selection in combination with other
selection criteria, especially the p* (D(;gf) selection that is first introduced in generic
MC (see Sec. 6.4), has indicated its redundancy. The p* selection criterion, defined as
the momentum of a particle in the CM rest frame, had been proven to be the most
powerful criterion capable of rejecting a vast majority of BB events. We therefore
do not include the R, selection in the final list of selection criteria.

To further enhance signal purity, we apply a selection on the helicity angle (6)
for ¢ and K* candidates. It is defined as the angle between their first daughter - K~
- and the mother particle - D - in the rest frame of ¢ or K*, depending on the D
decay channel (see Fig. 6.6). As suggested by Ref. [225], scalar states are expected
to have a uniform cosfl; distribution, while the same distribution for vector states
take a parabolic shape. Since both ¢ and K™ are vector mesons, they are expected
to have similar cosfy; distributions (see Fig. 6.6). The asymmetry of the depicted

cosBy; distribution can be explained by the asymmetric kaon identification (see K /7
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Figure 6.6: The cosf; distribution for matched ¢ and K* candidates in the signal
MC.

PID described above). We preliminarily require |cosfy| > 0.35 for all ¢ and K*
candidates, as suggested by Ref. [202]. This selection criterion, along with the others
used in post-selection, will later be optimised using generic MC, where a realistic
background overlay is introduced.

The so-called x? probability (P,2) is another criterion used for the post-selection.
It is calculated for each vertex present in a decay scheme to which vertex fit is applied
and is based on two parameters: x? and nd f. Effectively, it quantifies the vertex fit
goodness. While it may appear that x? plays the same role as P, o, x? can reach high
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[right] BCS.
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values, e.g. 200, which is inconvenient for selection standardisation. On contrary,
the value of PXQ is mathematically constrained in the [0,1] range, which is more

convenient in use than the x? variable. Values of P, > are usually communicated in
percent, e.g. P,» = 0.01 is 1%. As such, we require P, > > 0.1% for ¢, K*(892), D
and DS})* vertexes and P,» > 1% for 7° candidates.

Additionally, we address the issue of multiple candidates per event, which may

occasionally be combined. Fig. 6.7 [left] indicates that the majority of events offer
more than one candidate per event. We therefore apply a dedicated best candidate

selection (BCS), which is based on the x? value of the D:Di*jf vertex fit. As such,

we preserve a candidate with the lowest x2, while all the other candidates combined

in a single event are discarded. Fig. 6.7 [right] proves that only one candidate per
event is preserved after BCS.

6.3.4 Fitto AM (Dg*)fﬂo) distributions

Following the event selection procedure described above, we isolate D%, (2317)~
and D, (2460)~ candidates and illustrate AM (Dg*)fﬂ'o) distributions defined as:
AM(DY 7% = M(DS)™7%) — M(DS)™) (see Fig. 6.8). A fit to each of these
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Figure 6.8: The [left] AM(D;7°) and [right] AM (D%~ 7°) distributions in signal
MC. In each figure, the solid blue curve represents the fit, where signal (dashed green)
and broken signal (dashed purple) components are described with a Gaussian, while

track combinations are fitted with the first-order Chebychev polynomial (dashed
red).
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distributions is performed to separate signal components, which can be described with
a Gaussian. We report the fitted yield of 3, 805+ 64 reconstructed events and the fitted
width of 4.95+0.07 MeV for the AM (D, 7°) distribution, while for the AM (D*~70)
distribution these values are 1,577 4+ 76 and 4.12 + 0.16 MeV, respectively. The
mean value of the broken signal peaking component in the AM (D%~ ) distribution
coincides with the position of the signal D, (2460)~ component within the error
and is estimated to have a fitted width of 14.3 4- 1.3 MeV. The total of 690 & 67 events

fall into this category.

6.3.5 Track combination study

The D%,(2317)~ and D_, (2460)~ decay chains are kinematically similar, which
is the reason why cross-feed effects are present and strongly affect this analysis. Using
the generator-level information, misreconstructed combinations can be identified
and their distributions can be modelled in signal MC. We therefore will refer to these
misreconstructed signal events as “background”, even though the use of this term in
signal MC simulations may be misleading.

Accordingly, we identify the following peaking background sources that are
expected in this analysis:

+ Feed-down background

D,,(2460)~ decays into D, and 3 neutrals. When its decay products are
combined in a reconstruction process, a single photon can be omitted to create
an incomplete D;7° combination. As a result of the kinematic similarity,
this D, 7° system can be identified as a fake D*,(2317)~ candidate, which
is effectively combined from the D_;(2460)~ decay products. Since it was
reported that the mean value of the corresponding reflection peak is located
4 MeV lower than the central value of the genuine D%;(2317)" peak, this
contribution is referred to as the “feed-down background” [202].

« Feed-up background

Similarly, D*;(2317)~ decays into a D meson and 2 neutral particles. Hence,
when tracks are combined to form the D} vertex, a random photon caught in
the detector can be added to the combination. This will create a fake D}~ can-
didate, which is consequently combined with a 7° to create a fake D, (2460)~
candidate. It leads to the existence of the so-called “feed-up background”, anal-
ogously called in such a way due to its location 8 MeV higher than the true
D,,(2460)~ peak [202].
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+ Broken signal (BS)

The last peaking background component present in the D, (2460)~ invariant
mass region that has already been shortly mentioned in the text above is
called “broken signal”. It originates from D, (2460)~ decay products, when
combining a D meson with a random photon, rather than the one genuinely
radiated in the decay of D% ™. In this way, a misreconstructed D%~ candidate is
created and a fake D, (2460) is seen, as a consequence.

In order to study the aforementioned sources of background that are induced by
decay products of signal modes, a cross-feed reconstruction, i.e. reconstruction of the
ete” — DI D%(2317)" mode over the ete™ — D} D, (2460) signal MC sample
and vice versa, has been performed. The result of such approach is shown in Fig. 6.9.
In particular, Fig. 6.9 [left] shows the result of D*,(2317)" reconstruction over the
D,,(2460)~ signal sample. A clear reflection peak can be seen. The same was
acquired by running the D, (2460)~ reconstruction macro over the D¥(2317)~
signal sample (Fig. 6.9 [right]). The component of the “broken signal” has been
observed earlier in Fig. 6.8, where the D, (2460) reconstruction over its signal
sample had been performed (see Fig. 6.8 [right]). A wider distribution in the plot
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Figure 6.9: [left] The AM(D;7°) distribution acquired by reconstructing
D*,(2317)~ over the D,;(2460)~ signal sample. [right] The AM (D% =) distri-
bution acquired by reconstructing D, (2460)~ over the D?;(2317)" signal sample.
In each figure, the solid blue curve represents the fit, where cross-feed peaking
background components are described with a Gaussian (dashed yellow), while track
combinations are fitted with the first-order Chebychev polynomial (dashed red).
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clearly shows this effect.

Following this procedure, parameters of various peaking contributions are de-
termined. In particular, the feed-down background appears to be shifted slightly
less than what is reported by the reference analysis — for ~ 3 MeV/c? (Table 6.4).
The central value of the Gaussian describing the aforementioned “broken signal”
is shifted by a~ 1.7 MeV/c? with respect to the D, (2460)~ signal peak — 20 away
from the central value it is expected to coincide with within the error. The biggest
discrepancy with the reference analysis is observed for the feed-up background. It
is shifted for only ~ 2 MeV/c?, while an 8 MeV/c? shift has been reported in the
former research [202]. It was emphasised in Ref. [202] that cross-feed effects are
very sensitive to the model and particles’ parametrisation in simulation of signal
events. Hence, we believe that the discrepancy we observe here can be explained
by the different model that was used for generation of signal MC. No information is
provided in the reference regarding the model, which could allow us to make the
proper comparison or reproduce the results from the simulations in Ref. [202].

Impact type o [MeV] i [MeV/c?] N

True D7, (2317) signal 4.95 & 0.07 349.0 + 0.1 3,805 + 64
Feed-down background  12.1 £0.2 346.2 4+ 0.3 3,034 + 64
True D,,(2460)" signal  4.12+0.16 347.6 + 0.1 1577 4 76
Feed-up background 146 £ 0.5 3495+0.6 823 +33
“Broken signal” 143413 3459409 690 + 67

Table 6.4: Fit parameters for peaking components observed in the AM (D3 7") and
AM (D:~ =) distributions in signal MC (see Fig. 6.8 and Fig. 6.9).

6.3.6 Simultaneous fit test

At the level of signal MC, D%;(2317)~ and D_,(2460) signal events are not
mixed in the same sample, which allows studying background effects separately by
relying on a stable fitting procedure. Although, it is not the case in generic MC and
real data, where a trivial fit with multiple floating parameters might be incapable of
correct identification of reconstructed events in distributions with multiple peaking
components. This motivates the development of a more sophisticated fitting approach
that can be tested in signal MC and later applied in generic MC and data.

A simultaneous fit can be employed here. By fitting separately two distributions
in signal MC samples, we have 3 floating parameters for each peak present in the
mass distribution: mean value (1), width (o) and the number of entries (V). These
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floating parameters are extrapolated by fit for each peaking topology. In total, with 5
peaks expected in two mass distributions, a trivial fitting model procedure would
include 15 floating parameters. This might lead to fit instability and divergence. In
order to prevent it, we follow the simultaneous fit approach. It applies the knowledge
of the peaking background parameters estimated above to fix them to the respective
values in the new fitting model, while leaving the parameters of true peaks floating.
In this way the total number of floating parameters is reduced down to 6, ensuring
higher stability of the fitting procedure.

Apart from mean values and fitted widths of the peaking topologies reported in
Table 6.4, we also fix the ratios of fitted events. Each of them is estimated as the ratio
of the fitted number of peaking background events to the number of fitted true signal
events that induce a given topology:

feed-down __ feed-down rue _
fleed-down — feed-down \ine = 1,924
fleedup = Nfeedup Nime = 0.216 (6.1)
S5 = NP N o) = 0.437

The suggested parametrisation of the AM (D 7°) and AM (D%~ 7%) mass dif-
ference can then be expressed as:

AM(D;7%) = NGy, 01)
AM(D; %) = NyG(pg, 03) + fPN,G(u™, 0™)

S

(6.2)

where parameters with the upper script, e.g. 5, denote fixed parameters, while
parameters with the lower script are floating.

Eq. 6.2 includes only 3 topologies: two true peaks and a broken signal. There
are no cross-feed components because D¥(2317)~ and D, (2460)~ signal events
are not mixed on reconstructed samples. This provides a trivial fitting model that is
available for testing in signal MC, where it expected to be highly stable, as it includes
only 3 topologies. Cross-feed peaking backgrounds will be later included in the
model for a fit in generic MC and data.

Following this approach, plots displayed in Fig. 6.10 are acquired. The fitted
number of matched D*,(2317)~ and D, (2460)~ signal events in these two plots
are 3,806 4 64 and 1,615 + 36 respectively, while the number of “broken signal”
events is 708 +-8. These results are consistent with values reported in Table 6.4 within
1o, which proves feasibility of this approach. The complete list of fit parameters is
reported in Table C.10 in App. C.3.
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Figure 6.10: The [left] AM (D, 7°) and [right] AM (D%~ 7°) distributions in signal
MC fitted with the simplified simultaneous fit model (see Eq. 6.2). In each figure,
the solid blue curve represents the total fit model, where signal (dashed green) and
broken signal (dashed purple) components are described with a Gaussian, while track
combinations are fitted with the first-order Chebychev polynomial (dashed red).

6.3.7 Fit to the DS+D<;])_ invariant mass in signal MC

As the final step of the present signal MC study, an attempt to fit the
DfD%,(2317)" and DI D,,(2460)" invariant mass distributions has been per-
formed. We define signal regions for primary mesons as follows: for the prompt
D} candidate — 1.955 < M(D}) < 1.979 GeV/c?; for D*,(2317)~ - 2.305 <
M(D;7%) < 2.329 GeV/c?; and for D, (2460)" - 2.448 < M(D:i %) <
2.472 GeV/c?. These mass ranges rely on the resolution measured for respective
invariant distributions and reflect 2-30 mass windows. We then apply mass con-
straint fits to all primary mesons to compensate the detector smearing. Fits to the
Dt D%,(2317)” and D} D, (2460)~ invariant mass distributions for reconstructed
and selected events in signal MC, with the initial parameter of the hypothetical Dprt
state set in accordance to the B1 case (see Sec. 6.3.1), are depicted in Fig. 6.11. In the
reconstruction of 1M signal events, we report following fitted yields: 3,131 4+ 63
events for DY D%,(2317)~ and 1,580 + 83 for D} D,,(2460)~ (see complete fits’
results in Table C.11 in App. C.3).

With the dedicated selection explained above, the reconstruction efficiency of
the DY D%,(2317)~ and D} D, (2460)~ invariant masses are (0.313 4 0.006)% and
(0.1584-0.008) %, respectively. Although, if we calculate reconstruction efficiency for
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Figure 6.11: The D} D*,(2317)" invariant mass distribution reconstructed on a
signal MC sample that follows the B1 case. The signal contribution is fitted with the
Voigt function, while the non-resonant background is approximated with a threshold
function.

different individual D" decay channels, these values vary a lot. For example, let ¢, ; be
the D} D*,(2317)~ reconstruction efficiency for a decay mode, where the secondary
D, meson decays into i-mode and the primary D} meson - into j-mode. With this
nomenclature, we report the following reconstruction efficiencies: £,; = 1.05%,
€99 = 0.01% and 45 = 0.81%. This illustrates the fact that the reconstruction
efficiency of the D, meson decaying into ¢77¥ is, as expected, significantly lower
than for the other two decay modes. Since all D decay modes are evenly weighted
in our signal MC simulation, reweighting of the reconstruction efficiency will be
required for the final € calculation.

6.4 Study on generic Monte-Carlo sample

6.4.1 Selection optimisation and summary

One of the main issues of the proposed analysis is the model used for simulating
signal MC events. It, as discussed in Sec. 6.3.1, is incapable of properly describing the
physics of the signal decay in the continuum. However, as the following section will
illustrate, reconstruction results on data and on the generic MC sample match pretty
well, including distributions of kinematic variables. We therefore decide to perform
the selection optimisation on the generic MC sample, where, just like in signal MC,
truth matching can be made use of to discriminate events. We then define a metric
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that is commonly used for optimisation of selection criteria:

FoM = 5 (6.3)

VS+B’
where S'is the number of signal events estimated by imposing MC truth matching and
S + Bis the total number of reconstructed events. Using this metric, the following
selection criteria have been optimised: p* (DS])*) and |cosfy| (see Fig. C.4 in App.
C.2).
Here is the summary of the optimised selection criteria for a
D%,(2317) /D, (2460)~ decay chain:

cosfy| > 0.42/0.44

. p*(D%y(2317)) > 2.79 GeV/e?
. p*(D,,(2460)) > 3.05 GeV/c?

With these criteria, we finalise the selection, which is summarised in Table 6.6.

For the sake of completeness, using the defined figure of merit, we additionally
test other selection criteria that can be considered as an alternative to p* (DS})*) for
rejecting BB events. As those, we consider the second Fox-Wolfram momentum
Ry, p* (DjDE:;f) and the scaled momentum z,, (see Eq. C.3 in App. C.1), which
we compare side-by-side to find out, if any alternative selection criterion features a
better background suppression. After each selection criterion had been optimised,
the highest FoM has been reached with the p* (Di*‘,)f)—based selection (see Table 6.5).
We therefore conclude that the best method to reject background and preserve the

highest reconstruction efficiency is the selection over p* (DS}%)

Optimised criterion Yield (S) FoM
N/A 6,476 5.384

zp > 0.205 4,157 6.231

R, > 0.225 5,285 5.578

p*(D,(2317)) > 2.79 GeV/c 4,538  9.813
p*(D,D,,(2317)) > 1.79 GeV/c 4,018  5.721

Table 6.5: Comparison of the Ry, x,, p* (Di*J)f) and p* (D} D, (2317)7) selection
criteria. The optimal FoM value is evaluated using the metric defined in Eq. 6.3.
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We verify the consistency of the optimised event selection by looking into in-
variant mass distributions of intermediate mesons, such as 79 and secondary Dy
(see Figs. C.18 and C.19 in App. C.3). No abnormalities are observed. The detector
resolution for the reconstruction of D, mesons in generic MC is described by a
weighted width of a double Gaussian used to perform the fit in Fig. C.19 in App. C.3.
We report this value to be 5.11 + 0.25 MeV/c?.

Particle Selection criterion
dr < 0.5 cm
dz <3cm
Tracks K, (K/m) > 0.5
(K/ﬂ') >0.2
P (K/’]T) < 0.9
E(v) > 100 MeV
70 p(y7y) > 150 MeV/c
122 < M(y7) < 148 MeV/c?
Pe(yy) > 1%
1.010 < M(KK) < 1.030 GeV/c?
¢ Po(K"K") >0.1%
. 842 < M(K~ 7r+) < 942 MeV/c?
K*(892) Po(K~7") > 0.1%
o/ K*(892) |cosOy| > 0.42/0.44
D- 1.9585 < M(D;) < 1.9785 GeV/c?
8 P2(Dy) > 0.1%
v, E(~,) > 100 MeV
D+ 2.097 < M (D7) < 2.127 GeV/c?
s PX2 (D;’Y) > 0.1%
p* (D, 7%) > 2.79 GeV/c
D%, (2317)~ P2(D;7%) > 0.1%
2.305 < M(D;7) < 2.329 GeV/c?
p*(D: %) > 3.05 GeV/c
D,,(2460)~ P (D %) > 0.1%

2.448 < M(D: 7°) < 2.472 GeV/c?

Table 6.6: Selection summary for D} D%,(2317)"/D{ D, (2460)~ candidates recon-
structed in generic MC and data. 7y, denotes the photon combined with D to create

a D%~ candidate.
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6.4.2 Background parametrisation and simultaneous fit

Distributions of events reconstructed in on- and off-peak generic MC samples
share general features with those from signal MC. However, parameters of peaking
background contributions are sensitive to the Monte-Carlo parametrisation. Since
generic MC typically reproduces data more accurately than signal MC, we must
re-evaluate the background parametrisation in generic MC for later use for data. This
task is complicated by the fact that D*;(2317)~ and D, (2460)~ events are mixed in
the generic sample. However, we can exploit the MC truth matching to disentangle
the origin of evens. We therefore propose the following approach to discriminate
events in each peak:

1. In the AM(D_ 7") distribution:

a) True D,(2317)" signal peak
MC truth matching is applied to isolate correctly reconstructed
D%,(2317)~ candidates;

b) D,,(2460) reflection peak (feed-down background)

Remaining mismatched D%,(2317)~ candidates include D, (2460) re-
flection background and the flat combinatorial background component.

2. In the AM (D} 7°) distribution:

a) True D, (2460) signal peak

MC truth matching is applied to isolate correctly reconstructed
D,,(2460) candidates;

b) D%,(2317)  reflection peak (feed-up background)

We select mismatched D%~ 7° combinations, where a D%~ meson is not
originating from a D, (2460)~ meson (using the mother ID). This allows
isolating D, (2460)~ candidates that are mistakenly combined from
D%,(2317)~ decay products.

¢) D,;(2460) “broken signal” background

Here we also select mismatched D*~ 7" combinations, but require a D~
meson to indeed originate from a D, (2460) meson. These conditions
preserve only D_;(2460)~ “broken signal” events and combinatorial

background.

Following this approach, we perform individual fits to each invariant mass distri-
bution for events partitioned in the categories described above (see Figs. C.20 to C.24
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in App. C.3). From each fit, we extract parameters of peaking components to fix
their lineshapes for later use in the simultaneous fit. The results summarised in
Table 6.7 confirm the shift of cross-feed topologies with respect to their true signal
peaks, which is in better agreement with the reference analysis [202] than the results
obtained in signal MC. The feed-down background is shifted by 3.7 + 0.8 MeV/c?
and features the 13.9 £ 0.8 MeV width, while the feed-up background is shifted by
4.4 + 1.3 MeV/c? and has the width of 17.1 & 1.5 MeV. On contrary, parameters of
the broken signal topology show more tension with the reference analysis. While
the mean value coincides with the one of the true D, (2460)~ peak due to the large
statistical uncertainty, its width estimated as 27.0 & 6.6 MeV is 2.50 away from the
reference value. To reliably estimate parameters of the broken signal peak (2c), we
use parametrisation of the combinatorial background in the D, (2460)" invariant
mass distribution containing reflected D%;(2317)~ events (2b) to fix its shape in the
distribution containing broken signal events. This approach ensured stability of the
fit to the BS peaking topology. Lastly, based on the extracted fitted yield, we update
fractions of numbers of events fitted in each peaking background component:

ffeed—down = 2.870
fleedwp — 0,163 (6.4)
135 — 0.579

We profit from the study of the simultaneous fit (SF) performed in signal MC,
presented in Sec. 6.3.6, and apply the complete model to the generic MC sample. The
following parametrisation is used to describe both distributions simultaneously:

AM(D: 71.0) — ]\]lcg(‘u17 O.l) + ffeed-downN2G('ufeed-down, Gfeed-down)
AM(DZiﬁ(}) — NQG(,LLQ, 02) + ffeed—uleG(Nfeed—up, O_feed—up) (6.5)
+ PSN,G(,0%)

Here, variables with the upper script describing peaking background contribu-
tions are fixed to the values reported in Table 6.7 and Eq. 6.5, while the six parameters
with the subscript defining “true” peaks are left floating. This fitting procedure proves
being stable in generic MC, deriving parameters reported in Table 6.7. As expected,
fixing parameters to the values estimated in generic MC makes SF results more
reliable in comparison with the use of fit parameters determined in signal MC, as it
eliminates the component of model imperfection.

Comparison of the simultaneous fit results to the values acquired by applying
various MC-level conditions is summarised in Table 6.7. These results indicate that
the chosen SF approach is moderately effective, as it is capable to correctly estimate
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Figure 6.12: Simultaneous fit to the [left] AM (D 7°) and [right] AM (D*7°) distri-
butions. In the left plot, the purple line represents the true D%,(2317)~ contribution,
the green line - D, (2460) reflection. In the right plot the green line represents
the true D, (2460)" contribution, the purple line - the D%,(2317) reflection and
the yellow line - the D, (2460)~ broken signal. True peaks and the corresponding
reflection peaks are marked in these plots with the same color to visualise cross-feed
effects. Fit output parameters are summarised in Table 6.7.

mean values and widths of ’true’ peaks. Meanwhile, fitted yields are only in 20
agreement with the values acquired by applying truth-matching. This discrepancy
can be explained by the compromise we made in the definition of the SF model.
Distributions depicted in Fig. C.20 and Fig. C.22 in App. C.3 both feature a heavy left
tail that can not be perfectly described with a single Gaussian. Potentially, a more
complicated P.D.F., e.g. Crystal-Ball or Johnson, would have been able to describe
‘true’ peaks better, but they would have also introduced additional fit parameters
that could consequently make SF procedure unstable. This motivated us to describe
matched Df:])* topologies with trivial Gaussians and keep SF model as simple as
possible. As a drawback of this compromise, 'true’ events present in left tails drift
into peaking background topologies, which slightly distorts the D%,(2317) and
D,,(2460) fitted yields. But despite this minor inconsistency, we conclude that
the SF procedure is stable and is capable of delivering trustworthy interpretation of
events contributing to AM (D,7°) and AM (D:7) distributions

We additionally emphasise that the width of the D¥,(2317)~ parametrisation
given in Table 6.7 it is equal to 6.21 4 0.09 MeV, which is 1.39 MeV less compared to
the result published in Ref. [202]. It proves the possibility to improve the results of
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Topology type u [MeV/c? ] o [MeV] N
Simultaneous fit
True D?*,(2317) signal 3494402 5.55+£0.26 4,0104202
Feed-down background 345.2 (fixed) 13.9 (fixed) 2.870 - N,
True D4 (2460) signal 346.94+04 5.86+038 1,241471
Feed-up background 351.5 (fixed) 13.9 (fixed)  0.163- N,
D,,(2460) broken signal ~ 351.8 (fixed) 27.0 (fixed)  0.579- N,
Results estimated by applying truth-matching requirements
True D%,(2317) signal 34894+0.1 6.21+0.09 4,509+ 70
Feed-down background 3452 +0.8 139408 3,117 4235
True D, (2460) signal 346.94+0.2 5994+0.18 11,0864 35
Feed-up background 351.3+£13 171415 734 +£91
D,,(2460) broken signal 351.84+5.1 27.04+6.6 628 + 184

Table 6.7: Simultaneous fit results and results estimated by truth-matching require-
ments in generic MC.

former D%;(2317)~ and D, (2460)~ studies published more than two decades ago.

As mentioned earlier, we assume that the background behaves similarly in generic
MC and data. Therefore, it is meaningful to use parameters of background topologies
estimated in generic MC for a simultaneous fit on data, where truth-matching is not
available.

6.4.3 Fit to the DJD,(2317)" mass

As the final step of our preliminary generic MC study, we show the
D D%,(2317)" invariant mass distribution (see Fig. 6.13). Signal regions for
D%,(2317)” and primary D} candidates are defined identically to those applied
in the signal MC selection. The invariant mass distribution depicted in Fig. 6.13
clearly differs from the one in the signal MC sample (see Fig. 6.11), where a fake
Dsprt particle with zero width peaking at the D D%(2317)~ threshold is intro-
duced. Since no such resonances are present in the generic MC sample, PHSP-like
distribution of D} D%,(2317)~ events depicted in Fig. 6.13 is approximated with the
7 order Bernstein polynomial. The choice of the Bernstein polynomial over e.g.
Chebychev polynomial is motivated by its robustness for fits with low event count
and faster minimisation flow, which might be particularly important for a potential
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Figure 6.13: The D} D%(2317) invariant mass distribution in generic MC sample.
The fit is performed with Bernstein polynomial of 7% order.

toy MC study*. The observed background shape is an important result, which will
be later compared to the result on data.

6.5 First study of D D@f events on data

S

6.6 Analysis of data

Finally, we apply the developed procedure over on- and off-resonance data sets
to verify regularity of mass distributions and the validity of event selection. After
performing reconstruction of both decay modes following the exact same procedure
as in generic MC, we check the consistency of invariant mass distributions for all
intermediate mesons, e.g. secondary D (see Fig. C.25 in App. C.2). We report
a detector resolution of 6.24 4 0.94 MeV for reconstructed D, mesons on data,
which agrees within 10 with the value estimated from generic MC. We verify the
ordinance of the D}~ invariant mass distribution, but do not perform a fit to it
to avoid misidentification of correctly reconstructed candidates and broken signal
events (see Fig. C.5 in App. C.2).

In both decay channels, we observe clear peaks, which correspond to the
D%,(2317)~ and D,;(2460)" resonant states. When more photons are involved
in a decay chain, i.e. the D;(2460)" case, a higher background level is shown

“The latter might be necessitated, if an enhancement above the depicted phase-space-like distribution
is observed on data.
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Figure 6.14: Simultaneous fit to the [left] AM(D;7°) and [right] AM (D%~ 7°)
distributions on data. In the left plot, the purple line represents the true D*,(2317)~
contribution, the green line - D, (2460)~ reflection. In the right plot, the green
line represents the true D, (2460)~ contribution, the purple line - the D%,(2317)
reflection and the yellow line - the D, (2460)~ broken signal. True peaks and the
corresponding reflection peaks are marked in these plots with the same color to
visualise cross-feed effects.

on data, as expected. We follow the simultaneous fit procedure to perform a fit to
these distributions. Parameters of the peaking background are fixed to the values
obtained in generic MC. The SF result is shown in Fig. 6.14, while final values of
floating parameters are listed in Table 6.8. This, in particular, allows evaluating the
D?,(2317)~ and D,;(2460)" yields achieved with the cut-based event selection:
639 4 71 and 75 £ 20, respectively. The reported yield highlights the lack of statistics
in this analysis, which motivates the use of a multi-variable analysis approach for
event classification, as described in the next section.

Topology type u [MeV/c?] o [MeV] Yield
True D¥,(2317)" signal 349.44+0.6 6.48+0.61 639471
Feed-down background  345.1 (fixed) 13.5 (fixed) 2.870- N,
True D,,(2460)" signal 347.14+1.3 4.48+129 75420
Feed-up background 352.0 (fixed) 13.9 (fixed) 0.163- N,
D,,(2460)" broad state  346.7 (fixed) 22.7 (fixed) 0.579- N,

Table 6.8: Summary of the simultaneous fit result for the cut-based analysis on data.
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6.7 Event classification using multi-variable analysis

The final result acquired on data, as explained in the previous section, clearly
indicates the lack of statistics in this analysis. To increase the yield, an attempt to use
a multi-variable analysis (MVA) approach for event classification has been employed.

Various sets of input parameters were tested for classification of D%,(2317)~
events. The information given by the correlation matrix highlights variables in the
input set with strong correlations (see Fig. 6.15). These variables were studied to
eliminate strongly correlating variables with negligible positive effect on the selection
efficiency. The final set of input variables used for MVA selection predominantly con-
sists of the variable employed for the cut-based selection and includes the following
9 variables:

« p*, P2 and x? of D7,(2317)~ candidates;

. PXQ and x? of secondary D candidates;

* p, P2 and x?2 of 70 candidates combined into D, (2317);
o |cosy| of ¢ or K* candidates;

Within the standard models implemented in TMVA, the following approaches
were tested in the described configurations for the classification task:

1. Boosted decision trees (BDT):

« 850 trees;

Coorresdatioen Mearinia (adgnali
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Figure 6.15: Correlation matrix for the [left] signal and [right] background events.
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+ The minimal percentage of training events required in a leaf node is 2%;
« Maximum depth of a decision tree is set to 3;

« AdaBoost boost is employed;

« Learning rate for the AdaBoost algorithm is set to 0.5;

« Bagged boost is enabled,

» Relative size of the bagged event sample to the original size of the data
sample is set to 0.5;

« Gini Index separation criterion for node splitting is chosen;
» Number of grid points in the variable range used for finding the optimal
selection criterion in node splitting is 20;

2. Multi-layer perceptron (MLP):

« tanh neuron activation function is used;

« Input variables are normalized to the [-1,1] interval;
+ 600 training cycles are repeated;

« 6 nodes are used in the one-and-only hidden layer;

o Test rate is set to 5;
3. Fisher classifier:

« PDFs for classifier outputs are created;

« Two-degrees spline interpolation method is used to for reference his-
tograms;

« The number of bins is set to 50;

« The number of PDFs smoothing iterations is set to 10;
4. Likelihood classifier:

« Likelihood output is transformed by the inverse sigmoid function;

+ Two-degrees spline interpolation method is used to for reference his-
tograms;

« The number of smoothing iterations for input histograms is set to 10;
« The average number of events per bin is set to 50;

« PCA input variable transformation is used.
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Figure 6.16: [top-left] ROC curve for BDT, MLP and Fisher architectures. The distri-
bution of classifier responses for the[top-right] BDT, [bottom-left] MLP and [bottom-
right] Fisher classifier.

The ROC curve shown in Fig. 6.16 illustrates the performance of different MVA
implementations. In particular, the efficiency of the Fisher, BDT and MLP methods
are similar, while the performance of the Likelihood selection is not as good as for
other methods. Classifier response distributions for best-performing models are also
given in Fig. 6.16. Given the comparable background rejection performance for the
compared MVA approaches, we decided to proceed with the MLP architecture for
the classification task, as it shows the best separation power of the response variable
and features relative simplicity, stability, and flexibility of implementation.

Several reasons were considered, when choosing the MLP architecture. The
number of hidden layers for the MLP is selected following the Weierstrass theorem for
neural networks, which advises proceeding with a single-hidden-layer architecture
for relatively simple classification tasks. The number of nodes is calculated according
to a widely-used “rule of a thumb”: N"0des = (N 4 Nou) x 2/3 where N™ and
N°ut denote the numbers of variables in the input and output layers — 9 and 1 for the
case discussed, respectively. These guidelines define the hidden MLP architecture as
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Figure 6.17: MLP architecture. The width of lines connecting nodes is proportional
to the weight of each input variable in the response function.

one layer with 6 nodes. A schematic representation of this architecture is shown in
Fig. 6.17. Here, lines connecting nodes tend to have different widths. This represents
weights of each input parameter present in the input layer. In this way Fig. 6.17
indicates critical importance of p*(D%,(2317)~), p(7°) and |cosf ;| parameters for
the classification task, as they tend to have the largest weight in the response function.

Training and validation of the model are performed on events reconstructed from
generic MC samples, where signal and background events can be distinguished on
the true level. We use approximately 80% of the total number of signal events, which
is 7000, and the equal number of background events for the network training. All
remaining events are used for validation. The MLP training and validation flows
are stable, which can be illustrated by the convergence test (see Fig. 6.18 [left]).
The network provides a scalar output value of the classifier, which can be used to
discriminate events. We optimise the selection criterion on it by searching for the
maximum of the figure of merit defined in Eq. 6.3, which is reached for the minimum
classifier output of 0.8825.

Several intermediate conclusions can be drawn at this point about the perfor-
mance of the event selection with the developed MVA approach. Firstly, the highest
FoM reached with the MLP selection is 24.7, while the best signal clarity that can
be reached with the standard cut-based analysis is 19.1. This result clearly indi-
cates better background rejection capability of the MLP. Secondly, the number of
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Figure 6.18: [left] The MLP convergence test. [right] The MLP classifier cut efficiency.

true D%;(2317)~ events selected using the simple cut-based selection is 4,509 +
70, while the MVA approach preserves 4,185 + 68 true D*,(2317)" events. This
slightly lower signal yield, though is an important intermediate result, should be
treated with caution because the performance of the event classification with the
MLP on data — which is the most important, after all - may differ. Lastly, we confirm
that D%,(2317)~ candidates that pass MLP selection, as intended, originate from
continuum events, not from BB processes. This can be illustrated by plotting the p*
distribution for selected D%,(2317)" candidates (see Fig. C.5 in App. C.2).

We repeat a similar classification of D;(2460)  candidates reconstructed in
generic MC samples. General properties of the MLP used for this case are similar to
those of the architecture employed for the D*,(2317)~ event classification. Although,
the D_, (2460)~ decay scheme contains an additional intermediate state, D%, and
an additional photon radiated by D}~. Therefore, the following parameters are
additionally included in the MVA input layer: p*(D:™), P2 (D%7), x*(D:™) and
E(v), which consequently triggers the increase of the number of nodes in the only
hidden layer from 6 to 9. We then repeat training, validation and application of the
classification algorithm for D, (2460)" candidates. Similarly to the D¥,(2317)~
case, a higher FoM is reached using the MLP selection compared to the simple cut-
based selection: 11.69 vs. 6.33. Although, unlike for the D%,(2317)~ event selection,
the number of selected true D, (2460)~ candidates is increased by 30%: from 1,086
+ 35to 1,412 &+ 40.

We then proceed with the method earlier employed for the simple event selec-
tion to acquire peaking background parameters in both AM distributions to make
simultaneous fit possible (see Figs. C.26 to C.30 in App. C.3). Fit values acquired by
separating different topologies using truth-matching are summarised in Table 6.9.
After fixing peaking background parameters to the updated values, we run the SF
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Topology type u [MeV] o [MeV] N
Simultaneous fit results
True D*(2317)~ signal 349.4 £ 0.2 5434019 3,862 4 148
Feed-down background 344.7 (fixed) 13.2 (fixed) 1.765-N,
True D, 4(2460)~ signal 3469 +£0.3 5954033 1,563+ 76
Feed-up background 351.9 (fixed) 14.8 (fixed)  0.148-IV,
D,,(2460)~ broken signal  350.8 (fixed) 20.6 (fixed)  0.256-N,
Results estimated by applying truth-matching requirements
True D7%(2317)~ signal 3489+ 0.1 6.09+0.09 4,185+ 68

Feed-down background 344.7 £0.7 13.240.7 2,491 4 174
True D, (2460)~ signal 346.7 £ 0.2 6.08 016 1,412 440
Feed-up background 3519+ 15 153435 621+ 85

D,;(2460)" broken signal  350.8 +-5.7 20.6 4+ 145 362 4 188

Table 6.9: Simultaneous fit results and results estimated by applying truth-matching
conditions in generic MC for events classified with the MLP event classifier.

over events reconstructed in generic MC and acquire the result depicted in Fig. 6.19.
Final values of simultaneous fit parameters are listed in Table 6.9. We conclude
that the SF procedure is stable and delivers results that are consistent with values
estimated by applying truth-matching conditions within 20.

Eventually, the MLP-based classification is applied to data to discriminate events
reconstructed in both decay channels. Results of the simultaneous fit to distributions
of events selected with the MLP share similar features with those selected with
the standard cut-based procedure. Assessing the overall performance of the MLP,
we report that a better signal purity is reached for both decay channels, while the
D,(2317)~ and D, (2460)" signal yields have increased by 10% and 40%, respec-

Topology type © [MeV] o [MeV] N
True D7, (2317) signal  350.0 + 0.5  6.63 + 0.53 686 + 62
Feed-down background 351.9 (fixed) 13.2 (fixed) 1.765-N,
True D, (2460)" signal 3462+ 1.7 618+ 152 102+ 26
Feed-up background 344.7 (fixed) 14.8 (fixed) 0.148-N;
D,,(2460)~ broken signal  350.8 (fixed) 20.6 (fixed) 0.256-NV,

Table 6.10: Simultaneous fit results for events classified with the MLP on data.
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Figure 6.19: Simultaneous fit results in generic MC for events classified with the MLP:
[left] AM(D; «%) distribution, [right] AM (D%~ 7) distribution; [top] in generic
MC and [bottom] on data. In the left column of plots, the purple line represents true
D%,(2317)~ contribution, the green line - D, (2460)~ reflection. Similarly, in the
right column of plots the green line represents true D, (2460)~ contribution, the
purple line - D*(2317) reflection, the yellow line - D, (2460)~ broken signal. Final
values of the simultaneous fit parameter are summarised in Table 6.9 and Table 6.10.

tively. The developed MVA selection preserves 52.4% of true D%;(2317)~ candidates
and 62.0% of correctly reconstructed D, (2460)~ signal events, while the background
rejection is estimated to be 96.3% and 95.7%, respectively. These results bring us to the
conclusion that, as expected, MVA show a better classification efficiency and allows
increasing the signal yield, while rejecting background more effectively. Hence, it is
reasonable to follow this approach, when moving to the final goal of this analysis —
search for resonances in the D} D%,(2317)~ and D} D,;(2460)~ systems.
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6.8 Study of MVA-selected D:Dgf events on data

The developed multi-variable analysis is eventually applied to select
D D%, (2317) and D} D_,(2460)" events on data. To improve the efficiency of

D} D‘(:f])f candidate classification, the MLP is further supplemented with kinematic
and vertex variables of the primary D} meson. In consequence, this necessitates the
increase of the number of nodes in the network architecture. All other MLP settings
are invariably inherited from the previous section. Optimisation of the MLP response
selection criterion with the aforementioned FoM metric appears to be inefficient due
to the low number of truth-matched D7 Df:])* events in generic MC. Therefore, a
threshold value is determined manually, relying on the linear classifier distribution
for signal and background events (see Fig. C.8 in App. C.2). A value of 0.2 is used
for this purpose. Additionally, we provide plots depicting correlation matrices and
results of the convergence test (see Figs. C.6 and C.7 in App. C.2).

The D} D%,(2317) and D} D, (2460) invariant mass distributions for events
that pass MLP selection on data are depicted in Fig. 6.20. Both distributions appear to
be PHSP-like, no sign of a resonant structure is observed. We therefore perform a fit
to these distributions with the 7¢" order Bernstein polynomial, which was earlier used
to approximate the same distributions in generic MC. The scaled-down distribution
of events selected in generic MC illustrated in Fig. 6.20 is in reasonable agreement
with the fit shape, illustrating the validity of the PHSP approximation.
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Figure 6.20: The [left] D D%,(2317)~ and [right] D} D, (2460)~ invariant mass
distributions in generic MC (red dotted line) and data (black points). The fit to data

is performed using the 7t" order Bernstein polynomial and is depicted with a blue
continuous line.
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6.9 Measurements of resonance properties

The AM (D;7°) and AM (D%~ 7Y) distributionsin et e~ — D} D?,(2317)~ and
ete” — Dt D,,(2460) inclusive processes, respectively, are shown in Fig. 6.19.
The result of the simultaneous fit to these distribution is summarised Table 6.10.

We find that the mass difference for the D%;(2317)~ meson is quantified as 350.0
+ 0.5 (stat.) + 0.1 (syst.) MeV/c?. For comparison, the PDG world average reports
349.4 + 0.5 MeV/c?. For the D, (2460)~ meson, we have found 346.2 + 1.7 (stat.) +
1.4 (syst.) MeV/c?, while the value reported by the PDG is 347.3 + 0.7 MeV/c?. Both
results are also in reasonable agreement with the former Belle study [202], which
quotes AM (D;7%) = 348.7 + 0.5 (stat.) + 0.7 (syst.) MeV/c? and AM (D 7Y)
=344.1 4 1.3 (stat.) + 1.1 (syst.) MeV/c?. Evaluating systematic errors for these
measurements is not trivial, since we are not measuring a mass but a mass difference.
Therefore, most systematics cancel each other. We follow a conservative approach,
which considers the PDF systematics only, estimated by varying fitting parameters
by +10. When evaluated in this way, the systematic uncertainty on AM (D3 7V) is
significantly improved compared to the earlier Belle analysis [202], while the error
on AM (D:~7) is compatible.

Resolution measured for AM (D3 7°) and AM (D~ 7°) distributions in data are
6.63 4+ 0.53 MeV/c? and 6.18 + 1.52 MeV/c?, respectively. For comparison, a former
Belle analysis in the continuum performed on 86.9 tb~!, where only one cs-meson
was involved, delivered 7.6 + 0.5 MeV/c? and 5.8 + 1.3 MeV/c?, respectively [202].
This indicates a clear improvement of the mass resolution in the reported analysis.
Meanwhile, the resolution of mass difference distributions in generic MC are 5.43 +
0.19 MeV/c? and 5.95 + 0.33 MeV/c?, respectively, which confirms good data-MC
agreement.

We therefore set upper limits on intrinsic widths of the D?;(2317)" and
D,;(2460)~ mesons by performing a likelihood scan. A likelihood value is calculated
for a simultaneous fit to AM (D 7¥) and AM (D%~ 7°) distributions performed with
a slightly modified model. It features the convolution of the Gaussian PDF describing
the scanned signal component, parameters of which are fixed to values acquired in
generic MC, with the Breit-Wigner function, which accounts for the intrinsic width
of the resonance. The intrinsic width parameter is fixed for each individual fit to a
discrete value in the scan range. Parameters of all other fit model components are
also fixed to values acquired in generic MC, while the only fluctuating parameter is
the signal yield of the meson, which width is being scanned. Using the resulting set
of likelihood values, the exponentiated difference to the maximum likelihood value
reached across the scanned range is calculated and plotted, as shown in Fig. 6.21.
The UL at a fixed confidence level (CL) is calculated by integrating the area under



134 CHAPTER 6. SEARCH FOR CCSS EXOTIC STATES

the likelihood curve and searching for the [0, V] interval, which contains the corre-
sponding fraction of the total area. Result of the likelihood scans are quantifies as
following:

I'(D%,(2317)7) < 4.07 MeV at 95% CL

_ (6.6)
I(D,,(2460)") < 13.4 MeV at 95% CL

S

Commenting on likelihood lineshapes illustrates Fig. 6.21, the difference between
the D%,(2317)~ and D, (2460)~ cases can be explained by the different degree of
the data-MC agreement between the two. While resolutions of D_, (2460) mass
in generic MC and data are numerically close, these values feature larger difference
between measured means for D%;(2317). This explains the behaviour, when a fit
is favouring the non-zero intrinsic width of D%,(2317)~ for the Voigt convolution.
Width UL values reported in Eq. 6.6 clearly illustrated the lack of statistics, as they
are — to different extent — not competitive to world-best measurements expressed as:
I'(D%,(2317)7) < 3.8 MeV and I'(D,, (2460)~) < 3.5 MeV at 95% CL [104].

Finally, using the acquired D%,(2317)~ and D, (2460) " yields, we also calculate
the ratio of production rates of these two mesons in the continuum, weighted with
the corresponding branching fractions:

B(D,,(2460)” — Dy ) o(D,,(2460)°)
B(D*,(2317)~ — Dy70) o(D%,(2317)7) (6.7)
= 0.26 4 0.07(stat) 4 0.03(syst),
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Figure 6.21: The [left] D%,(2317)~ and [right] D, (2460)~ width UL likelihood scan.
The right limit of the [0, T'*] interval is illustrated with a vertical dashed line and
quantified in the legend.
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Charged  From secondary D,  From primary D}

tracks Kt K- t Kt K- ot

SVD1 1.40 1.37 0.69 142 161 0.73

SVD2 1.57 1.34 0.84 1.56 1.56 0.86

Weighted 1.53 1.35 0.81 1.53 157 0233
Final uncertainty for all tracks: 3.21%

Table 6.11: Systematic uncertainties for the charged track identification.

where the statistical uncertainty is obtained by error propagation, while the system-
atic uncertainty results from adding in quadrature systematic uncertainties associated
with each decay channel, as reported in Table 6.13.

The result reported in Eq. 6.7 is in agreement with the former Belle publica-
tion [202]. However, according to simple arguments based on production cross-
sections of 17 and 07 states, one would expect the ratio to be three, i.e. 10 times
larger than the experimental measurements [226]. This prediction is motivated by
the following considerations. The first term in Eq. 4, related to branching fractions
should be equal to unity [226]. As per the second term, according to the Breit-
Wigner theory for cross-section calculations, if phase-space differences are neglected,
each cross-section should be weighted with a factor 2J + 1, where J = 0 for the

*0(2317)" and J = 1 for the D, (2460)~. Thus, our measured cross-section ratio
is approximately factor 10 lower than predicted and is inconsistent with a chiral
multiplet.

6.10 Systematic uncertainties

In this section, systematic uncertainties of cross-section UL measurements are
estimated. Expected sources of systematic uncertainties are described individually
and calculated below.

The PID group studied systematic uncertainties for charged track identification
in an inclusive D* sample [227], which are used for the reported analysis. Impor-
tantly, the SVD underwent significant upgrades during the experiment, leading to
discrepancies in systematic uncertainties between the old SVD1 and new SVD2 (see
Table 6.11). To account for this, we apply weights of 0.227 and 0.773 to reflect frac-
tions of data accumulated with each SVD generation. We then calculate the square
root of weighted systematic errors for individual tracks summed in quadrature to
obtain the final systematic uncertainty for the charged track identification: 3.21%.
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The systematic uncertainty for the charged track reconstruction has been earlier
studied for partially reconstructed D** — D°(— K{(— nt7 )rt7 )7 decays
with high-p tracks (py > 200 MeV/c) [228]. Eventually, the systematic uncertainty
for each track is estimated to be 0.35%. Considering the correlation between recon-
structed tracks, their respective uncertainties are linearly added [229]. This yields
the final systematic uncertainty for 6 charged tracks equal to 2.1%.

The total reconstruction efficiency is the product of two values: ¢ = P .
Pt They arise from a two-step selection: event pre-selection performed in signal
MC by applying selection criteria described in Sec. 6.3.2, and the post-selection
performed in generic MC by using an MLP-based approach — each denoted as ™
and P, respectively. The later, in particular, includes kinematic variables, such as
p*, which feature more reliable distributions in generic MC. The independence of all
variables involved in the total efficiency calculation was carefully checked. Hence,
the factorisation of £" is a good approximation. The final efficiency are quantified as:
(4.23 £0.34) - 1073 and (2.08 & 0.47) - 1073, for the decays involving D%, (2317)~
and D, (2460) ", respectively.

Following the idea of Poissonian treatment of error measurements, the systematic
error associated with the absolute MC statistics can be evaluated as:

e(l—e¢)

Ae = N

(6.8)
where ¢ is the reconstruction efficiency (¢P* in our case), and N is the total number
of simulated signal Monte-Carlo events. Eq. 6.8 yields relative errors for the ee™ —
Dt D%, (2317)" andete” — D D;(2460) inclusive decay channels of 1.86% and
2.42%, respectively, for one million MC signal events generated per sample.

The relative error of secondary decays branching fractions is calculated as:
Zij &;j(ABr;Br; + Br;ABr;)
Zij(é‘ijBﬁBTj)

where Br; and Br; are branching fractions of the considered decay modes of primary
and secondary D5 mesons, ABr; and ABr; are their respective uncertainties and
€;; 18 the reconstruction efficiency of those modes. As such, uncertainties of sec-
ondary decays’ branching fractions are 5.83% and 5.62% for decay channels involving

D,(2317)~ and D, (2460) ", respectively.
(%)—

Systematic uncertainties associated with the background modelling in D} D,
invariant mass distributions is estimated by varying the order of the Bernstein
polynomial utilised to perform the fit by +1 or -1. We do not consider higher/lower
orders because such fit functions clearly either do not approximate invariant mass

5= (6.9)
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Meson Enic e n=25 507
70 0.883+0.011 0.87740.025 1.00740.014 3.1%

10} 0.88540.008 0.9424-0.009 0.939+0.014 1.4%
K* (892) 0.75740.020 0.7814-0.029 1.020+0.035 3.5%
DS_ 0.836+0.009 0.9154-0.019 0.914+0.027 2.7%
sz 0.824+0.013 0.7804-0.043 1.056+0.055 5.5%

137

Table 6.12: Correction factors for the mass selection imposed on intermediate reso-
nances and the corresponding systematic uncertainties.

distributions under study well enough, or overfit them. The fit goodness (FCN) is
then recorded for each fit, and the quadrature sum of its deviations from the goodness
of the optimal fit — 7*" order Bernstein polynomial - is taken as the systematic error
of background modelling. It takes values of 1.0% and 1.2% for the considered decay
channels.

As explained in Sec. 6.3.2, a tight mass selection is imposed on intermediate
mesons to eliminate background and, at the same time, to preserve the highest
reconstruction efficiency possible. A dedicated investigation confirms that no peaking
background is observed for invariant mass distributions of intermediate resonances.
Although, a discrepancy between signal MC and data is always present, which can
be explained by modelling imperfection. To preserve consistency between signal MC
and data, a correction factor to the mass resolution is introduced (see Table 6.12). It
is calculated as 1) = £y /Egaa (see 41 column in Table 6.12), where €y, and e, are
mass selection efficiencies estimated in signal MC and data, and each ¢ is calculated
as a ratio of the number of signal events falling into the assigned signal region of
a particular secondary meson over the total number of signal events. These values
are given in 2" and 3" columns of Table 6.12. Systematic uncertainties related to
these correction factors are calculated for all the secondary mesons to which a mass
selection is applied. These individual errors are further added to the total systematic
uncertainty in quadrature.

Commenting on results reported in Table 6.12, the reason for the discrepancy in
Dy invariant mass resolution (see Tables C.8 and C.19 in App. C.2) can be explained
by the way how signal MC was generated: the considered decay channels are equally
weighted in signal MC, which is not the case for generic MC and data. This is
the reason why a wider contribution in the D} invariant mass distribution (see
Figs. C.16 and C.25 in App. C.2) appears to be more significant on data and smears
the weighted width. Additional smearing to the D invariant mass is introduced
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Value for a decay channel including

Contribution «(2317)~ [%]  D.,(2460) [%]
Charged tracks identification 3.21 3.21
Track reconstruction 2.10 2.10
MC statistics 1.82 2.42
Integrated luminosity 1.40 1.40
70 reconstruction 2.00 2.00
+ reconstruction - 2.30
Secondary BF 5.83 5.62
Background fit PDF order 1.03 1.23
Mass cuts on secondary particles 5.58 7.80
TOTAL 9.50 11.22

Table 6.13: Summary of systematic uncertainties for decay channels including
D?,(2317)" and D, (2460).

by the imperfection of low-momentum tracks reconstruction, which exhibits in the
form of a heavy left tail in the distribution depicted in Fig. C.25 in App. C.2. These
factors collectively lead to the discrepancy of the mass resolution between MC and
data quantified in Table 6.12.

There are several other contributions that are commonly included in the total sys-
tematic uncertainty. As such, they are precisely-estimated for the Belle environment
and can be taken for granted. In particular, the systematic uncertainty for the total
luminosity used for the study of data is estimated to be 1.4% [230]. The y detection
efficiency is 2% per each photon (there is only one photon in the D D, (2460)~
inclusive decay channel, which is radiated by D*~). The error of 7° reconstruction
efficiency is 2.3% according to a study of the 7 — w7’v._ control sample [231].

As previously mentioned, many tests are performed to the signal MC genera-
tion model, each with different masses and beam energy settings. Therefore, the
uncertainty related to the model is not included in the total systematic uncertainty:.
Theoretically, we know too little to nothing about this decay chain, so it makes little
sense to account for systematic uncertainties associated with the used MC model by
using another imperfect model.

Systematic errors calculated for all the contributing sources are summarised in
Table 6.13. The square root of the quadrature sum of all contributions is calculated to
acquire the total systematic uncertainty. The final values are 9.50% and 11.22% for
decay channels involving D%;(2317)~ and D, (2460) ", respectively.
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6.11 Cross-section upper limit calculations

As discussed in the introduction (see Sec. 6.2), one of the main targets for the
current analysis is to confirm the exotic states reported by LHCb [166, 188]. No
significant signal is observed in D DS})* systems in our analysis, as illustrated by
Fig. 6.20. However, upper limits on cross-sections of the corresponding processes
can be set. These are reported in this section. Reminding of the considerations
elaborated on in Sec. 6.1, the current analysis — considering mass thresholds and
combined quantum numbers - has access to search for X (4274) and X (4685) in the
D D%,(2317)~ system, and for X (4500), X (4630) and X (4700) in D} D, (2460).
We therefore calculate cross-section upper limits for these X states using the values
reported by Ref. [188], which are summarised in Table 6.14.

Contribution J¥ M, [MeV] I'y [MeV] Significance [x o]
X (4274) 1" 4205 +47; 53+545 18 (18)
X(4685) 1T 4684+ 71 126 £ 15137 15 (15)
X(4630) 17 4626+ 1673, 1744271134 5.5 (5.7)
X(4500) 0T  44744+34+3 7T+ 64730 20 (20)
X(4700) 0" 4694 +473° 87 +8%50 17 (18)

Table 6.14: Results reported by Ref. [188] on properties of X states observed in the
J /1¢ system. Only the resonances accessible in the scope of the current analysis
are listed. The reported global (local) significance is given in the last column.

Two approaches are considered for the upper limit calculation on the signal
yield, which is essential for determining the upper limit on the product of the Born
cross-section and branching fractions: the asymptotic and Feldman-Cousins methods.

6.11.1 Asymptotic method

According to the asymptotic method?, to estimate the UL on the number of signal
events at 90% CL the following equation should be solved:

j(; L(x)dx
j;'oo L(x)dx

NQU%

=0.9, (6.10)

where £(x) is the maximised likelihood for data and N9°% is the yield at 90% CL.

SSimilarly to the width UL calculation described in Sec. 6.9
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Here, we shortly describe the practical implementation of the asymptotic method.

Firstly, a null fit is performed to a D} DS})_ invariant mass distribution with a model
that includes a relativistic Breit-Wigner and a Bernstein polynomial. Parameters
of the Bernstein polynomial are floating in the full range of [0,1]°, while the mean
value, width and degrees of freedom’ of relativistic Breit-Wigner used to describe
the signal component are fixed to values taken from Ref. [188] (see Table 6.14). The
optimal fit to the D} Dgif invariant mass distribution is performed with the number
of events in the Breit-Wigner (NN, floating. The fit yields the maximum likelihood
value, noted as £, which describes the highest fit goodness that can be achieved
with the given model.

A likelihood scan is performed by carrying out a sequence of fits with the param-
eter N, set to integer values in the scan interval - [1, 10] for the example given
below. For each iteration, the FCN value of the optimal fit is recorded. The acquired
£(Nyg,) evolution is then rescaled as following:

AL = e“Wa) %o (6.11)

At this stage, systematic uncertainties must be incorporated. We do that by
performing the convolution of the existing AL function with a Gaussian, which
has a width proportional to the value of the systematic uncertainty. This effectively
contributes to the existing AL function with the following adding:

1( AN )2

AL L. ) sig

AAL) = =325 =\ EyalV; (6.12)
2me o NS

where N ;ig is the j-th fitted yield (j = 1, 10), AN;ig = N;ig —N ;-igl is the fitted yield
increment, £ ;s the fit goodness reached with the fixed value N;ig, AL = L j - L -1
is likelihood increment and €, the total systematic error, as calculated in Sec. 6.10.

The updated AL(N,) scatter plot obtained in this way (e.g. see Fig. 6.22) is
then numerically integrated across [0,10] and [0,V 90%] intervals to determine the
endpoint value at which the desired ratio is reached (see Eq. 6.10). The determined
N9% value is considered to be the upper limit on the fitted yield at 90% confidence
level. We therefore follow this approach to numerically estimate ULs on the number

of fitted events for each of the X resonances listed in Table 6.14.

®Parameters of the Bernstein polynomial are mathematically constrained in the [0,1] interval.
"These are defined by the assigned quantum numbers.
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Figure 6.22: Example of the likelihood scan for X (4700).

In order to include systematic uncertainties associated with parameters fixed
to values reported by Ref. [188], we repeat UL calculations with these parameters,
namely mass mean and width, individually varied by +1o¢ from respective central
values. Deviations from original UL values are then added in quadrature to estimate
an additional contribution to the final systematic error. It appears to be negligible for
all states ULs are set for (below 0.003%). Final N values are reported in Table 6.15.

6.11.2 Feldman-Cousins method

A widely used Feldman-Cousins method provides reliable upper limit estimates
on the number of signal events, especially for cases, where statistics is limited (which
is relevant for the current analysis). The most straightforward way to perform UL
calculations using the FC method is to exploit a TFeldmanCousins() class available
in ROOT. It requires only two values as input: the number of observed events and
expected background events (the values already estimated for the asymptotic method).
The FC method shows stable performance with these given values, and provides
trustworthy results (see Table 6.15). The problem with using the TFeldmanCousins()
class is that it does not allow accounting for systematic uncertainties.

We therefore develop a manual approach based on the counting model to in-
corporate systematic uncertainties. The event distribution model is configured as a
first step - the convolution of the Poisson and Gaussian functions. The numbers of
observed and expected background events are calculated following the way described
for the asymptotic method. Lastly, the StandardHypoTestInvDemo() ROOT method is
used to estimate an UL based on the p-value scan with the following scan parameters,
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which reproduce the original FC method, as explained in Ref. [232]:

« Frequentist (Neumann) calculator;
« Two-sided profile likelihood test statistics;
« CLs is disabled 3;

+ 10k toy MC samples generated (pseudo experiments).

A manual implementation of the counting model allows enabling or disabling
systematic uncertainties in the UL calculator by just changing the respective flag.
We first compare results of the developed counting model with results acquired with
the standard TFeldmanCousins() class (see Table 6.15, no systematic uncertainties for
both methods). We found these two sets of results being in very good agreement,
which proves the validity of the developed manual counting model.

We then proceed with including systematic errors in the upper limit calculation.
But first, an additional contribution derived from parameters of the considered X
states has to be introduced, exactly as it is done for the asymptotic method (see
Sec. 6.11.1). In contrast to the asymptotic method, these contributions appear to be
more significant, ranging from 2.4% to 5.5%. Global systematic uncertainties (see
Sec. 6.10), the statistical error of background estimate, and the aforementioned “LHCb
systematics” are added in quadrature to deliver total uncertainty (calculated for each
state, individually). These values are reported in Table 6.15.

Unfortunately, when complete systematic uncertainties are included in the count-
ing model, it does not perform as expected, and many behaviour artifacts are observed.
We therefore conclude that this approach derives unphysical results and decided to
proceed differently. Namely, ULs are estimated for each state with three different
parameters of the expected background: the central value and central value plus/mi-
nus the error (b, b + Ab and b — Ab). The most conservative UL value is assigned for
each case. Final results are reported in Table 6.15.

6.11.3 Comparison of the two methods

Comparing the methods described above, we conclude that the manual imple-
mentation of the FC-like counting model appears to be the most trustworthy. In
contrast, the asymptotic method seems insensitive to changes in low-multiplicity
counts. Although, the FC method (both implemented with a standard class and with

8The scan is performed over the p,_;, value, not the p,_;/pj, ratio (as for the CLs method), where
Ds1p is the quantified p-value for the signal and background assumptions, and py, is the p-value with
background assumption only
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Mode Tot. err. NYUL with a method oVl x B(X —
[%] Asymptotic FC CM Dng) [fb]
ete” — X(4274)A 13.3 4.77 242 245 86.6
ete” — X(4685)A 14.1 4.78 191 2.04 71.9
ete” — X(4630)A 18.3 4.94 1.95 2.05 161.0
ete” —>X(4500)A 18.0 4.81 232 234 183.5
ete” — X(4700)A 18.7 4.92 2.16 2.18 171.2

Table 6.15: Results of NV* and oYL x B(X — D, DS})) calculation for the considered
processes performed with different methods.

a counting model) does not allow incorporating systematic uncertainties directly,
and an alternative approach to their treatment is required. Such an approach has
been found, and eventually systematic uncertainties are considered for both methods.
Finally, we chose the counting model for the calculation of final results.

As such, Born cross-section ULs can be estimated as:

UL __ ‘1_H|2 (613)
? zxzszszax(ua)m; ‘

]7]

where NV is the UL on the yield estimated with the counting model described above;
|1 — TI|? is the vacuum- polarisation correction factor9 £ is the total integrated
luminosity [230]; € U = 5”/77 7)37) 77 s Or € ]/7] T)j ]DsnDZ is the reconstruc-
tion efficiency corrected for the data/MC discrepancy as described in Sec. 6.10 for a
decay channel involving D3,(2317)~ or D,;(2460), respectively; B, and B, are
branching fractions of primary and secondary D mesons; and (1 + §)gg is the ISR
correction factor. The radiative and vacuum-polarisation correction factors strongly
depend on the CM energy of the reconstructed data sample. Since the reported
analysis struggles with low event multiplicity, slicing the sample into separate en-
ergy points to account for individual correction factors would make the background
parametrisation and further Born cross-section calculation challenging, if not impos-
sible. We therefore apply these correction factors relying on values calculated at the
CM energy of the Y (45) resonance: (1 +§)gzg = 0.657 and |1 —II|> = 0.930, as per
Ref. [235]. It is a reasonable approximation, considering that the Y (45) collisions
make up about 80% of the total Belle data sample.

°TI(q) is the vacuum-polarisation function, depending on the transfer momentum [233, 234]






Chapter 7

Summary and Outlook

7.1

Study of indirect SR in the PXD

Minimising background contamination and its online monitoring are
crucial for reliable data taking and longevity of the PXD. To reflect changes in
the beam pipe design, the Photon Monitor has been revised as described in this thesis.

In brief,

We have studied patterns of the indirect SR radiation contamination across
various runs with different beam conditions, particularly /55, and beam currents,
and compared them to those before LS1.

To account for the observed evolution of the photon radiation pattern, we have
updated definitions of reference and measurement areas in L1 of the PXD to
target regions most affected by the indirect SR.

The photon rate and photon fraction PVs calculated across these new areas
were tested using Phase 3 of Run 2 data and compared to those defined previ-
ously. The test demonstrated a clear improvement in online photon radiation
monitoring.

An analysis of Phase 3 of Run 2 data for selected “good” runs was performed
to visualise the correlation between photon contamination and beam currents.
This illustrated a clear upward trend in the photon fraction PV, which - with
the new area definitions — occasionally exceeds the currently set limit.
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The observed evolution of the photon fraction underscores the importance of
online monitoring for the indirect SR. To this end, updated PVs will be communicated
to the BCG shifter in the SuperKEKB CR for real-time monitoring. The localized
pattern of the photon contamination also raises concerns about the potentially
harmful impact of the concentrated radiation on the PXD hardware, which deserves
to be studied separately. Earlier efforts by the SuperKEKB team to adjust the beam
orbit partially mitigated the localized contamination by smearing it more evenly
across L1 modules. Although similar countermeasures have not been implemented
since machine operations resumed after LS1, they could be reconsidered, if stability
of the machine operation improves in future runs.
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7.2 Search for resonant structures with ccss quark content

In this work, we have, for the first time, meticulously carried out a search for
resonant states with ccss quark content in the ete™ — D D*(2317)" andete™ —
D?D,,(2460) inclusive processes in the continuum. Although no signal evidence
was found in the decay modes under examination, results reported in this thesis,
namely cross-section upper-limits and other sideline results discussed below, are of
significant relevance, as they provide a solid foundation for further discussion and
exploration by offering crucial insights into properties of heavy-light systems.

The only feasible Belle reference for the current analysis is the search for exotic
ccss candidates in an ISR process reported in Refs. [196, 197]. It delivers cross-section
measurements that are of the same order of magnitude as those estimated in this
study, i.e. in the [120 — 240] fb range. The LHCb experiment has significantly
impacted the search for X ., states through charged B meson decays by performing
two consecutive searches for exotic candidates in the B~ — J/¢Y¢K~ decay
channel in a highly competitive dataset. In view of these results, it is crucial to
obtain confirmation of the states observed by LHCb from other experiments in
different production mechanisms, not only in B decays. The Belle experiment and
its upgrade, Belle II, therefore offer unique opportunities for searching for X ;.5
states via ISR and in the continuum. The size of the Belle II dataset is expected
to match the one of Belle by mid-2026. The cross-section upper-limits reported
in this thesis highlights the importance of the data sample size. Hence, revisiting
the analysis, when a substantially larger Belle II data set is available might be feasible.

Precise mass splitting measurements

We have also performed a fit to distributions of the D%,(2317)~ and D, (2460)~
mass differences to their primary decay products. As discussed in the Introduction
(see Chapter 5), D%,(2317)~ and D_;(2460) are considered to be the first chiral
partners of the same heavy-light system. The spontaneous breaking of the chiral
symmetry in the QCD leads to a mass term that elevates the (0", 1*) above the (0,
17) doublet by an amount equal to AM [226]. Chiral invariance implies that AM
satisfies the Goldberger-Treiman relation, i.e. AM = g, f... The value of g, represents
the pure pionic coupling of a constituent chiral quark, such as the constant in the
Georgi-Manohar model [236]. The well-known and simpler constituent-quark model
of a nucleon would predict the constant gy, = 39, The nucleon mass is the analog
of AM for the nucleon system (m ). It satisfies the standard Goldberger-Treiman
relation, providing my = gy f- Consequently, AM = my /3 in the chiral limit,
and its theoretical value should be 345 MeV/c?.

To test this theory, several analyses have been employed. The summary of
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published results is illustrated in Fig. 7.1. Former analyses on the measurement
of AM(D;7") were performed more than 20 years ago. Due to large estimated
systematic errors, the three results shown in Fig. 7.1 [top] are considered compatible
within 1o. Meanwhile, the current analysis yields a mass resolution estimate with
the 10 times lower systematic uncertainty than earlier studies: AM (D, 7°) = 350.0
+ 0.5 4 0.1 MeV/c?. The mass difference measured in the present work confirms
the significant difference from the theoretical expectation by more than 70 and is
compatible with the previous Belle measurement [202]. We also provide a similar
summary for mass splitting measurements of D, (2460) (see Fig. 7.1 [bottom]),
where the result reported in this thesis - AM (D %) = 346.2 4+ 1.7 + 1.4 MeV/c?
— enter with the statistical and systematic errors comparable to those for earlier
measurements.

It is worth noting that both mass splitting measurements have been estimated
in decay channels that include an additional D meson in comparison to earlier
studies. Despite our efforts to compensate it by developing an MLP-based event
selection, this naturally decreases the reconstruction efficiency, which in turn smears
the measurement making it less competitive. In contrast, this analysis makes use of
the full Belle data sample — 10 times larger than the one used for the former Belle
analysis. Notwithstanding these inherent trade-offs, we found good agreement
within 10 with the former Belle measurement [202] and the PDG average. It is also
interesting to note that the AM value evaluated in the D, (2460)~ analysis, and
that of the D*,(2317)" analysis are identical within the error. No tension with the
chiral symmetry breaking theory is observed.

Width measurements

Measurement of the D¥;(2317)~ and D, (2460)~ widths remain crucial to disclose
their nature. In this analysis, we revisited the measurement of the mass resolution for
D*,(2317)~ and D, (2460)~, and found 6.63 + 0.53 MeV/c? and 6.18 + 1.52 MeV/c?,
respectively. Meanwhile, the earlier Belle measurement from Ref. [202] quotes 7.6 +
0.5 MeV/c? and 5.8 + 1.3 MeV/c?, respectively. This result motivated us to look into
the the measurement of the D*,(2317)~ and D_, (2460)~ width ULs. Unfortunately,
the likelihood scan performed to set new limits showed low sensitivity due to large
statistical uncertainties and marginal data-MC agreement. The obtained results are
quantified as I'(D%;(2317) ) < 4.07 MeV and I'(D,; (2460) ) < 13.4 MeV, which
are not competitive with the current world-best measurement reporting UL values of
3.8 and 3.5 MeV, respectively [223]. Here, just like for mass splitting measurements,
an inclusive DS})* analysis performed with the full Belle II data set would be capable
of substantially improving current standing width upper-limits. The projected
Belle II data set of 50 ab—! could potentially allow to reach a sensitivity below
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Figure 7.1: Comparison of PDG average, earlier experimental measurements (BaBar,
Belle and CLEO2) and results obtained in the current analysis (THIS MEAS) for the
D7, (2317)~ [top] and D, (2460)~ [bottom] mass splitting measurements.

O(1) MeV for the D%,(2317)" width measurement, which would be a significant
step towards disclosing its ambiguous nature.

Measurement of the production ratio

As an additional input to the theory, we measured the ratio of the
D,,(2460)~ /D%,(2317)~ yield normalized to their reconstruction efficien-
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cies, which delivers an unexpected result (see Eq. 6.7). Whether D?;(2317)" and
D,;(2460)~ are conventional or exotic resonances remains an open question.
However, experimental measurements suggest that either a similar mechanism is
deflating masses of both mesons from those predicted for the canonical 0" and 1*
¢s mesons, or both states belong to the same family of exotics.

In summary, we have experimentally observed that chiral dynamical properties
of the D*,(2317)" and D, (2460)  resonant states tend to those of heavy-quark
particles. With larger Belle II datasets becoming available soon, new opportunities
arise for measuring D(;])_ properties. An inclusive analysis of e*e~ — D} 7 in the
continuum remains the golden channel to measure the width of the D¥,(2317) at
ete™ colliders, or at least to provide a new precise upper limit to better constraint
the plethora of theoretical models. Meanwhile, a potential inclusive analysis of
ete” — D§<*>D;L 70 with higher statistics will enable further search for resonant
states with the double cs quark content. The acquired results in terms of background
suppression and improved mass resolution pose the base for further studies and
precise measurements. The search for states with ccss quark content reported in this
thesis delivers several curious conclusions and ignites further interest in the field.



Appendix A

Appendix to the Belle II experiment
overview.

Figure A.1: Picture of the Belle Il PXD taken during the assembly process [33].
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Figure A.2: Picture of the Belle II detector taken in February 2023 during the under-
going LS1. The partially disassembled state reveals detector components that are
usually hidden behind the detector shielding. In particular, the QCS magnet, the
ARICH and the KLM are visible.
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Figure A.3: Photograph of the ONSEN data reduction system.






Appendix B

Appendix to beam-induced
background in the PXD
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Figure B.1: Number of photon and particle clusters versus time since the last HER
injection in Experiment 30 Run 3425 with PXD2.
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Figure B.3: LE SPC and HE MPC occupancy distribution in each FWD module of L1
in Exp30 Run2486 with PXD2.
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Figure B.4: Map of [top] HE SPC and [bottom] HE DPC in the Experiment 12 Run
2154 with PXD1.
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Figure B.5: Map of [top] HE SPC and [bottom] HE DPC in the Experiment 26 Run
1774 with PXD2.
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Figure B.6: Map of [top] HE SPC and [bottom] HE DPC in the Experiment 30 Run
2486 with PXD2.
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Figure B.7: Map of LE DPC [top] in the Experiment 12 Run 2153 and [bottom] in the
Experiment 26 Run 1774 with PXD1.
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Figure B.8: [top] Photon rate and [bottom] photon fraction calculated by the Photon
Monitor using old versus new area definitions in FWD modules.

Figure B.9: [top] Photon rate and [bottom] photon fraction calculated by the Photon
Monitor using old versus new area definitions in all modules combined.



Appendix C

Appendix to search for exotic states
with the ccss quark content

C.1 Definition of selection criteria

Spatial variables employed for selection of charged tracks

The Kalman filter is one of the most widely used algorithms for the reconstruction
of charged particle tracks in high energy physics. It is a recursive least-squares
estimation method that extends the classical x? fitting by incorporating correlations
between successive measurements and iteratively updating track parameters and
their uncertainties as new hits are included.

In the Belle experiment, the Kalman filter is used to reconstruct trajectories
of charged particles through tracking detectors, including the vertex detector and
central drift chamber. As charged particles move in a uniform magnetic field, their
trajectories follow helices rather than straight lines. To apply the Kalman filter —
which requires linear equations of motion — the helical trajectory is linearized around
a reference surface. This is achieved using a five-parameter helix model that locally
approximates the curved path.

The five helix parameters used to describe the spatial and kinematic properties of
charged tracks are:

« dr - the distance of closest approach (DCA) to the interaction point in the
transverse r—y plane;

« dz - the displacement of the track from the IP along the beam (or r-z) direction;

163



APPENDIX C. APPENDIX TO SEARCH FOR EXOTIC STATES WITH THE CCSS
164 QUARK CONTENT

+ oo — the azimuthal angle of the track momentum at the point of closest
approach;

« tan - the tangent of the dip angle A, which describes the slope of the track
relative to the transverse plane;

« q/pr - the inverse transverse momentum multiplied by the particle’s charge,
which characterizes the curvature of the track in the magnetic field.

These parameters are used both in the Kalman filtering process and in the selec-
tion of well-reconstructed tracks. In particular, spatial consistency with the primary
interaction point is ensured by requiring dr < 1.5 cm and |dz| < 3.0 cm for all se-
lected tracks. These requirements suppress tracks originating from beam background,
secondary interactions, or long-lived particles such as K2 or A decays.

Helicity angle

Figure C.1: Schematic illustration of the helicity angle definition. Black vectors
represent momenta of intermediate particles in the lab system, while red vectors —
in the system of ¢. The identical approach is applied for a scheme that includes K*
instead of ¢.
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Fox-Wolfram momentum

The Fox-Wolfram momentum is a set of event-shape variables introduced by
Geoffrey C. Fox and Stephen Wolfram in a paper dedicated to event shapes in hadronic
ete” collisions in 1978 [237]. These variable have proven over time to be extremely
capable of distinguishing jet-like and spherical event topologies to separate B3 from
continuum events.

Momenta are defined as:

2

ir ¢ B;
Ho= = 3 Y v(e,0) " C.1
4 2 +1 mz‘ - YA (Sozv z) \/g ) ( )

where:

+ Y, are spherical harmonics;
« |p,| is the magnitude of the momentum of an i-th particle (or jet);
« /s is the total centre-of-mass energy of an event;

+ 0., ¢, are the polar and azimuthal angles of a particle in spherical coordinates.

In practical analyses, a more commonly used form expresses momenta in terms of
Legendre polynomials P (cos 6, ;), where 6, ; is the angle between i™ and ;™ particles:

P51,
H, = Z zEQ. ?"P,(cos 05)s (C.2)
i,j vis
where E;; = > [P;| is the total visible energy in an event.

Normalized momenta are defined as R, = H,/H,. Among these, the second
momentum R, is particularly effective at separating spherical BB events from the
jet-like continuum background. In the present analysis, a requirement on R, is tested
to reject BB events and enhance signal purity.

Scaled momentum

(C.3)




APPENDIX C. APPENDIX TO SEARCH FOR EXOTIC STATES WITH THE CCSS
166 QUARK CONTENT

Chi-squared probability

P, is calculated as the upper-tail probability of the chi-squared cumulative
distribution function (CDF). It is commonly defined as:

P.= Prob(x2 > x2.), (C4)
where

« X%, is the observed chi-squared statistic;
« v (or ndf) is the number of degrees of freedom;

« P, represents the probability that a chi-squared distributed variable with v
degrees of freedom exceeds the observed value.

This probability is computed using the (lower) incomplete gamma function:

,Y(Z X(?bs)

27 2

Po=1——7pr?, (C.5)
X I'(5)

where

« (s, x) is the lower incomplete gamma function;

« T'(s) is the complete gamma function.

A small P, » value indicates that observed data are unlikely under the null hy-
pothesis, potentially suggesting a poor fit.
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Figure C.2: D ((2317)” momentum distribution in signal MC in the [left] lab and
[right] CM systems.
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D*,(2317)~ candidates. Bottom row: p* (D7) distribution for [left] mismatched
and [right] matched D, (2460)" candidates (all in generic MC). In each plot, an
arrow indicates the optimised value for the given selection criterion.
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Figure C.6: Correlation matrix for [left column] signal and [right column] background
[top row] Df D%,(2317)~ and [bottom row] Df D, (2460)~ events.
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Figure C.7: MLP convergence test for [left] DfD%,(2317)" and [right]
D D,,(2460)~ events classification with the MLP.
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Figure C.8: MLP classifier response for [top-left] D} D%;(2317)" and [right]
DfD,,(2460)~ event candidates.
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C.3 Fits to intermediate resonances

Parameter Value

Bifurcated Gaussian

I 1019.6 4 0.1 MeV/c?
ot 3.69 + 0.60 MeV/c?
Oao 1.59 + 0.19 MeV/c?
N, 2405 + 146

Chebyshev polynomial

ay 0.052 +0.113

Ni 476 + 137

Table C.1: Parameters of the fit to the K~ KT invariant mass distribution in signal
MC.

Events/ 0.2 MeV/c?

5 8
L L LN L
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Figure C.9: Fit to the M (K~ K™) distribution in signal MC. The solid blue curve
represents the Bifurcated Gaussian + Chebyshev polynomial fit function. The Bifur-
cated Gaussian component (dashed green) indicates the matched signal, while the
first-order Chebyshev polynomial (dashed red) represents remaining mismatched
combinations.
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Parameter Value
Double-sided Crystal Ball
I (7.20 + 1.59) x 1075 MeV/c?
o 0.554 + 0.195 MeV/c?
ar, 1.52 4 0.09
nr 1.67 £0.20
ag 1.27 £0.11
np 2.02+047
Niig 3113 480
Chebyshev polynomial
ag 1.039 + 0.001
Niig 100 4= 59

Table C.2: Parameters of the fit to the M, ., = M (yec) — M (g ) residual distribution
in signal MC.
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Figure C.10: Fit to the M., = M (¢ye.) — M (Pge,) residual distribution in signal MC.
The solid blue curve represents the double-sided Crystal Ball + Chebyshev polynomial
fit function. The double-sided Crystal Ball component (dashed green) indicates the

matched signal, while the first-order Chebyshev polynomial (dashed red) represents
remaining mismatched combinations.
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Parameter Value
Breit-Wigner
n 891.4 + 0.6 MeV/c?
o 46.7 + 2.1 MeV/c?
Ny, 3117 + 101
Chebyshev polynomial
ag 0.256 £ 0.121
Ny 575 + 87

Table C.3: Parameters of the fit to the K~ 7" invariant mass distribution in signal
MC.
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Figure C.11: Fit to the M (K~ ") distribution in signal MC. The solid blue curve
represents the Breit-Wigner + Chebyshev polynomial fit function. The Breit-Wigner
component (dashed green) indicates the matched signal component, while the first-

order Chebyshev polynomial (dashed red) represents remaining mismatched combi-
nations.
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Parameter Value
Gaussian
I 134.4 £+ 0.1 MeV/c?
o 4.48 + 0.1 MeV/c?
NSig 5370 4+ 158
Chebyshev polynomial
ag 0.010 £ 0.018
ay —0.165 4+ 0.027
kag 9913 £ 171

Table C.4: Parameters of the fit to the 7y invariant mass distribution in signal MC.
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Figure C.12: Fit to the M () distribution in signal MC. The solid blue curve repre-
sents the Gaussian + Chebyshev polynomial fit function. The Gaussian component
(dashed green) indicates the matched signal component, while the second-order
Chebyshev polynomial (dashed red) represents remaining mismatched combinations.
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Parameter Value

Bifurcated Gaussian

U 1967.4 + 0.1 MeV/c?
oc1 7.68 + 0.73 MeV/c?
O 2.85 4+ 0.10 MeV/c?
ratio 0.171 4+ 0.031
Nig 3106 + 57

Chebyshev polynomial

a —0.291 £+ 0.434
Niig 30+ 13
Cfin 3.67 £ 0.20 MeV/c?

Table C.5: Parameters of the fit to the ¢t invariant mass distribution in signal MC.
The parameter oy, is the invariant mass resolution estimated as a weighted sum of
Gaussian widths.

N Y >
M (@t [GeV/c?]

Figure C.13: Fit to the M (¢7™") distribution in signal MC. The solid blue curve rep-
resents the Bifurcated Gaussian + Chebyshev polynomial fit function. Bifurcated
Gaussian component (dashed green) indicates the matched signal component, while
the second-order Chebyshev polynomial (dashed red) represents remaining mis-
matched combinations.
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Parameter Value
Gaussian
1 1967.0 4+ 0.9 MeV/c?
o 7.88 4 0.62 MeV/c?
Nsig 134 + 12
Chebyshev polynomial
ag —1.647 + 1.420
kag 11+6

Table C.6: Parameters of the fit to the ¢+ 7" invariant mass distribution in signal
MC.

Events / 0.7 MeVic*

T 1.0
Mign ') [GeVic

Figure C.14: Fit to the M (¢mt7°) distribution in signal MC. The solid blue curve
represents the Gaussian + Chebyshev polynomial fit function. Gaussian component
(dashed green) indicates the matched signal component, while the second-order
Chebyshev polynomial (dashed red) represents remaining mismatched combinations.
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Parameter Value

Bifurcated Gaussian

I 1967.4 + 0.1 MeV/c?
o1 3.19 £ 0.09 MeV/c?
Oao 9.06 + 0.95 MeV/c?
ratio 0.855 4- 0.024
Niig 2616 + 53

Chebyshev polynomial

ay 0.298 4 0.426
Nurg 29 + 14
Cfin 4.04 + 0.21 MeV/c?

Table C.7: Parameters of the fit to the ¢+ 7° invariant mass distribution in signal
MC. The parameter oy, is the invariant mass resolution estimated as a weighted sum
of Gaussian widths.
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Figure C.15: Parameters of the fit to the M (¢7+7") distribution in signal MC. The
solid blue curve represents the Bifurcated Gaussian + Chebyshev polynomial fit
function. The Bifurcated Gaussian component (dashed green) indicates the matched
signal component, while the second-order Chebyshev polynomial (dashed red) repre-
sents remaining mismatched combinations.
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Parameter Value

Bifurcated Gaussian

I 1967.5 + 0.0 MeV/c?
o1 3.02 + 0.07 MeV/c?
Oao 8.29 + 0.53 MeV/c?
ratio 0.825 4+ 0.020
Ngig 5858 + 78

Chebyshev polynomial

ag —0.195 £ 0.267
Nyjeg 69+ 19
Opn 3.94 4+ 0.15 MeV/c?

Table C.8: Parameters of the fit to the invariant mass of the D/ candidates distribution
reconstructed into ¢, ¢t ¥ and K* K+ in signal MC.
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Figure C.16: Fit to the M (¢n™, pr 70, K* K*) distribution in signal MC. The solid
blue curve represents the Bifurcated Gaussian + Chebyshev polynomial fit function.
The Bifurcated Gaussian component (dashed green) indicates the matched signal
component, while the second-order Chebyshev polynomial (dashed red) represents
remaining mismatched combinations.
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Parameter Value

Double Gaussian

o 2112.4 4+ 0.2 MeV/c?
o 4.92 + 0.29 MeV/c?
Hps 2108.3 + 1.9 MeV/c?
Ops 17.95 + 2.92 MeV/c?
N 1675 4+ 135
Ngg 1145 + 151
Second-order Chebyshev polynomial
a —0.390 £ 0.041
a, —0.302 4 0.044
Nijeg 3212 £ 179

Table C.9: Parameters of the fit to the ¢7* 7" invariant mass distribution in signal
MC. The parameter oy, is the invariant mass resolution estimated as a weighted sum
of Gaussian widths.

g ‘.2
M(Dy) [GeV/c?]

Figure C.17: Fit to the M (D{+) distribution in signal MC. The solid blue curve
represents the Double Gaussian + Chebyshev polynomial fit function. The narrow
Gaussian component (dashed green) indicates the matched signal component, a
wide Gaussian (dashed purple) - broken signal component, while the second-order
Chebyshev polynomial (dashed red) represents remaining mismatched combinations.
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Fixed Parameters

Parameter Value

Broken signal

uBs 345.9 MeV/c?
oBS 14.3 MeV/c?
Vs 0.437

Floating Parameters

Parameter Value
D7, (2317) signal
W 349.0 + 0.1 MeV/c?
o 4.95 + 0.07 MeV/c?
Niig 3806 + 64
D,,(2460) signal
s 347.6 4 0.1 MeV/c?
o 4.13 +0.11 MeV/c?
Ngg 1615 + 36
Background (Chebyshev polynomials)
a7 —0.514 £ 0.040
3460 —0.643 £ 0.046
Ngé” 1640 + 44
fogﬁo 1106 + 39

Table C.10: Parameters of the simultaneous fit to the AM(D;7") and the
AM (D7) distributions in signal MC.
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Fixed Parameters

Fixed Parameters

Parameter Value

Parameter Value

Th 4.2861 GeV/c?

T, 4.4278 GeV

Floating Parameters

Floating Parameters

Parameter Value

Parameter Value

Relativistic Breit-Wigner
o 4.2868 + 0.0001 GeV/c?
o 0.1135 + 0.005 MeV/c?

Relativistic Breit-Wigner
p 4.4297 + 0.0001 GeV/c?
' 0.166 + 0.020 MeV/c?

~ 67 + 10 keV vy 0.118 + 0.055 MeV/c?

Ngio 3132 £ 63 N 1580 4+ 83
Threshold function Threshold function

A —1606 4+ 79 A —1553 + 151

B 152230 + 14200
C  (—5.83+0.89) x 10°
Ny 1586 + 49

B 154440 + 31900
C  (—6.68+2.03) x 10°
Ny 1337 + 81

Table C.11: Parameters of the fit to: [left] the D! D*,(2317)~ and [right] the
Df D,,(2460) invariant mass distributions in signal MC. The signal component is

described with a Voigt PDF, while the background is approximated with a threshold
function defined in the equation given below.

o, x <Th
fw) = (z —Th)? - exp [A(z — Th) + B(x — Th)? + C(x — Th)®], = >Th
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Parameter Value
Double Gaussian
I 123.2 + 0.6 MeV/c?
Lo 134.6 4+ 0.1 MeV/c?
o, 4.40 + 0.44 MeV/c?
o 4.66 + 0.05 MeV/c?
Fraction 0.927 £ 0.010
Ngig 105,350 4+ 911
Chebyshev polynomial (2°¢ order)
a, 0.0857 4 0.0045
G —0.0367 4 0.0047
Npig 283,520 & 1,000

Weighted ¢ 4.46 4+ 0.08 MeV/c?

Table C.12: Parameters of the fit to the 7° invariant mass distributions on generic
MC (cut-based selection).
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Figure C.18: Fit to the ¥ invariant mass distributions on generic MC. The solid blue
curve represents the total fitting model that consists of the double Gaussian describing
the signal component (dashed green) and the 2°¢ order Chebychev polynomial (dashed
red) used to approximate combinatorial background.
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Parameter Value

Double Gaussian
Harrow 1966.2 + 0.1 NICV/C2
Pryide 1965.3 + 0.3 MeV/c?
O narrow 353 + 010 MCV/C2

Owide 8.17 + 0.55 MeV/c?
Fraction 0.341 + 0.037
Nig 16,456 4+ 177
Chebyshev polynomial (0 order)
ay —0.092 £ 0.011
Npieg 25,624 £ 202

Weighted ¢~ 5.11 4 0.25 MeV/c?

Table C.13: Parameters of the fit to the D invariant mass distributions on generic
MC (cut-based selection).
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Figure C.19: Fit to the Dy invariant mass distributions on generic MC. The solid blue
curve represents the total fitting model that consists of a double Gaussian describing

the signal component (dashed green) and the 1% order Chebychev polynomial (dashed
red) used to approximate combinatorial background.
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Parameter Value
Gaussian (signal)
I 348.9 4+ 1.0 MeV/c?
o 6.21 + 0.09 MeV/c?
Ngg 4509 £ 70
Chebyshev polynomial (1% order)
a, —2.392 4£0.146
N 642 + 52

Table C.14: Parameters of the fit to the D, 7" invariant mass distributions in generic
MC for matched D?*;(2317)~ candidates (cut-based selection).
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Figure C.20: Fit to the D 7° invariant mass distributions in generic MC for matched
D7,(2317)~ candidates. The solid blue curve represents the total fitting model that
consists of the 1 order Chebychev polynomial and the Gaussian fit function.
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Parameter Value

Gaussian (feed-down)
pfeed-down 345 9 1 0.8 MeV/c?
gfeed-down 13.9 + 0.8 MeV/c?

Nfeedfdown 3117 + 235
Chebyshev polynomial (2" order)
a; —0.216 £ 0.008
Gg 0.0307 £+ 0.010
Nyjeg 51224 4 321

Table C.15: Parameters of the fit to the D 7" invariant mass distributions in generic
MC for mismatched D%;(2317)~ candidates (cut-based selection).
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Figure C.21: Fit to the D%,(2317)~ invariant mass distribution in generic MC. The
solid blue curve represents the total fitting model that consists of the Gaussian
describing the D, (2460)~ reflection component (dashed purple) and the 2°¢ order
Chebychev polynomial (dashed red) used to approximate combinatorial background.
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Parameter Value

Gaussian (signal)

o 346.9 4 2.0 MeV/c?
o 6.0 + 0.2 MeV/c?
Ny 1086 + 35
Chebyshev polynomial (1% order)
ay —1.97 + 0.65
Ny 195 + 34

Table C.16: Parameters of the fit to the D*~ 7 invariant mass distributions in generic
MC for matched D, (2460)~ candidates (cut-based selection).
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Figure C.22: Fit to the D%~ 7* invariant mass distributions in generic MC for matched
D,;(2460)~ candidates. The solid blue curve represents the total fitting model that
consists of the 1°* order Chebychev polynomial and the Gaussian fit function.
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Parameter Value

Gaussian (feed-up)
pufeed-up 351.3 + 1.3 MeV/c?
gfeed-up 17.1 4 1.5 MeV/c?

Nreed-up 733 +£91
Chebyshev Polynomial (2 order)
a, —0.164 4 0.032
s 0.050 + 0.052
Npol big 3181 £ 97

Table C.17: Parameters of the fit to the D*~ 7" invariant mass distributions in generic
MC for mismatched D, (2460)~ candidates that are not coming from D (2460)~
decays (cut-based selection).
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Figure C.23: Fit to the D, (2460) invariant mass distribution in generic MC for
mismatched Dy, (2460)~ candidates that are not coming from D, (2460)~ decays.
The solid blue curve represents the total fitting model that consists of the Gaussian
describing the D*,(2317) reflection component (dashed purple) and the 2"¢ order
Chebychev polynomial (dashed red) used to approximate combinatorial background.
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Fixed Parameters

Parameter Value

a —0.164
ay 0.050

Floating Parameters

Parameter Value

Events/ 2 MeV/c?

Gaussian (broken signal)
ubBs 351.8 4 5.1 MeV/c? I
oBS 27.0 4 6.6 MeV/c? I T
NBS 628 -+ 184 O 63 " om o4 o4
Chebyshev Polynomial (2 order) M (DS_TlO)'M (D,) [GeV/ ]

Nyl g 11,499 + 216

50~

Table C.18: Parameters of the fit to the D*~ 7 invariant mass distributions in generic
MC for “broken signal” events (cut-based selection). To ensure stability of the fitting
procedure, parameters of the polynomial are fixed to those estimate by the fit in Fig.
c.23

Figure C.24: Fit to the D_;(2460)~ invariant mass distribution in generic MC for
mismatched D, (2460)~ candidates that are coming from D, (2460)~ decays (cut-
based selection). The solid blue curve represents the total fitting model that consists
of the Gaussian describing the BS component (dashed green) and the 2°¢ order
Chebychev polynomial (dashed red) used to approximate combinatorial background.
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Parameter Value
Double Gaussian
i 1966.3 + 0.3 MeV/c?
Mo 1962.4 + 1.5 MeV/c?
oy 4.13 + 0.33 MeV/c?
o 9.88 + 2.01 MeV/c?
Fraction 0.368 4 0.087
Ngig 2,144 4+ 94
Chebyshev polynomial (0 order)
ay —0.116 £ 0.021
Npieg 7,369 + 119

Weighted ¢ 6.24 4+ 0.94 MeV/c?

Table C.19: Parameters of the fit to the D invariant mass distributions in data.
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Figure C.25: Fit to the D invariant mass distributions in data. The solid blue curve
represents the total fitting model that consists of the double Gaussian describing the
signal component (dashed green) and the 1°* order Chebychev polynomial (dashed
red) used to approximate combinatorial background.
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Parameter Value
Gaussian (signal)
n 348.9 4- 0.1 MeV/c?
o 6.09 4+ 0.09 MeV/c?
Nyg 4,185 + 68
Chebyshev polynomial (1% order)
a, —1.952 4+ 0.393
Noig 732 4+ 69

Table C.20: Parameters of the fit to the D, 7 invariant mass distributions in generic
MC for matched D%;(2317)~ candidates.

Events/ 2 MeV/c?

=)
m\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\

T

o 0% o o
M(D0)-M(D) [GeV/c?]

Figure C.26: Fit to the D 7" invariant mass distributions in generic MC for matched
D7 (2317)~ candidates (MVA selection). The solid blue curve represents the total
fitting model that consists of the 1% order Chebychev polynomial and the Gaussian
fit function.
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Parameter Value

Gaussian (feed-down)
pfeed-down 344 7 1 0.7 MeV/c?
gleeddown 132+ 0.7 MeV/c?

Nteed-down 2,491 4+ 174
Chebyshev polynomial (2 order)
aq —0.182 4 0.010
g —0.025 4 0.014
Npieg 27,824 4 236

Table C.21: Parameters of the fit to the D_ 7" invariant mass distributions in generic
MC for mismatched D%,(2317)~ candidates (MVA selection).
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Figure C.27: Fit to the D%,(2317)~ invariant mass distribution in generic MC (MVA
selection). The solid blue curve represents the total fitting model that consists of the
Gaussian describing the D, (2460)~ reflection component (dashed purple) and the
274 order Chebychev polynomial (dashed red) used to approximate combinatorial
background.
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Parameter Value
Gaussian (signal)
n 346.7 4 0.2 MeV/c?
o 6.08 4+ 0.16 MeV/c?
Nyg 1,412 + 40
Chebyshev polynomial (1% order)
a, —2.049 + 0.574
Noig 248 4 38

Table C.22: Parameters of the fit to the D*~ 7" invariant mass distributions in generic
MC for matched D, (2460)~ candidates (MVA selection).
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Figure C.28: Fit to the D%~ 7 invariant mass distributions in generic MC for matched
D,;(2460)~ candidates. The solid blue curve represents the total fitting model that
consists of the 1°* order Chebychev polynomial and the Gaussian fit function.
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Parameter Value

Gaussian (feed-up)
pfeed-down 3571 9 4 1.5 MeV/c?
gfeed-down 14 75 4 3.84 MeV/c?

Nfeed—down 621 4 86
Chebyshev polynomial (2 order)
a, 0.061 4- 0.023
s —0.094 £ 0.033

Npig 5,741 £ 112

Table C.23: Parameters of the fit to the D*~ 7" invariant mass distributions in generic
MC for mismatched D, (2460)~ candidates that are not coming from D (2460)~
decays (MVA selection).
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Figure C.29: Fit to the D,;(2460)~ invariant mass distribution in generic MC for
mismatched D, (2460) candidates that are not coming from D, (2460)~ decays.
The solid blue curve represents the total fitting model that consists of the Gaussian
describing the D*(2317) reflection component (dashed purple) and the 2°¢ order
Chebychev polynomial (dashed red) used to approximate combinatorial background.
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Parameter Value

Gaussian (broken signal)
o 350.8 4- 5.8 MeV/c?
o 20.6 + 14.5 MeV/c?

Nps 362 + 188
Chebyshev polynomial (1 order)
a, —0.121 £ 0.017

Npig 11,241 £ 218

Table C.24: Parameters of the fit to the D*~ 7 invariant mass distributions in generic
MC for “broken signal” events (MVA selection). To ensure stability of the fitting

procedure, parameters of the polynomial are fixed to those estimate by the fit in Fig.
Cc.23
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Figure C.30: Fit to the D_,(2460)~ invariant mass distribution in generic MC for
mismatched D, (2460) candidates that are coming from D, (2460) decays. The
solid blue curve represents the total fitting model that consists of the Gaussian
describing the BS component (dashed green) and the 2" order Chebychev polynomial
(dashed red) used to approximate combinatorial background.
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C.4 D!D?,(2317)" + anything decay file

JetSetPar PARJ(41)=0.32

JetSetPar PAR]J(42)=0.62

#

Alias MyDsp Dsprt

Alias MyDs+ D_s+

Alias MyDs- D_s-

Alias MyDs2317+ D_s0*+

Alias MyDs2317- D_s0*-

Alias MyPhi phi

Alias MyKst0 K*0

Alias BarMyKst0 anti-K*0

#

Decay vpho

1.0 MyDsp PHSP;
Enddecay

#

Decay MyDsp

0.500 MyDs+ MyDs2317- PHSP;
0.500 MyDs- MyDs2317+ PHSP;
Enddecay

#

Decay MyDs+ 0.3333 MyPhi pi+ SVS;
0.3333 MyPhi pi+ pi0 PHSP;
0.3333 BarMyKst0 K+ SVS;
Enddecay

#

Decay MyDs-

0.3333 MyPhi pi- SVS;
0.3333 MyPhi pi- pi0 PHSP;
0.3333 MyKst0 K- SVS;
Enddecay

#

Decay BarMyKst0

1.000 K- pi+ VSS;
Enddecay

#

Decay MyKst0

1.000 K+ pi- VSS;
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Enddecay

# Decay MyDs2317+
1.0000 MyDs+ pi0
Enddecay

#

Decay MyDs2317-
1.0000 MyDs- pi0
Enddecay

#

Decay MyPhi

1.000 K- K+
Enddecay

#

Decay pi0

1.0000 gamma gamma
Enddecay

#

End

C.5 D!D.,(2460)" + anything decay file

#

JetSetPar PARJ(41)=0.32
JetSetPar PARJ(42)=0.62
#

Alias MyDsp Dsprt

Alias MyDs+ D_s+

Alias MyDs- D_s-

Alias MyDs2460+ D’_s1+
Alias MyDs2460- D’_s1-
Alias MyDs_st+ D_s*+
Alias MyDs_st- D_s*-
Alias MyPhi phi

Alias MyKst0 K*0

Alias BarMyKst0 anti-K*0
#

Decay vpho

1.0 MyDsp

QUARK CONTENT

PHSP;

PHSP;

VSS;

PHSP;

PHSP;
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Enddecay

#

Decay MyDsp

0.500 MyDs2460+ MyDs-
0.500 MyDs2460- MyDs+
Enddecay

#

Decay MyDs2460+
1.000 MyDs_st+ pi0
Enddecay

#

Decay MyDs2460-
1.000 MyDs_st- pi0
Enddecay

#

Decay MyDs_st+
1.000 MyDs+ gamma
Enddecay

#

Decay MyDs_st-
1.000 MyDs- gamma
Enddecay

#

Decay MyDs+

0.3333 MyPhi pi+
0.3333 MyPhi pi+ pi0
0.3333 BarMyKst0 K+
Enddecay

#

Decay MyDs-

0.3333 MyPhi pi-
0.3333 MyPhi pi- pi0
0.3333 MyKst0 K-
Enddecay

#

Decay BarMyKst0
1.000 K- pi+
Enddecay

#

Decay MyKst0

SVS;
SVS;

PHSP;

PHSP;

VSP_PWAVE;

VSP_PWAVE;

SVS;
PHSP;
SVS;

SVS;
PHSP;
SVS;

VSS;
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198

1.000 K+ pi-
Enddecay

#

Decay MyPhi
1.000 K- K+
Enddecay

#

Decay pi0
1.0000 gamma gamma
Enddecay

#

End

APPENDIX C. APPENDIX TO SEARCH FOR EXOTIC STATES WITH THE CCSS

QUARK CONTENT

VSS;

VSS;

PHSP;
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