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Abstract

Two analyses related to the inclusive determination of the magnitude of the Cabbibo-
Kobayashi-Maskawa matrix element |V,| are presented. The first analysis presents the
first measurement of the ratio of partial branching fractions of the inclusive charmless,
B — X7, to the inclusive charmed, B — X.“ ~, semileptonic B decay, where * represents
an electron or muon, and X a hadronic system. The measurement is performed at the
Belle experiment, using the full dataset collected at the Y(4S) resonance, corresponding
to 711fb 1. We measure:

AB(B — Xy)

— = (1:99 & 0:17stat & 0:16 x 10 2:
AB(B = X.- 7) ( stat syst)

in the phase space region of lepton energies in the B-frame, = 9 above 1GeV, where
the uncertainties are statistical and systematic, respectively. From the partial branching
fraction ratio we extract |Vyp|=|Vepl|, finding

‘Vub| BLNP

|Vcb‘

= (9:81 & 0:42tat & 0:38gyst = 0:51  gyx =020 (gyx,y) X 10 %

where the third and fourth uncertainties are from the partial decay rates of B — Xy“~
and B — X¢‘7, respectively. This value is in excellent agreement with inclusive and
exclusive world averages of |Vyp|=|Vep|. We additionally report this measurement broken
down by B charge, determining a limit on isospin breaking in B — Xy~ decays, as
well as by lepton flavour, finding no evidence for lepton flavour universality violation in
either the charmed or charmless inclusive semileptonic B decay. Furthermore, we report
the differential ratio of partial branching fractions in momentum transfer squared to the
lepton-neutrino system, q2, and E.

The second analysis presented is a search for the poorly understood weak annihilation
contribution to the inclusive B — Xy~ decay rate, which is a source of systematic uncer-
tainty to inclusive [Vyp| determinations. The analysis is performed with the Belle IT data
sample (364fb 1) collected at the T(4S) resonance before 2023. As little is known about
the shape of the weak annihilation contribution, we search for structure at high q2, where
it is expected to be localised, using a broad range of hypothesised models. The analysis
must still undergo internal review; we therefore investigate the sensitivity of the analysis
to simulated signal samples. Depending on the shape and magnitude of the simulated
weak annihilation sample we expect to place 90% upper limits between 1:5-6:8% for the
weak annihilation contribution to neutral B decays, and between 1:4-9:1% for charged B
decays, competitive with existing estimates of the upper limit for the admixture. This will
be the first direct search for the weak annihilation contribution to separately constrain
the magnitude of the contribution to the charged and neutral B systems.

In addition to the physics analyses, we present improvements to the identification
of leptons at Belle II by exploiting calorimeter information through machine learning.
Reductions in pion-to-electron and pion-to-muon misidentification rates at low momentum
of up to factors 10 and 1:6, respectively, are demonstrated.
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Zusammenfassung

Es werden zwei Analysen im Zusammenhang mit der inklusiven Bestimmung der Grofie
des Cabbibo-Kobayashi-Maskawa-Matrixelement |V p| vorgestellt. Die erste Analyse stellt
die erste Messung des Verhéltnisses der partiellen Verzweigungsverhéltnisse des inklusiven
semileptonischen B-Zerfalls ohne (B — Xy*7) und mit (B — X¢*~) charm Quark vor,
wobei ¢ ein Elektron oder Myon und X ein hadronisches System représentiert. Die Messung
wird am Belle-Experiment durchgefiihrt und verwendet den vollstdndigen Datensatz von
711fb 1, der auf der T (4S)-Resonanz gesammelt wurde. Wir messen:

AB(B — Xy7)

- = (1:99 & 0:17stat & 0:166vst) x 10 2
ABB 5 X' ) ( stat syst)

im Phasenraum der Leptonenergien im Inertialsystem des B-mesons, = *'9_ oberhalb von
1GeV, wobei die Unsicherheiten statistisch und systematisch sind. Aus dem Verhéltnis
der partiellen Verzweigungsverhéltnisse extrahieren wir [Vyp|=|Vep|, und finden:
BLNP
|Vub|

|Vcb‘

= (9:81 & 0:424tat £+ 0:38gyst £ 051 gyx, ) 020 (guxey) X 10 %

wobei die dritte und vierte Unsicherheit aus den partiellen Zerfallsraten von B — Xy
bzw. B — X¢*~ stammen. Dieser Wert stimmt ausgezeichnet mit den weltweiten Durch-
schnittswerten von |Vyp|=|Vep| tiberein, sowohl fiir inklusive als auch exklusive Messun-
gen. Wir berichten zusétzlich iiber diese Messung, aufgeschliisselt nach B-Ladung, um
eine Grenze fiir Isospin-Verletzung in B — X “ ~Zerfillen zu bestimmen. Des weiteren
schliisseln wir nach Leptonen-Flavour auf, wobei wir keinen Hinweis auf eine Universa-
litéitsverletzung des Leptonen-Flavours finden, weder im B — Xy *~ noch B — X¢“~
Zerfall. Dariiber hinaus berichten wir {iber das differentielle Verhéltnis der Verzweigungs-
verhiltnisse beim Impuls-Transfer im Quadrat zum Lepton-Neutrino-System, g2, und
E5s9,

Die zweite vorgestellte Analyse ist eine Suche nach dem schlecht verstandenen schwa-
chen Annihilationsbeitrag zur inklusiven B — X, * ~-Zerfallsrate, der eine Ursache syste-
matischer Unsicherheit bei inklusiven |Vp|-Bestimmungen ist. Die Analyse wird mit dem
Belle IT Datensatz (364fb 1) durchgefiihrt, der vor 2023 auf der Y (4S)-Resonanz gesam-
melt wurde. Da nur wenig iiber die Form des schwachen Annihilationsbeitrags bekannt ist,
suchen wir nach einer Struktur bei hohem g2, wo dieser voraussichtlich lokalisiert ist, unter
Verwendung eines breiten Spektrums von Hypothesenmodellen. Die Analyse muss noch
einer internen Uberpriifung unterzogen werden; daher untersuchen wir die Sensitivitit der
Analyse an simulierten Signalproben. Abh#ngig von der Form und Grofle des simulier-
ten schwachen Annihilationsbeitrags erwarten wir 90% obere Ausschlussgrenzen zwischen
1;5-6;8% fiir den schwachen Annihilationsbeitrag zu neutralen B-Zerfillen und zwischen
1;4-9;1% fiir geladene B-Zerfille, die konkurenzfihig mit existierenden Ausschlussgrenzen
sind. Dies wird die erste direkte Suche nach dem schwachen Annihilationsbeitrag sein, die
separat die Grofle des Beitrags zu den geladenen und neutralen B-Systemen einschrénkt.

Zusétzlich zu den Analysen présentieren wir Verbesserungen bei der Identifizierung
von Leptonen bei Belle 11, indem wir Kalorimeterinformationen mit maschinellem Lernen
ausnutzen. Es wird gezeigt, dass die Haufigkeit der Fehlidentifikation von Pionen als Elek-
tronen oder Myonen bei niedrigem Impuls um Faktoren von bis zu 10 bzw. 1;6 reduziert
wird.

v



Declarations

I, Marcel Hohmann, declare that this thesis titled, ‘Studies on Inclusive |Vyp|: A Meas-
urement of [Vyp|=|Vep| at the Belle Experiment and A Search for the Weak Annihilation
Contribution to Charmless Semileptonic B Decays at the Belle I Experiment’ and the
work presented in it are my own. I confirm that:

e The thesis comprises only my original work towards the Doctor of Philosophy except

where indicated in the preface;
e due acknowledgement has been made in the text to all other material used; and

e the thesis is fewer than the maximum word limit in length, exclusive of tables,
maps, bibliographies and appendices as approved by the Research Higher Degrees
Committee of the University of Melbourne.

13 February 2025 Hamburg W ﬁ/OA
Date | Datum Place | Ort Signature | Unterschrift

I hereby declare and affirm that this doctoral dissertation is my own work and that I have
not used any aids and sources other than those indicated.

If electronic resources based on generative artificial intelligence (gAI) were used in the
course of writing this dissertation, I confirm that my own work was the main and value-
adding contribution and that complete documentation of all resources used is available in
accordance with good scientific practice. I am responsible for any erroneous or distorted
content, incorrect references, violations of data protection and copyright law or plbeam
breakdown over longer distances using HIPACE++ (0.5-1m etc.)agiarism that may have
been generated by the gAl.

13 February 2025 Hamburg ,/Q , { {iof
Date | Datum Place | Ort Signature | Unterschrift




Statement of Contribution

Modern collider-based experimental particle physics is a highly collaborative effort. Hun-
dreds to thousands of people contribute to the design, construction, and operation of the
detectors and accelerators, the software to analyse and manage the recorded data, and
detailed studies of the detector performance. The works presented in this thesis are only
possible due to the tremendous efforts of the members of the KEKB, SuperKEKB, Belle
and Belle IT collaborations.

The following provides an overview of the contributions made to the work presented
within this thesis. Unless otherwise stated, all work was performed by the author.

Chapters 2, 3, and 4 present original reviews of CKM flavour theory — motivating the
presented studies, the Belle and Belle II detectors, and statistical methods.

The work on boosted-decision-tree based identification of charged particles using the
calorimeter of the Belle II detector presented in Ch. 5 and Ch. 6 was carried out with the
support of Dr. Marco Milesi. The convolutional neural network discussed in Sec. 5.10.2
was trained by Anja Novosel. A paper discussing both methods is currently under internal
collaboration review.

The discussion of the modelling of key signal and background channels in Ch. 7 is
an original review interspersed with details of the implementation by the author in the
presented measurements. The modelling of the weak annihilation decay is entirely original.

The measurement of AB(B — X,‘7)=AB(B — X¢‘7) detailed in Part IIL.A was
performed under the supervision of Prof. Phillip Urquijo. It grew out of a preliminary
study performed for the authors’ Master’s degree, also supervised by Prof. Urquijo, with
the support of Dr. Francesco Tenchini. Dr. Lu Cao provided assistance for the hybrid
modelling of the B — Xy*~ decay, and the modelling of the B — X¢“~ decay. The
analysis additionally benefited from the comments of the internal reviewers, Prof. Maria
Rozanska and Dr. Oskar Hartbrich. The manuscript describing the analysis is in revision
following review by Physical Review D.

The search for weak annihilation presented in Part II1.B has been performed under the
supervision of Prof. Kerstin Tackmann and Prof. Phillip Urquijo as part of the Belle 11
inclusive |Vyp| task force. The B — Xy“  and B — X¢“~ form factor reweighting,
generator level hadronic mass threshold for B — Dproag” ~ decays, slow pion efficiency
corrections, and systematic uncertainty for SS production in the Xy system, were imple-
mented by Tommy Martinov. The analysis has also greatly benefited from the feedback
of Prof. Florian Bernlocher and Dr. Lu Cao, the studies of Merle Graf-Schreiber, and
interesting discussions with Dr. Zoltan Ligeti and Asst. Prof. Keri Vos.

The study of low-momentum hadron identification at Belle presented in appendix B
was carried out jointly with Dr. Jo-Frederik Krohn.

None of this work would have been possible without the Research Training Program
scholarship provided by the Australian Government.

vi



Acknowledgements

This work was made possible by the invaluable advice and support of many people over
the last four years. First and foremost | must acknowledge my two supervisors, Phillip
Urquijo and Kerstin Tackmann. They are both brilliant physicists and | have learnt a lot
about physics and how to approach problems from both of them.

Phill, it has been almost exactly seven years since | submitted the report for my little
research project on aK? classier. Although that classier was never used | and |
removed it from the Belle Il software a few years ago | that project sparked an interest
in particle physics that led to this thesis. Thank you for letting me join your group as
a Bachelor's student all those years ago, and for inviting me to come back two more
times. Thank you also for your endless guidance, especially when | was quite down on the
analysis.

Kerstin, thank you for putting up with the arduous process of initiating a joint Ph.D.
programme for a student on the other side of the planet during a global pandemic. Thank
you for your support and invaluable guidance.

As part of this joint-Ph.D. | have been lucky enough to work with not one but two
groups of excellent physicists, and, much more importantly, excellent people. Unfortu-
nately this also means there are too many people | should thank for me to name them all,
but | am indebted to each and every one of them.

| am grateful to all my Melbourne colleagues who have made the years in Melbourne so
enjoyable. Thanks especially to Mike Mews, Michael Virgato, Oliver Anagnostou, Lachlan
Milligan, Daniel Marcantonio, and Francis Pham, for the co ee runs, games of snooker,
and Friday evenings at the Clyde. Michael also undertook the di cult task of trying to
help me understand theory papers far outside his own eld. My deep gratitude also to
Marco Milesi for his guidance and insights when it comes to lepton identi cation, and to
Jo-Frederik Krohn for the enjoyable collaboration on hadron identi cation.

| am also grateful to all the past and present members of the DESY Belle Il group.
| hope to have more Landgang bingo nights and barbecues with many of them. A few
special mentions in no particular order: Tommy Martinov, with whom | have worked
more closely than anyone else, for giving a tremendous amount of feedback on drafts of
this thesis, and letting me bounce most of the silly ideas for the weak annihilation analysis
o him; Sascha Dreyer, for managing to drag me further and further into the world of
speciality co ee; Christian Wessel, for teaching me a lot about tracking in Belle II, and
being an excellent o ce mate besides that; and Filippo Dattola, for always being willing to
answer my questions about pyhf, but never being willing to do anything on the weekend.

A large thank you also to the members of the DESY-Bonn inclusivejVyyj task force:
Tommy, Merle Graf-Schreiber, Munira Khan, Martin Angelsmark, Lu Cao, Kerstin and
Florian Bernlocher. It has been extremely rewarding to work on this topic with you, and
our workshops were always enjoyable.

My deepest gratitude to all those who proofread parts of this work: Phill, Kerstin,
Tommy, Sascha, Merle, Filippo, Christian, Daniel and Alberto Martini. Given the state
of the early drafts of this thesis, this was not an easy task.

Lastly | want to thank two groups of people outside of physics: my friends in Melbourne
for keeping me sane during the COVID years, and my parents for their unwavering support.

10 May 2024

Vii



| am going to write a little book for Murray on orchids,
and today | hate them worse than everything.

Charles Darwin, 1861

viii



Contents

Introduction

Background

Theory and state of semileptonic B -decays

28

32

33

2.1 Charged weak interactions and the Cabibbo{Kobayashi{Maskawa matrix . 34

2.2 SemileptonicB Decays . . . . . . . ... ... ..
2.3 Experimental status of jVegj and jVypj - -« . o o o o oo oL

2.4 \Weak annihilation
2.5 Role of the analyses

Producing and observing  B-mesons

3.1 Production

3.2 Detection . . . . . . ..
3.3 Software . . . . ... e
3.4 Simulation. . . . . . ...

Overview of methods and tools

4.1 Machinelearning . . . ... ... .. ... .. ... ... ...
4.2 Full eventinterpretation . . . . . ... ... ...

4.3 Parameter estimation

Improving charged particle identi cation in the
Belle Il calorimeter

Machine learning based charged patrticle identi cation in the ECL

5.1 Introduction. . . . . . . . . . . .. ...
5.2 The ECLChargedPIDMMaAodule . . . . . ... ... ... ....
5.3 Schemeoverview . .. ... .. .. ... ...
5.4 Inputvariables . ... ... .. ... ... ... .. .

5.5 Training Sample

5.6 Training . . . . . . . . . e
5.7 Calibration and likelihood extraction . . . . . . . . .. ... ...
5.8 Performance in simulation . . . .. ... ... ... .. .....

82



5.9 Stability against beam background levels . . . . . . ... ... ... ... .. 96

5.10 Future developments . . . . . . . . . . 97
6 ECL particle identi cation: validation in data 101
6.1 Reconstruction . . . . . . . . .. 101
6.2 Feature variable modelling . . . . . . .. .. .. ... .. .. . . . .. 104
6.3 Performance . . . . . . . .. 106
[l Inclusive semileptonic B decays 112
7 Modelling 113
7.1 Charmed semileptonicdecays . . . .. .. .. .. . .. .. 113
7.2 Charmless semileptonic decays . . . . . . .. .. . ... ... ... .. 116
7.3 Weak annihilation . . . .. ... ... 119
7.4 Remaining categories . . . . . . . . ... 123
A Measurement of inclusive  jVypj5 Ve at Belle 124
8 Event reconstruction and selection 125
8.1 Samples . . . . .. e e 125
8.2 Eventreconstruction . . . . . . . . . ... 125
8.3 Eventselection . ... ... ... .. ... . e 130
8.4 Tagcalibration . . . . . ... ... 134
8.5 Signal region enrichment . . . . . . . . . .. ... . 137

9 Measurement of ratios of partial branching fractions

and CKM elements 148
9.1 Normalisation of non-semileptonic backgrounds . . . . . ... ... ... .. 148
9.2 B! Xy T extraction. . . . . . . . . oo 149
9.3 B! X T extraction . . . . . . . ... 155
9.4 Statistical uncertainty . . . . . .. ... 160
9.5 Corrections and systematic uncertainty estimation . . . . ... ... .... 160
9.6 Subsampleresults. . . . . . . ... ... e 169
9.7 Missing mass squared thresholdscan . . . .. .. ... ... ... ...... 172
9.8 jVupj and jVupjaVeh) - « « « o o o e 174
10 Ratio of spectra 178
10.1 Unfolding . . . . . . . . 178
10.2 Ratioof spectra. . . . . . . . . . . e 184
10.3 E ect of lepton energy threshold . . . . . ... ... ... ... ....... 188
B Search for Weak Annihilation at Belle 1 190



11 Event reconstruction and selection 191

11.1 Samples . . . . . 191
11.2 Event reconstruction . . . . . . . . . . . . e e e 192
11.3 Event selection . . . . . . . . .. e, 200
11.4 Control region study . . . . . . . . .. 212
12 Fitting procedure 216
12.1 Corrections and systematic uncertainties . . . . . . . ... .. ... ... .. 218
12.2 Fitvalidation . . . . . . . . . . . . 229
12.3 Fituncertainty . . . . . . . . e 230
12.4 Expected limits . . . . . . . . . . 235
12.5 Outlook . . . . . . e 239
12.6 Disclaimer . . . . . . . . 239
IV Conclusion 240
13 Conclusion 241
References 243
\Y Appendices 262
A Additional material for machine learning based particle identi cation in
the calorimeter 263
A.1 Optimised hyperparameters . . . . . . . . . . . . ... ... 263
A2 Feature importances . . . . . . . . . . o o i it 263
B Performance of low momentum kaon identi cation at Belle 268
B.1 Pion-to-kaon misidentication . . . . . . . . . . . . ... 268
B.2 Kaonidentication . . . . . . . . . . . . 270
C Additional material for the search for weak annihilation contributions

to semileptonic charmless B decays 277

Xi



2.1

2.2
2.3

2.4

2.5

2.6

2.7

List of Figures

The unitarity triangle and global t to the position of its apex using all
experimental constraints available before summer 2023 [10]. . . . . ... .. 36
Feynman diagram of thedecayB ! X ~. . .. ... .. ... ........ 37
Kinematic distributions of B ! X, ~ (green) and B | X ~ (purple).
Regions in whichB ! X, ~ is kinematically forbidden are shaded. The
distributions correspond to the nominal MC sample for the rst measure-

ment presented within this thesis, as described in Ch. 7. TheB ! X ~
distribution is modelled as a sum of exclusive channels, th& ! X, ~ dis-
tribution as a combination of exclusive and inclusive channels. The steps

in the distributions are caused by the combination of di erent channels. . . 41
Comparison of lepton energy and hadronic mass spectra predicted by dif-
ferent inclusive B ! X,  ~ models, GGOU, BLNP, DGE, and ADFR, as

of 2010, using common inputs [46]. Also appears in [47]. For GGOU three
lines are shown using di erent functional forms for the distribution func-

tions as described in the text. The shaded areas indicate common selection
thresholds in analysisE® > 1:9 or 20GeV, or My < 1:55 or 17GeV. ... 45
World averages of exclusive and inclusivgV.,j determinations as reported

by the Particle Data Group over the past 20 years [65]. The most recent
averages are additionally shown as bands. Thev.y value determined by a
global t to the unitarity triangle without semileptonic inputs is given as a
hatched grey band [10]. . . . . . . . . . ... .. .. .. .. ... .. ..., 46
Measurements entering the inclusivgV,,j world average using the prescrip-

tions of ADFR, DGE, BLNP and GGOU, and the kinematics region in

which the measurements were performed. From top to bottom these cor-
respond to Refs. [25], [71], [28], [74], [72}, [73]. The solid horizontal line
divides untagged and tagged measurements. The last entry gives the aver-
ages as determined by the Heavy Flavour Averaging Group [66]. The inner
error bars are experimental, the outer experimental and theoretical. . ... 47
World averages of exclusive and inclusivgV,,j determinations as reported

by the Particle Data Group over the past 20 years [65]. The most recent
averages are additionally shown as bands. Th@V,,j value determined by a
global t to the unitarity triangle without semileptonic inputs is given as a
hatched grey band [10]. . . . . . . . . . . . . . ... .. 48

Xii



2.8

3.1

3.2

3.3

3.4

3.5

3.6

3.7
3.8

3.9

Feynman diagram of the valent (eft) and nonvalent (right) g 1WA Xu
decay. . . . . . e

Schematics of the KEKB [113] (eft) and SuperKEKB [114] (right) acceler-
ator complexes. Nottoscale. . .. ... ... ... ... .. .........
Longitudinal cross section of the Belle detector [117]. . . . . . ... ... ..
Longitudinal cross section of the Belle |l detector [118]. The sparse blue
lines to the left of the CDC correspond to cabling and readout electronics
for the CDC, not active detector components. . . . . .. ... ... .. ...
Left: Cross section of the Belle SVD2 [123].Right: Cross section of the
Belle Il SVD [124]. The sensitive areas are in lightgrey. . . ... ... ...
Left: Side view of the full PXD [126]. Right: Front view of the PXD as
installed in all early data taking [127]. The grey surfaces are the sensitive
FEOIONS. . . o o o
Left: Side view of the axial (top) and stereo (bottom) con guration. The
skew of the stereo wires has been exaggerated [12&ight: Simulated sig-
nals in the Belle Il CDC inthe x y plane. Hits caused by a cosmic ray muon
traversing the detector are given in purple, hits from beam background in
black [129]. . . . . . . . . e
Schematic of the ECL crystal arrangement [135]. . . . . ... .. ... ...
Schematic of an electromagnetic showerdft) [136] and a hadronic shower
(right) [137]. . . . o e
Schematic of the interactions of di erent particle types with the Belle Il
subdetectors [141]. The subdetectors are notto scale. . .. ... ... ...

3.10 Left: Schematic of the TOP operation [148]. Right: Schematic of the

4.1

51

ARICH operation [149]. Note that the pion and kaon labels refer to photons
originating from pions or kaons passing through the material. . . . . . . ..

Schematic of the FEI algorithm [84, 190]. Note that baryonic modes are
not included in the diagram. For these modes we also identify protons and
reconstruct intermediate 9 ,and cbaryons.. .. ... ..........

Reconstructed momentum distributions, of the negatively charged training
sample for low (eft), medium (centre), and high momentum (right) in the
barrel region. . . . . . .

Xiii

59

60

61

68



5.2 Left: Example losses for the training and validation samples as a function of
the number of trees added. While the loss of the validation sample attens
out the performance continues to asymptotically improve and thus does
not trigger the early stopping condition. Right: Validation loss for each
of the 500 trials in the hyperparameter optimisation process, the best trial
is marked by the purple X. The optimisation quickly nds the region of
minimal loss with subsequent trials only ne tuning the hyperparameters.
These plots correspond to the training of the medium momentum negatively
charged regioninthebarrel. . . . . . .. .. .. ... ... ... .. . ...

5.3 Distributions of ve of the most powerful discriminating variables over
the low and medium momentum barrel regions. One-dimensional distri-
butions are shown on the diagonal, two-dimensional distributions on the
o -diagonal, given by contours at 25% and 75% of the maximum density.
The upper triangular shows medium-momentum patrticles, the lower trian-
gular plots show low-momentum particles, which are represented by lighter
colours than their medium-momentum counterparts. The samples contain
equal numbers of positively and negatively charged particles. Note that, as
per the discussion in the text, the energies of the ten most energetic crystal
associated with the cluster,E;, are included as features only for classi ers
targeting low-momentum particles. . . . . . .. .. ... . oo L.

5.4 Example diagonal plots for electrons and pions with and without temper-
ature calibration (T = 0:996) applied for the training sample (blue), the
sample used to derive the temperature value (green) and an independent
test sample (yellow). For each plot the score is divided into 50 equidistant
bins. For a well calibrated model the purity of the sample within each bin
is expected to be equivalent to the central score of the bin. . . .. .. ...

5.5 ROC curves for electron identi cation versus pion-to-electron misidenti c-
ation in a simulated BB sample when enforcing selection thresholds on
PESsT (blue), PeE;ggjm (black) or PSCL (grey). We consider nine regions
of phase space, divided into three polar angle regions: the forward end-
cap (left column), barrel (center column), and backwards endcap (ight
column), and three momentum regions: low (op row), medium (center
row) and high (bottom row). The high-momentum region is truncated at
3GeV due to the limited kinematic reach of the tracks produced inBB
events. In each region, we integrate over the kinematic phase-space and
track charge. As all methods rely on track-cluster matching, only tracks
that are successfully matched to a track are considered. The area under the
respective 1 " = f ("¢) curve for each method is provided in the legend. .

Xiv

93

95



5.6

5.7

5.8

6.1

6.2

ROC curves for muon identi cation vs. pion-to-muon misidenti cation

in a simulated BB sample when enforcing selection thresholds of 5
(green), P;EEC:'-jpj (black) or PECL (grey). We consider nine regions of phase
space, divided into three polar angle regions: the forward endcapléft
column), barrel (center column), and backwards endcap (ight column),
and three momentum regions: low {op row), medium (center row) and
high (bottom row). The high-momentum region is truncated at 3 GeV due
to the limited kinematic reach of the tracks produced in BB events. In
each region, we integrate over the kinematic phase-space and track charge.
As all methods rely on track-cluster matching, only tracks that are suc-
cessfully matched to a track are considered. The area under the respective
1 " =1(")curve for each method is provided in the legend. . . . . . . . 96
Comparison of electron pion [eft) and muon pion (right) separation under
di erent beam background conditions. The rst sample given in the legend
denotes the beam background level in the generation of the BDT training
samples, either nominal (NP3) or early (EP3) phase 3. The second denotes
the background conditions used to generate theBB sample on which the
comparison was performed. The two sets of BDTs shown have been trained
following the procedure outlined within this document on the same variable
Sel. . 98
Comparison of electron pion [eft) and muon pion (right ) separation achieved
using ECL information in simulated tracks originating from BB events. The
comparison includes the univariateE=jpj based algorithm (black), the ana-
lysis level BDT (grey), the nominal BDT with (yellow) and without (blue)
considering also the hadron energy fraction as computed from the pulse
shape, and a model utilising the CNN with (pink) and without (green) con-
sidering the hadron energy fraction. As the kinematic coverage of the CNN
is limited, algorithms that use it default to the BDT outside the covered
region (the central barrel for tracks with momenta below 1GeV). These
algorithms are therefore labelled CNN + BDT. No requirement of a track-
cluster match is made for this gure. . . . . . ... ... ... ... ..... 100

Di-track invariant masses and kinematic distributions of tracks from the
Bhabha (top), radiative di-muon (center), and K 2 (bottom) samples. The
dotted line in the lower plots gives the ratio of integrated data yield to
integrated MC vyield. The MC is normalised to the integrated luminosity. . 105
Distributions of the ve most important feature variables in the KQ, Bh-
abha and radiative di-muon control samples. The MC is normalised to the
integrated luminosity. . . . . . . ... 107

XV



6.3

6.4

7.1

7.2

8.1

8.2

8.3

8.4

Comparison of ECL only lepton identi cation performance, and data MC
agreement, in the barrel region. In each 100 MeV momentum bin thresholds
are placed on the output of the three particle identi cation algorithms under
consideration, the likelihood ratios computed with the BDT and univariate
E=jpj based algorithms, and the analysis level BDTs, such that a lepton
identi cation e ciency of 90% is achieved in MC. From top to bottom, the
panels show the lepton identi cation e ciency, the ratio of lepton identi c-
ation e ciencies in data over MC, the pion-to-lepton misidenti cation rate,
and the ratio of pion misidenti cation rates in data over MC. See the text
for details of the samples used in the comparison. . . . . ... ... ... .. 109
Comparison of global lepton identi cation performance, and data MC agree-
ment, in the barrel region.In each 100 MeV momentum bin thresholds are
placed on the output of the two particle identi cation algorithms under
consideration, the likelihood ratios computed with the ECL contributions
from the BDT and univariate E=jpj based algorithms, such that a lepton
identi cation e ciency of 90% is achieved in MC. The analysis level BDT
is excluded from the comparison as it includes information from the TOP
and SVD. From top to bottom, the panels show the lepton identi cation

e ciency, the ratio of lepton identi cation e ciencies in data over MC, the
pion-to-lepton misidenti cation rate, and the ratio of pion misidenti ca-
tion rates in data over MC. See text for details of the samples used in the
COMPANISON. . . . o v i v e e e e e e e e e e e e 110

Projections of the hybrid model of semileptonic charmless decays &*, as

used for the Belle Il analysis, inMx , EB and ¢?. The DFN model is used

for the hybrid scheme. . . . . . . . . . . . .. .. .. .. ... . 117
Kinematic distributions of the 70 considered weak annihilation models in

o g5 ,and My . Five example distributions have been coloured to demon-

strate the relations between the distributions. . . . . .. ... ... ..... 121
Schematic comparison of the event shape d8B and continuum events.
Originally appeared in Ref. [238]. . . . . . . .. .. ... .. .. ....... 131
Importances of the feature variables to the four continuum suppression clas-

si ers, as measured by normalised average loss reduction per split. . . . . . 133
Data-MC agreement of the o -resonance sample in the three most important

variables for the continuum suppression classi ers, cos.__, H3j, and Hig,

and for the log-transformed classi er response. The MC has been scaled to

the data yield, an increase of approximately 15%. . . . . .. ... ... ... 133
Receiver operator characteristic curves for the four continuum suppression
classiers, forB! X, ~andB ! X, ~events against continuum events.

The imposed thresholds are givenascrosses. . . . . . .. ... ... ..... 134

XVi



8.5 Calibration ts to the ratio of o -resonance data to MC yields in the electron
(left) and muon channels ight). The uncertainties combine the data and
MC statistical uncertainties. . . . . . . . . . . . ... ... 135
8.6 Example calibration ts to My, for two neutral and two charged B tag
channels. The continuum component is xed. The calibration weights,
given by the ratio of pre- t to post-t yields of good and bad tags are given
in the legend. The uncertainties are statistical. . . . ... ... ... .... 137
8.7 Pre-calibration (left) and post calibration (right) Myc spectrum of the cal-
ibration sample. The good tags have been split into two subcategories
corresponding the strictly well-reconstructed tags, and tags in which one
photon has been incorrectly added, labelled "Loose Good Tag'. The uncer-
tainties are statistical. . . . . . . ... ... . L L 138
8.8 The hadronic mass spectrum of reconstructed® ! X' ~ events. Excellent
Data-MC agreement is observed for the bulk of the distribution. Some
disagreement is observed at high hadronic mass which may originate either
from mismodelling of secondary and fake lepton events oroB ! D °~
BVENIS. . . . . o 138
8.9 Simulated distributions of M,\Z,,iSS(D ) and cos p - by status of the identi ed
slow pion and result of the gure-of-merit scan. Note that events in which

no slow pion is found are not shown inthe gure. . . . .. ... ... .... 140
8.10 Comparison of data and simulation inM 3., for the B'! X" ~ extraction

sample. . ... 141
8.11 Comparison of data and simulation injM 2.j for the B'! X, ~ enriched

(left) and depleted (right) subsamples of theB | X, ~ extraction sample. 142
8.12 Optimisation of the jM ;i Selection. The expected statistical uncertainty

was estimated by varying the pseudo-data yieIdS in each step of the meas-

urement by drawing from a Gaussian of width N, for each bin in each

histogram under consideration. This neglects the event-overlap between

samples, however this is expected to have only a small impact on the op-

timisation. The estimates of the expected statistical uncertainty are noisy,

however su cient to note that the expected uncertainty is approximately

uniform in the region about 0:4GeV2. . . . . ... ... ... ... 143
8.13 Comparison of data and simulation for the number of reconstructedk *,

and K 2 candidates. All selections de ningtheB ! X, ~ extraction sample

are applied. . . . . . 144
8.14 Reconstruction e ciency of B! X, ~ events after all selections as a func-

tion of EBS‘Q, q2 and My . The errors are statistical. Due to the reconstruc-

tion level selection of EZ® > 1:0GeV the e ciency below the shown 1 GeV

boundary in s rapidly dropsto zero. . . . . . . ... ... ... 146

XVii



9.1 Fittothe secondary and fake lepton control region (07 < E Bss < 1:8 GeV;Myx >
2.0GeV)inthe B! X, ~enhanced (eft) and depleted (right) subsamples
for the B ! X, ~ extraction sample. The four components are: correctly
reconstructedB ! X, ~ events (green), correctly reconstructed B ! X'~
events (purple), continuum events (blue), and events in which either a had-
ron has been misidenti ed as a lepton or the lepton originates from a sec-
ondary decay (ed). . . . . . . . . ... 150
9.2 Residuals ofE®* and? for B! X ~andB ! X, ~events, correspond-
ing to events selected intheB ! X' ~ sample and the enrichedB ! X, ~

sample respectively. . . . . . .. 151
9.3 Binning structure for two dimensional tto o : E®. The sample is rst

divided into four equal B ! X, ~ frequency ¢? bins. Each ¢? bin is then

subdivided into four equal frequencyE\BSig bins.. ............... 152

9.4 ReconstructedE®s® and o spectra, and the two-dimensional binning used
for the t for the B ! X, ~ enhanced (eft) and depleted (right) sub-
samples. The error bands of simulated samples incorporate the full set of
systematic uncertainties discussed in section 9.5. The secondaries and fakes
calibration is not applied. . . . . . .. .. ... ... .. 153
9.5 Double ratios ofB ! X' ~vyields in datato MC inthe B! X, ~enriched
to depleted subsample RX =RX¢ ) in the kinematic variables E°*® and
¢?, and the two-dimensional binning of the two used in the analysis. The
yield of B ! X, ~in data is calculated as the data yield subtracting the
MC expectation of B ! X, ~, continuum and secondary and fake lepton
events. The secondaries and fakes calibration is not applied. . . . . .. ... 154
9.6 Distribution of o -resonance events passing the selections of th& | X"~
enriched (left) and depleted (right) subsamples in the t binning. The un-
certainty band includes MC sample size, lepton identi cation uncertainties,
and the continuum calibration uncertainties. . . . . . . ... ... ... ... 154
9.7 Fit to the ¢ : E5s9 distribution. The four components are: correctly re-
constructed B ! X"~ events (green), correctly reconstructed B ! X ~
events (purple), continuum events (blue), and events in which either a had-
ron has been misidenti ed as a lepton or the lepton originates from a sec-
ondary decay (ed). . . . . . . . . .. 155
9.8 Fittothe secondary and fake lepton control region (07 < E Bso < 1.8 GeV;My >
2:0 GeV) in the kaon-depleted (eft) and kaon-rich (right) subsamples for the

B! X¢ ~extractionsample. . . .. ... ... .. ... 156
9.9 The determined background compared with all events in theB ! X ~
extraction sample. . . . . . . ... 157

9.10 Distributions of residuals of B ! X, ~and B ! X ~ yields measured
in the toy test. Both are found to be consistent with zero indicating the
procedure is unbiased. . . . . .. ... ... 159



9.11 Result of the linearity tests on B(B ! X, )= B(B ! X¢ ) varying
the input branching fractions of B! X, ~and B ! X. -, given by the
scale factors g, » _--. The values on they-axis have been scaled to one
for scale factors of one. The recovered scaling behaviour is consistent with
expectation. . . . . ... e 160
9.12 Generatedg? spectrum for B! X, ~ events assigned to theB | X, ~
enriched and depleted subsamples in the four bins of reconstructegf con-
sidered in theB ! X, ~ extraction. Events assigned to the enriched sub-
sample are biased towards a higher reconstructed? than those in the de-
pleted subsample due to the missing momentum oK°. . . ... ... ... 164
9.13 Ratio of unfolded yields in data and MC in bins ofg? for B! X, ~ events
withinthe B! X,  ~depleted subsample, and the fourth-order polynomial
t to them. The x-position of each bin is given by the mean position of
the bin contents. Only the statistical uncertainties are considered as the
systematic uncertainties are expected to mostly cancel, and we consider the

full di erence to the nominal result as the systematic uncertainty. . . . . . . 165
9.14 Measured ratios of partial branching fractions for the combined sample and
orthogonal lepton avour and B avour subsamples. . . ... .. ... ... 169
9.15 Fit to the ¢ : E®s distribution for the electron (left) and muon (right)
subsamples. . . . .. 170
9.16 Fit to the o? : E®ss distribution for the charged B (left) and neutral B
(right) subsamples. . . . . . . . . .. . ... 172

9.17 Left: Measured B(B! X, )= B(B ! X¢ ) values as a function of
jM2._.j threshold, the inner error bar gives the statistical uncertainty, the

Miss
outer the total uncertainty. The nominal selection is shown in red. Right:
pairwise pull between the di erent thresholds. . . . . .. ... ... .. .. 174

9.18 Comparison of ratio ofjVpj®C°Y 5jV,j, as measured in this work, with the
averages for inclusive and exclusivgVypj an jVey as in Fig. 66 of Ref. [66].
Note that to be consistent with Ref. [66], these are the 2021 averages of the
Heavy Flavor Averaging Group. For jV. these di er slightly from the 2023
averages of the Particle Data Group discussed inCh. 2. . .. .. ... ... 176
9.19 Comparison of the measuredV,,j value with the world average [66] and
measurements that currently enter the world average [25, 28, 71{74]. The
inner error bars are experimental, the outer experimental and theoretical.
The uncertainties have been naively added in quadrature. . . . ... .. .. 177

XiX



10.1 Background subtracted spectra (black markers) of theB ! X, ~ (top)
and B! X ~ (bottom) in E5% and ¢?. The spectra are compared with
the expected distributions in simulation (green forB ! X" -, and purple
for B! X "), which have been normalised to the respective data yield.
For the markers, the inner error bar gives the statistical uncertainties, the
outer error bar the sum in quadrature of the statistical and systematic un-
certainties. For the histogram, the lighter shaded area gives the systematic

uncertainty on the shape. . . . . . .. ... ... o 179
10.2 Nominal migration matrices forB ! X, ~ (top) and B ! X, ~ (bottom)
iNEZ and . . . . 180

10.3 Figure for merit scans for the SVD unfolding regularisation parameter
k. From top to bottom the gures correspond to the unfolding of the
B! X, E®% and ¢? spectra, and B ! XC‘*E Bso and ¢? spectra.
From Ieflgto right the gures give the sum of biases ( ; bh), sum of absolute
biases ( ijbd)ﬂd the sum of absolute biases scaled by the uncertain-

ties ( ;jbj= Ci‘i”‘f). The solid horizontal lines give the gures of merit

evaluated for unfolding via unregularised matrix inversion. . . . . . . .. .. 183
10.4 Unfolded ratios of partial branching fractions in the phase spaceE\BSig >

1GeV. The simulated unfolded yields have been scaled to the data yields

before taking the ratio. The uncertainty on the simulated bands includes

all modelling uncertainties discussed in section 9.5 and the uncertainty due

to the limited size of the MC sample. . . . . . . .. .. ... ... ...... 185
10.5 Global correlation matrix of the ratio of partial branching fractions in g Bsi

and ¢?. Values above the diagonal give the correlation matrix of the statist-

ical uncertainty, and values below the diagonal give the correlation matrix

of the systematic uncertainty. . . . .. .. ... ... ... .. ... ..... 185
10.6 Comparison of the unfolded di erential ratio of partial branching fractions

in lepton energy for the nominal setup and including an additional sacri cal

bin below the EZ* threshold. The results are found to be consistent. . . . 188

11.1 Validation of the calibration of the BDT trained for continuum modelling. . 197
11.2 Variable importance for the data-driven continuum reweighting. . . . . . . . 197
11.3 Distribution of the nominal classi er response for the classi er trained to
distinguish data from Monte Carlo (top) and distributions of H33 and R,
before (eft) and after (right) the data-driven reweighting procedure in the
o -resonance test sample. For the calculation of the 2 value, bins with
data yields or expected yields less than 5 events are merged into adjacent
bins algorithmically. The 2 value is calculated using the statistical and
systematic uncertainty taking into account correlations. . . .. .. .. ... 199

XX



11.4 Expected distribution of the selected sample in lepton energy and hadronic
mass. The selected thresholds are shown as vertical orange line. The nor-
malisation of the overlaid weak annihilation samples (in orange and pink)

iSarbitrary. . . .. 201
11.5 Expected distribution of the selected sample inM3.. (D ! D *) and
M2 (D ! D 9. Events above the selected thresholds, shown as ver-

tical orange lines, are removed. The normalisation of the overlaid weak
annihilation samples (in orange and pink) is arbitrary. All other selections

described in Sec. 11.3 are applied. . . . .. .. .. ... .. ... ..., 202
11.6 Expected distribution of the missing mass squared. All other selections
described in Sec. 11.3 are applied. . . . ... ... .. ... ... L. 203

11.7 Comparison of the correlation of the trained continuum suppression net-
works to E 2 (top), Mx (center), and ¢? (bottom) with di erent strengths
of the distance correlation loss term, . The distribution of the admix-
ture of WA models is shown in orange. For comparison contours of the
distributions of the continuum (grey), B ! X ~ (blue) and B ! X, ~
(purple) samples at 2Q 40; 60 and 80% of the respective maximum densities
areoverlaid. . . . . . .. 207
11.8 Variable importance for the continuum suppression network. . . . . . . . .. 208
11.9 Correlation of the log transformed continuum suppression classi er responses
against the atness variables as a function of the strength of the distance

correlation loss term, . . . . . . ... 208
11.10Log transformed distribution of the continuum suppression network output.
We reject events below vertical dashed line. . . . .. ... ... ....... 209

11.110ptimisation of the Punzi-loss. The optimiser rapidly converges on near
optimal parameters. The best trial is shown as a pink cross

11.120ne dimensional scans of the Punzi gure of merit about the selected
thresholds in missing mass squaredt¢p) and the continuum suppression
variable (bottom) for the nine example weak annihilation models. For each
model the gure of merit for the charged B component is given as a solid
line, for the neutral B component as a dotted line. The dashed vertical
lines give the selected thresholds. The optimised thresholds, which are op-
timised for all models simultaneously, are found to be near optimal for each
individual model. . . . . . . . ... ... 211

11.13Data-MC agreement in the continuous event selection variables. For the
calculation of the 2 value, bins with data yields or expected yields less
than 5 events are merged into adjacent bins algorithmically. The 2 value
is calculated using the statistical and systematic uncertainty taking into
account correlations. . . . .. ... 213

XXi



11.14Data-MC agreement of the rest-of-event particle content based selection
variablesM Zis(D ! D *)MZ(D ! D 9), and, number of kaon, K 2,
and lepton candidates in the hadronic system. For the kaon and lepton
counting variables, only the vetoed regionsNg  1; NKg I,N- 1, are

11.15Data-MC comparison of the weak annihilation signal strength extraction
observable,d?, in the medium lepton energy control region, split by tag B
charge. For the calculation of the 2 value, bins with data yields or expected
yields less than 5 events are merged into adjacent bins algorithmically. The
2 value is calculated using the statistical and systematic uncertainty taking
into account correlations. . . . . . ... 215

12.1 Expectedd? distribution in the signal region with linear ( top), and logar-

ithmic scales (bottom). The binning is the same as used for the ts. . ... 217
12.2 Post- t distribution of the t used to estimate the FEI cross-feed rates using
an Asimov sample. . . . . . ... e 228

12.3 Example pull test (left) and linearity test ( right) for the weak annihilation
. . BO . .
signal strength in the neutral B channel, y, , using the t con guration

M2 =22:1GeV?, --=0:02GeV. The linearity tests setting ~5, to 0:01
and 3 have been o set in the x-axis for visualisation. The full set of pull
and linearity tests for 2, and B, are available in appendix C. ... .. 230

12.4 Breakdown of the total uncertainty on the parameters of interest, the weak
annihilation signal strengths in the neutral and charged B channels, \‘?\,Z
(left) and \E,‘\,; (right), respectively. For each t con guration, an Asimov
sample containing injected weak annihilation signal generated with the same
parameters as used for the tis used. The injected signal is normalised to
1% of the charged and neutralB ! X, “rate. . .. ... .......... 231
12.5 Post-t impact of the leading 30 nuisance parameters on the parameter of
interest, for the weak annihilation signal strength in the chargedB channel,
24, for four test t con gurations. For each t con guration, an Asimov
sample containing injected weak annihilation signal generated with the same
parameters as used for the tis used. The injected signal is normalised to
1% of the total B ! X, ~ rate. If a source of systematic uncertainty is
associated with multiple nuisance parameters, the index of the nuisance
parameter is given in square brackets. For the uncertainty associated to
the limited size of the MC sample (MC Stat.) this corresponds to the bin
INAEX iN Q2. . . o o o 233

XXii



12.6 Post-t impact of the leading 30 nuisance parameters on the parameter of
interest, for the weak annihilation signal strength in the neutral B channel,
8 for four test t con gurations. For each t con guration, an Asimov
sample containing injected weak annihilation signal generated with the same
parameters as used for the tis used. The injected signal is normalised to
1% of the total B ! X, ~ rate. If a source of systematic uncertainty is
associated with multiple nuisance parameters, the index of the nuisance
parameter is given in square brackets. For the uncertainty associated to
the limited size of the MC sample (MC Stat.) this corresponds to the bin
INeX iN 0P, . . o o 234
12.7 Observed and expected upper limits on \E,‘V; (top row), and &, (bottom
row) recovered on simulation, when injecting three example weak annihila-
tion signals. The parameters of the injected signals are provided at the top
ofeachplot. . . . . . . . . . . . . 237

A.1 Importances of the feature variables to electron identi cation for the 18
nominal reconstruction level ECL charged particle identi cation BDTs. The
importance of each variable is measured by the mean absolute Shap value. . 265

A.2 Importances of the feature variables to muon identi cation for the 18 nom-
inal reconstruction level ECL charged particle identi cation BDTs. The
importance of each variable is measured by the mean absolute Shap value. . 266

A.3 Importances of the feature variables to pion identi cation for the 18 nom-
inal reconstruction level ECL charged particle identi cation BDTs. The
importance of each variable is measured by the mean absolute Shap value. . 267

B.1 Example tto determine the pion-to-kaon misidenti cation rate. Top: Fit
to determine the parameters of the signal model in truth-matched simulated
events. Bottom: Simultaneous t to events that pass or fail the selection
Pu= > 06, . . e 270
B.2 Example t to determine the kaon identi cation e ciency. Top: Fit to
determine the parameters of the signal model in truth-matched simulated
events. Bottom: Simultaneous t to events that pass or fail the selection

Pz > 06, . . . e e e 272
B.3 Pion-to-kaon misidenti cation rate for data collected with and MC simu-

lated with the SVD1 con guration of the Belle detector. . . . . ... .. .. 273
B.4 Pion-to-kaon misidenti cation rate for data collected with and MC simu-

lated with the SVD2 con guration of the Belle detector. . . . . . ... ... 274
B.5 Kaon identi cation rate for data collected with and MC simulated with the

SVD1 con guration of the Belle detector. . . . . ... ... ... ...... 275
B.6 Kaon identi cation rate for data collected with and MC simulated with the

SVD2 con guration of the Belle detector. . . . . ... ... ... ...... 276

XXxiii



Cl1

C.2

Pull tests for \E,‘Vi and B, for nine example weak annihilation models.
The recovered means and widths of the tted Gaussians generally agree
well with zero and one, indicating the ts are able to accurately extract the
signal strengths without bias and correctly estimate the uncertainty. . . . . 278
Linearity testsfor B, and B, for the example regions. The results setting

the normalisation of the WA component not under study to 0:01 and 3 have

been o set in the x-axis for visualisation. . . . . . . .. . ... ... .... 279

XXiV



3.1

4.1

5.1

7.1

7.2

8.1

8.2

8.3

9.1

List of Tables

Production cross sections at electron-positron collisions aP§ = Mgy g

[84, 160{164]. The line separates hadronic and non-hadronic production. . . 71
FEI decay modes. The line divides purely mesonic decay modes from ba-
ryonic decay modes. . . . . . . . .. e e e e e 78
Hyperparameters of the XGBoost model. For parameters tuned by Bayesian

optimisation, the range investigated by the optimiser is provided in the
\Value" column. All parameters not listed are left at their default value as
per version 17:.0 of XGBoost. . . . . .. .. ... . .o 91

Assumed branching fractions and their uncertainties forB ! X ~ decays.
Seetextfordetails. . . . . ... . ... ... 115
Assumed branching fractions and their uncertainties for8 ! X, ~ decays.
See text for details. Non-resonant8 ! X, ~ decays are denotedB ! x," ~. 118

Percentage of selected events falling within the8 ! X, ~ enriched and
depleted subsamples by event category. . . . . . . . . ... ... 144
Cumulative e ciency, and number of expected candidates, of the event-
selection post reconstruction. The e ciency is given in terms of the number

of candidates. Before the single-lepton requirement multiple candidates can

be reconstructed within one event. The numbers in brackets correspond to
candidates in which a lepton has been correctly reconstructed and the tag
meets the de nition of good tag used for the FEI calibration. Note that

we apply the continuum and FEI calibrations to all candidates. This is
expected to slightly overestimate the continuum vyield before continuum

SUPPIESSION. . . . . . o o e e e 145
Reconstruction e ciency of B ! X" ~ events by channel. The errors are
statistical. . . . . . . .. e e 147

Summary of the central value, statistical, and systematic uncertainties for
the ratio of partial branching fractions. The uncertainties are given as
relative values on the central value in percent. . . . . . . ... ... ..... 158

XXV



9.2 Summary of the central value R), statistical, and systematic uncertainties
for the subsample based results. Columns markee; ;B *;B? give the ratio
of partial branching fractions of the charmed to charmless modes for the
electron and muon, and charged and neutralB subsamples, respectively.
The uncertainties are given as relative values on the central value in percent.173

10.1 Summary of the central values, statistical, and systematic uncertainties for
the di erential ratio of partial branching fractions as a function of g5
bin, de ned by the boundaries [1.0; 1:1; 1:2; 1:3; 1:4; 1:5; 1.6; 1:7; 1:8; 1:9; 2:0;
2:1;2:71GeV. The uncertainties are given as relative values on the central
value in percent. . . . . ... e 186
10.2 Summary of the central values, statistical, and systematic uncertainties for
the di erential ratio of partial branching fractions as a function of ¢? bin,
de ned by the boundaries [G 2; 4; 6; 8; 10; 26] Ge\2. The uncertainties are

given as relative values on the central value in percent. . . . .. .. ... .. 187

11.1 Hyperparameters of the continuum suppression neural network. All hyper-
parameters not mentioned are left at their default values as oftensorflow
V2.10.0 . . . e 205

12.1 Comparison of world averaged inclusive particle production rates [65], the

production rates as generated in the o cial Belle 1| MC, and the production

rates after the D() decay reweighting procedure. . . . ... ......... 224
12.2 Weakest 90% upper limit recovered on \‘?\,Z amongst models in the ducial

model parameter space when injecting various weak annihilation signals

with various models at a range of signal strengths. . . . . .. ... ... .. 238
12.3 Weakest 90% upper limit recovered on \E,‘\,; amongst models in the ducial

model parameter space when injecting various weak annihilation signals

with various models at a range of signal strengths. . . . . . ... ... ... 238

A.1 Optimal hyperparameters of the nominal set of BDTs developed for ECL
charged particle identi cation. The rst three columns specify the phase-
space region of the BDT. For details of the parameters and the optimisation
procedure, see Ch. 5. . . . . . . . L 264

XXVi



27



Chapter 1

Introduction

Over the course of the past century, humanity's understanding of the natural world has
rapidly evolved. From unravelling the structure of DNA to imaging the black hole at the
centre of our galaxy, dedicated research e orts have advanced our comprehension by leaps
and bounds in almost all elds. Particle physics, the study of the fundamental constituents
of the universe, is no exception. At the turn of the previous century, the study of matter
focused on the categorisation and cataloguing of the properties of di erent elements, such
as their optical spectra, without any understanding of the fundamental particles or forces
endowing them with these properties. The rst three decades of the 200 century brought
the development of quantum mechanics and with it the rst glimpses of understanding.
Combining quantum mechanics with classical eld theory and special relativity gave rise
to quantum eld theory, a powerful framework in which the next fty years saw piece by
piece the Standard Model (SM) of particle physics taking shape.

The SM describes the fundamental particles of matter and their interactions through
three of the four fundamental forces, the strong, weak, and electromagnetic forces. It
has been thoroughly tested since its inception and has so far withstood all challenges
with experimental results in excellent agreement with theoretical predictions. Despite this
robustness, there are several unanswered questions which lie beyond the scope of the SM.

~

What is the origin of neutrino masses?
" What is dark matter?
" Why is there such a signi cant matter-antimatter asymmetry in the universe?

" How can gravity, the fourth force, be included in the model?

Additionally, there are several aspects of the SM which, while accommodated within the
model, have no a priori justi cation.

~

Why is the Cabbibo-Kobayashi-Maskawa matrix, which we will introduce shortly,
almost diagonal?

Why are there three generations of the fundamental matter particles of the universe?

Why is there an apparent ne-tuning of the bare Higgs mass to cancel large correc-
tions?

Are the 18 free parameters of the SM related by a deeper theory?

Why is there no violation of charge-parity symmetry in the strong interaction?
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CHAPTER 1. INTRODUCTION

To answer these questions it is necessary to introduce physics beyond the standard model
(BSM), commonly also referred to as new physics. It is the hunt for new physics, which
may appear in any number of ways, that currently occupies the e orts of particle physicists.
This search is approached from two directions: direct searches for new patrticles predicted
by new physics models, and precision measurements of SM quantities, which may be
modi ed by new physics processes through loop-level couplings. One area particularly
suited for such indirect searches is the avour sector, which describes the three generations
of matter.

Within the SM, quarks, the fundamental particles that comprise hadronic matter,
can ‘change their avour', transitioning between the generations through charged weak
interactions. This is possible as the mass eigenstates, which propagate, do not align with
the weak eigenstates, which interact. The rotation between these bases is given by the
Cabbibo-Kobayashi-Maskawa (CKM) matrix, a 3 3 unitary matrix.

The CKM is heavily over-constrained, there are nine entries but due to its unitary
nature only four free parameters, three rotation angles, and one complex phase which is
responsible for all charge-parity symmetry violation within the SM. Precisely this over-
constrained nature of the CKM lends itself to searches for subtle signs of BSM physics via
precision measurements of parameters associated with the CKM matrix. Three parameters
are expected to be free of new-physics e ects due to being measured at tree level, and thus
serve as an anchor against which the remaining measurements can be compared. They
are the magnitudes of the elementgVyyj and jVj, which govern the transitions between
bottom- and up- or charm-type quarks, respectively, and the angle ; which arises from
the unitarity relations of the CKM. For such comparisons to be e ective, these three
parameters must be precisely determined.

This thesis details measurements related to the determination ofVyj at two experi-
ments: the Belle experiment and its successor, the Belle Il experiment. Both experiments
are B -factories producing millions of BB pairs. The rate at which these B mesons, con-
taining a bottom quark and an up- or down-type antiquark, decay to charmless nal states
is directly proportional to jVypj2. At rst order such measurements are therefore conceptu-
ally simple: one measures the number d8 mesons, and hence bottom quarks, produced at
the experiment and counts the number which decay to a charmless nal state, indicating
that a b! uW transition occurred. In practice, the measurements are complicated for
two reasons. First, due to quark con nement, one must also consider the dynamics of
the b quark within the initial B meson and strong interactions between the nal states,
which modify the decay rate and kinematic distributions. To simplify the problem, jVuj
(and analogouslyjVcj) are extracted from semileptonic decaysB ! X, -, where in the
theoretical description the leptonic current factorises from the hadronic current. Second,
asjVey?  10GVypj?, the charmed decay,b! cW, dominates, creating an overwhelming
background from which the number of charmless decays which have occurred must be
carefully extracted.

There are two theoretically and experimentally complementary approaches to the meas-
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urementofB ! X,  ~: one can search for a speci ¢ nal state, sucha8 ! -, orimpose
no requirements on the hadronic system, thus performing what is referred to as an inclusive
measurement. Theoretically, the second approach relies on quark-hadron duality, the idea
that once a su cient fraction of hadronic nal states are considered in the measurement,
quark level calculations, with some non-perturbative corrections, accurately describe the
physics. Experimentally, one can search for an energetic charged lepton and perform a
measurement in a region of phase space in which the domina® ! X' ~ decay, which
shares a similar event topology with one high-energy lepton, is kinematically forbidden
due to the mass of the charm quark. However, the Fermi motion of theb quark within the

B meson has a large impact on the fraction of events expected within this limited region.
As this is poorly understood such measurements carry a large theoretical uncertainty. To
reduce this uncertainty the measurements must push into the charm dominated regime.
This thesis presents a measurement at the Belle experiment that does so, covering ap-
proximately 87% of the total B! X, " rate. This is achieved through an experimental
technique known as tagging, which allows for an inclusive reconstruction of the kinemat-
ics of the hadronic system and thus for the kinematics of the neutrino, which does not
interact with the detector to be inferred. We measure the partial branching fraction of
B ! X, ~relative to the partial branching fraction of B ! X ~ to extract jVypj5Vey-
The substructure of the B ! X"~ component, which dominates, is not well understood.
We therefore utilise a data-driven description of this component.

The second measurement presented within this thesis is performed at the Belle II
experiment and is concerned with what is referred to asveak annihilation. The inclusive
B! X, ~decay is theoretically described as an operator product expansion in the heavy
qguark e ective theory. At next-to-next-to-leading order in this expansion a term arises
that describes a contribution roughly analogous to purely leptonic decaysB ! = ~.
The initial quarks annihilate via the weak interaction, hence the name, with an additional
hadronic system originating from gluon emission. Theoretical models of theB ! X"~
spectra largely do not consider this term, as it enters at higher order than what the
calculations have been performed to. Thus, the measurements ¢¥,,,j are subject to an
additional uncertainty, the size of the weak annihilation contribution. At present, this
uncertainty is subleading compared to other theoretical and experimental uncertainties.
However, with Belle Il aiming to collect a data sample fty times the size of its predecessor,
many of these uncertainties are expected to reduce; weak annihilation is thus expected to
become one of the larger sources of systematic uncertainty within the next decade. Little
is known about the shape of the weak annihilation contribution beyond that it is expected
to be concentrated toward the momentum transfer endpoint, where most of the energy of
the initial B is concentrated in the lepton-neutrino system with a soft hadronic system.
We therefore explore this region, searching for structure, in order to place limits on the
size of the contribution. This search will be the rst to constrain weak annihilation in the
charged and neutralB meson decays separately.

In addition to these two measurements we present developments of machine learning
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CHAPTER 1. INTRODUCTION

based particle identi cations within the calorimeter of the Belle Il experiment. These
developments will improve future semileptonic measurements at the experiment.

The remainder of this thesis is organised as follows. Part I, provides a brief, contex-
tual, overview of relevant background information. Chapter 2 introduces the theory and
experimental state of semileptonic decays. Chapter 3 discusses the colliders and detectors
whose data samples are analysed in this thesis. Chapter 4 introduces several methods and
key techniques used in the work presented within this thesis. Part Il discusses the imple-
mentation, training, and validation of the machine learning based particle identi cation
in the Belle Il calorimeter. The remaining chapters detail the experimental measurements
performed. Part Il discusses the modelling of the key signal and background channels in
both measurements. Part IlI.A details the measurement of the partial branching fraction
of B! X, ~relative to the partial branching fraction of B ! X/ ~ at the Belle exper-
iment. Finally, part 1l1.B details the search for weak annihilation contributions to the
inclusive semileptonicB decay rate at the Belle Il experiment.

Throughout this thesis natural units, ~= ¢ =1, are used. Unless otherwise stated, the
inclusion of charge-conjugate mode decays is implied, and decays without clear indication
of charge, ie. B ! X' 7, indicate the ad-mixture of charged and neutral modes. Unless
otherwise stated, or clear from context, the term lepton is taken to include only electrons
and muons and their antiparticles ( = e; ).
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Chapter 2

Theory and State of
Semileptonic B-decays

We introduce the Standard Model of particle physics, describing the particle content and
fundamental forces of the universe with a focus on weak interactions and the Cabibbo
{Kobayashi{Maskawa matrix. Next, we review the theoretical descriptions of inclusive
semileptonic weak decays and where weak annihilation enters the game. This theoretical
overview is accompanied by a summary of the state of relevant experimental measurements.

The Standard Model (SM) is formulated as a relativistic quantum eld theory, de ned by
the invariance of the SM Lagrangian under local gauge transformations of the SU(3)
SU(2). U(@B)y gauge groups. Invariance under SU(3 gives rise to the strong force
described by Quantum Chromodynamics (QCD). Invariance under SU(2) U(3)y vields
the uni ed electroweak force whose symmetry is spontaneously broken by the Higgs mech-
anism, into the weak and electromagnetic forces, the latter described by Quantum Electro-
dynamics (QED). The symmetry breaking additionally generates masses for the massive
fermions and bosons.

Within the SM, matter is composed of fermions, with spin 1=2, grouped into charged
and neutral leptons (also known as neutrinos), and up- and down-type quarks. All fermions
interact via the weak force!, charged leptons and quarks via the electromagnetic force, and
only quarks via the strong force. Experimentally, three generations of fermions have been
observed. The three generations of up-type quarks are called upy), charm (c) and top (t),
the three down-type quarks down ), strange (s) and bottom (b), and the three charged
leptons electron ), muon ( ) and tauon ( ). The three neutrinos are known by their
corresponding charged lepton (¢; ; ). Each generation of charged leptons and up- and
down-type quarks is more massive than the previous generation, but otherwise identical.
The three generations of neutrinos are nominally massless, although the observation of
neutrino oscillations [4] indicates that they possess non-zero masses. The ordering of their
masses and the mechanism by which they acquire them are not yet known.

Lwith the caveat that only left handed particles interact with charged weak bosons.

2There is no a priori reason for there to be three generations. At least three are necessary to introduce
CP violation into the SM; however, the amount of CP violation introduced in this manner is insu cient
to explain the observed matter dominance in the universe. Searches for additional generations have placed
stringent bounds on a fourth generation, requiring quark masses in excess of 1 TeV, a charged lepton mass
of 100 GeV, and a neutrino mass of 60 GeV [1{3].
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Forces are mediated by gauge bosons, with spin 1. The electromagnetic interaction by
the massless photon (), the weak interaction by three massive bosons, two electromag-
netically charged (W ) and one electromagnetically neutral ), and the strong force by
eight massless gluonsd).

2.1 Charged weak interactions and the Cabibbo{Kobayashi{Maskawa
matrix

In the SM Lagrangian the interaction between quarks and leptons andW bosons is given
by

L su @% S PO+ T PLVEMA W+ i 2.1)
where g, is the coupling constant of the weak interaction andP_ %(1 5) is the left-
handed projection operator selecting out the left-handed components of the fermion elds,
re ecting the chiral nature of the weak interaction. The rst term gives the interaction of
charged leptons and neutrinos withW* bosons, the second term being the interaction of
the W* with up- and down-type quarks. Within the SM Lagrangian quarks are usually
considered in their mass basis, de ned by the eigenstates of the kinetic term in the Lag-
rangian arising from interactions with the Higgs eld post symmetry breaking. The weak
interaction, however, interacts with quarks in their weak eigenstates, which are rotated
from the mass basis. The termV,"™ is an entry of the Cabibbo{Kobayashi{Maskawa
matrix (CKM) [6, 7] which encodes the rotation of the weak quark eigenstates from the
mass eigenstates. It is given by:

0 01 0 10 1
d Vud Vus Vub d
%S(& = %Vcd Ves Vcbg %}Sg : (2.2)
bo Weak | th \{/és th } b Mass
Vekm

The weak interaction, and more speci cally, the charged weak interaction, thus does not
conserve quark avour, unlike the strong and electromagnetic interactions. For many
particles, the only allowed decay channel is, therefore, via the weak interaction. Addition-
ally, by decomposing the weak Lagrangian into vector and axial-vector terms, it can be
shown that the vector part is invariant under parity transformations while the axial-vector
is not, introducing the only known source of charge-parity (CP) violation in the SM.

The CKM matrix is unitary, and it can be shown that, due to this unitary nature and
the freedom to absorb some parameters into the phases of the quarks, there are four free
parameters within the matrix. These are fundamental parameters of the SM and must be
measured. The standard parameterisation [8] consists of three real angles;»; 13, and

3In the minimal SM, as presented here, leptons cannot mix. To introduce neutrino oscillations, one
must include the PMNS matrix [5] analogous to the CKM in function, if not in origin.
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CHAPTER 2. THEORY AND STATE OF SEMILEPTONIC B -DECAYS

23, and one complex phase,, and is given by
0 1
C12C13 S12C13 S13€
Vekm = ?@ S12C23  C12523513€  C12C23  S12523S13€ 3230132; (2.3)
S12523  C12C23S13€ C12S23  S12C23S13€  C23Ci3

where s ; ¢j are the trigonometric functions sin( j ) and cos( jj ).

Experimentally, it has been determined that quarks strongly prefer to transition within
their generation, leading to an alternate parameterisation exploiting the approximately
diagonal nature of the CKM. This is known as the Wolfenstein [9] parameterisation with
free parameters; ; ;A , based on an expansion in = jVsj:

0 X 1
1 A 3 i)
Vokw = @ - A2 K+0O(%: (2.4)
A 31 i) A? 1
The unitarity of the CKM-matrix can be expressed as a set of nine relations given by
X
Vi Vik = k- (2.5)

i
three relations state that the sum of coupling of any up-type quark to all down-type quarks
is unity, and six that correspond to triangles in the complex plane. One of the triangles is

of particular interest as all sides are of the same order and all related observables accessible
in experiments. It is conventionally referred to as the “unitarity triangle' and given by

VudVub + VedVen + VigVip = 0 (2.6)

In practice, the triangle is normalised by V.4V, the only unknown is therefore the position
of the apex, given by (; ), where "= (1  2=2)and ~= (1  2=2). The sides of the
triangle are given by the relations:

o o
Ry= VuVw P imo g 2 tVul, 2.7)
VeaVeb q ey
R = thvtb — (1 *)2 + 2 = EJVAJ, (28)
Vchcb JVCbI
and the angle$ by:
\Y) dV b thth \/ dV b
L = arg cd’cb . ,=grg 4B -gnd g=arg -ud’ub . (2.9)
Vig Vi, VuaVab VedVeb

It should also be noted that the area of the unitarity triangle provides a measurement of
the amount of CP violation present within the SM quark sector.

Various processes can be used to constrain the apex of the unitarity triangle. The
constraining parameters, and the processes used to measure them include [1]:

4An alternative convention exists labelling 1 T2 ;and 3
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Kk , describing the size of indirect CP violation in the K 0 KO system;
mg and mg, the mass splitting of B 4—g mesons, extracted fromB 4-5, oscillations;

" sin2 1, extracted from time-dependent measurements oCP asymmetries in decays
of B%;B? to a common nal state containing a charm quark, such asB ! J=K 2;

2, extracted from time-dependent measurements ofCP asymmetries inb! utd
decays;

3, extracted from measurements ofCP violation in B! DK decays; and

" jVupl and jVgyj, extracted primarily from semileptonic B decays.

A graphical representation of the unitarity triangle and current experimental constraints
on the apex is shown in Fig. 2.1. Constraints fall into two categories, those measured
in SM tree-level decays [(Vupj, jVcr, 3), and the remainder, which are measured through
loop-level processes. The three tree-level constraints on the unitarity triangle are expected
to be free from BSM e ects, and thus x the apex to its SM value. New-physics e ects
are expected to appear as either heavy particles running within the loop or new tree-
level processes with small coupling constants such that SM tree-level processes would be
dominant, but SM loop-level processes may occur with similar magnitudes. Comparisons
of loop-level constraints with the SM apex thus serve as powerful tests for new physics.
At present, gobal ts to all constraints, and subsets of constraints, show good consistency
[10, 11].

Figure 2.1: The unitarity triangle and global t to the position of its apex using all
experimental constraints available before summer 2023 [10].
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CHAPTER 2. THEORY AND STATE OF SEMILEPTONIC B -DECAYS

2.2 Semileptonic B Decays

Both jVypj andjVcyj can be extracted from the decay ob quarks, the rate of which is directly
proportional to the square of the CKM element magnitude. Due to colour con nement
however, no free quarks exist, and thus both quantities are conventionally extracted from
semileptonic decays oB mesons. To a good approximation, such decays can be modelled
as the decay of a free quark with a non-interacting spectator quark. To fully capture the
dynamics of the decay, especially near the allowed kinematic endpoints, the importance
of which will be expanded upon below, it is, however, necessary to model the interactions
with the spectator quark. A Feynman diagram of the B ! X" ~ decay, whereX is the
child hadronic system, illustrating a set of possible strong interactions within the hadronic
system is shown in Fig. 2.2.

The choice of semileptonic decays is bene cial for both experimental and theoretical
reasons. Experimentally, the nal-state charged lepton provides an easily identi able sig-
nature. Theoretically, as the lepton-neutrino pair does not interact strongly, it is possible
to factorise the leptonic and hadronic currents in the decay, greatly simplifying the calcu-
lation. For the following overview, we broadly follow Refs. [12, 13].

Figure 2.2: Feynman diagram of the decayB ! X" ~.

As the decay occurs at an energy scale dflg and My Mg, it is possible to take
the limit as My !1 , giving an e ective four-fermion coupling. The decay is described
by the e ective weak Hamiltonian:

Hw = pEGqub(q PLb(C PL )+ hc; (2.10)

where Gg is the Fermi coupling constant. The transition matrix element of a semileptonic
decay to a speci ¢ nal state meson, X, can then be written as:

M(B! X )= X JHwBI; (2.11)
M(B! X )= 2GeVeXjg PLGBIN §° P_ jOi; (2.12)

5As B mesons are the lightest bound state that contains a b quark, they can only decay weakly, and
are thus extremely suitable for measuring jVupj and jVej.
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where the transition matrix element has been factorised to a hadronic currentH =
hXjg P_bBi, and a leptonic currentL = h 7~ P_ j0i. The leptonic current is free of
QCD e ects and can be calculated with good accuracy.

The hadronic current is more di cult to calculate due to the running of g, the QCD
coupling constant. Due to the need to resum ultraviolet divergences in a process known
as renormalisation s increases at lower energies. The precise strength depends on the
energy scale of renormalisationQ, and is given by:

12

Q= 33 2Nt In(Q?= <2?CD);

(2.13)

where N; = 6 is the number of quark avours. As ¢ increases, calculations based on
perturbation theory in ¢ break down, and non-perturbative e ects begin to contribute
signi cantly. Formally, the divergence occurs at qcp, Which is experimentally found to
be approximately 200 MeV, but is itself dependent on the energy scale of renormalisation.
It should also be noted that as parameters of the QCD Lagrangian the quark masses also
have to be renormalised and their value thus depends on the renormalisation scheme, of
which there are several with varying bene ts, and the renormalisation scale.

At energies typical of bound hadronic states such as in @ meson, s is of O(1).
The strong interactions within the hadronic system, which are dominated by soft gluon
exchange, thus cannot be described perturbatively. There are two approaches to describe
these interactions, depending on whether one is describing a speci c meson nal state,
known as exclusive, or whether one sums over all possible nal states, known as inclusive.
The approaches are theoretically, and to a large extent experimentally, complementary.

2.2.1 Exclusive decays

Although the hadronic current cannot be directly calculated due to its non-perturbative
nature, its general structure can be inferred from studying the Lorentz structure of speci c
transitions. For a transition of a pseudoscalar such as 8 meson to another pseudoscalar,
labelled P, it can thus be shown that

H =tPjg PLOBI = fi()(ps + pp) +f (F)pe pp) ; (2.14)

where q is the four momentum transfer to the lepton-neutrino system, and pg and pp
are the four-momenta of the B meson and pseudoscalar, respectively. The functions
f+(g?) and f (g?), are form factors, encoding the low-energy dynamics of the transition.
Once contracted with the leptonic current, in the limit of massless leptons { a good
approximation for electrons and muons { the term proportional to f (g?) vanishes. The
total decay rate is thus given by

d 1 9. B

a@ - WG%Jquzl‘Pglsff(qz)i (2.15)
wherejﬁEj is the magnitude of the pseudoscalars momentum in theéB rest frame. It is
evident that it is not possible to extract jVpj or jVcy from the decay ofB mesons to pions
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CHAPTER 2. THEORY AND STATE OF SEMILEPTONIC B -DECAYS

or D mesons, respectively, without external knowledge of ., or a simultaneous determin-
ation. The form factor can be calculated atgq® ¢, in lattice QCD, and at ¢ 0, using
so-called light cone sum rules. These points, and measuregf spectra of the decays, are
t simultaneously using an ansatz of the form factor, usually a polynomial expansion [14,
15], to determine the magnitudes of the CKM elements. Transitions to vector nal states
(D ; ;! ) can be parameterised similarly, with four form factors contributing. In the limit
that the bottom and charm masses are in nite, known as the heavy quark limit, additional
symmetries arise which can be used to constrain the form factors ib! c decays [16, 17].

2.2.2 Inclusive decays

The treatment of inclusive decays relies on the idea of quark-hadron duality, which states
that if all, or a large enough fraction of, hadronic nal states are considered, in a su ciently
large region of phase space, parton-level calculations accurately describe the hadronic
transitions [18]. The treatment di ers for heavy-to-heavy decays, B ! X, ~ and heavy-
to-light decays, B ! X, ~, where the subscriptu or c indicates either ab! u’ ~ or
b! ¢ ~ transition has occurred. We will rst discuss the heavy-to-heavy transition and

then the additional considerations necessary for the heavy-to-light transition.

2.2.2.1 Heavy-to-heavy

To fully describe the decay, three independent kinematic variables are needed. One possible
choice is the momentum transfer squared and the energies of the lepton and neutrino. The
choice is, however, not uniqgue so we will proceed without specifying a particular choice.
In the rest frame of the B meson, the triple di erential decay rate is given by

1 X X
MB . s
where the sums run over all possible hadronic nal states, and the spins of the lepton
and neutrino, s';s-, which are not determined experimentally, and thus averaged. The
expression can again be factored into a leptonic and hadronic part, this time in the form
of the leptonic tensorL  and the hadronic tensorsH  giving

d® = iXe JHwiBii? *(ps px. P P); (2.16)

d® = rlgengcbiL H ; (2.17)
where the leptonic tensor is easily calculable. The hadronic tensor is given by
()X L a4
H = Mg m]hyJXc |hXc Jh JBI (pB Px . p: p,): (218)
X

It is then possible to relate the hadronic tensor to the amplitude of the forward scattering
of the B-meson through the optical theorem as
Z
1

H = Im  d*e BT (x);h (0)]jBi; (2.19)
2M g
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where T[hY (x); h (0)] is the time-ordered product. It is possible to write the time ordered
product as an operator product expansion known as the Heavy Quark Expansion (HQE),
[19{21]. It is given by

X 1

T[hy (X); h (0)] = Wgcn;i On+3 i (2.20)

n;l
where Op+3 is a set of non-perturbative operators of dimensiom + 3 and C,; are their
respective Wilson coe cients encoding the perturbative QCD. The Wilson coe cients are
themselves expansions in (M) which can be calculated in heavy quark e ective theory.
The decay rate is then an expansion in #My, more precisely in  gcp =My, taking the form

1 1 1

ot — 1t ) 2+ 3 3+ il
Mo 17 MZ 27 M3

(2.21)

The leading operators, atn = 0, can be related to the matrix element lBjb bBi,
which denotes the decay rate of the fred quark, and hence ¢ gives the decay rate of the
free quark. All operators at order n = 1 can be expressed as: = 2 operators using the
equation of motion of the b quark and hence ; = 0. At order n = 2 two non-perturbative
contributions appear which can be written in terms of matrix elements:

2My, 2= h Bjb (iD)%b jBi; (2.22)
2Myp, (23: hBijb (iD )(iD )b |Bi; (2.23)
where D is the covariant derivative, = i?[ ; ], and the eld b is dened as

b = éMol X)p(x). This de nition originates from heavy quark e ective theory where it
is convenient to decompose the momentum of thd quark to My + k, where My arises
from the motion of the B meson with four-velocity , and k is the residual momentum
describing the motion within the B meson and is of order ocp. The covariant derivative
acting on this eld thus yields the residual momentum k and therefore 2 is proportional
to k2, the kinetic energy of the b quark inside the meson. The second term g gives the
chromomagnetic moment.
At order n = 3, a further two matrix elements enter given by

2Mp
2Mp 35

Bjb (iD )(ivD)(iD )b jBi; (2.24)
Bjb  (iD )(ivD)(iD )b jBi; (2.25)

where 3 and 25 are known as the Darwin and spin-orbit terms. At higher order the
number of matrix elements rapidly increases with nominally nine elements contributing at
order 1=M [22].

The non-perturbative parameters, 2; 2; 2: 3.;::: cannot be calculated and must
be extracted from data. This is usually done by tting the theoretical predictions to
experimentally determined moments of the lepton energy spectrum and the hadronic mass
spectrum, with the t extracting the non-perturbative parameters, and My, and jVqj. See
Ref. [23] for an example of such a t.
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2.2.2.2 Heavy-to-light

In principle it is possible to compute the inclusive B ! X, ~ transition rates using
the heavy quark expansion as foB ! X, ~ (see for example Ref. [24]). Experimentally,
however, itis di cultto access B! X,  ~events under the large background oB ! X',
favoured by a factor of jVej2=jVupj?2  100. For early inclusive measurements ofVyyj [25{
29] this has required restricting the measurement to small regions of phase space in which
due to the mass of the charmB ! X"~ is kinematically forbidden. This corresponds to
regions such as low hadronic mass, the endpoints of the lepton momentum or momentum
transfer squared distributions, or combinations thereof. These regions are demonstrated
in Fig. 2.3. In such restricted regions the operator product expansion is no longer valid,
and calculations of the inclusive rates must take a di erent approach.

Figure 2.3: Kinematic distributions of B ! X, ~ (green) and B ! X ~ (purple).
Regions in whichB ! X' ~ is kinematically forbidden are shaded. The distributions
correspond to the nominal MC sample for the rst measurement presented within this
thesis, as described in Ch. 7. Thé8 | X ~ distribution is modelled as a sum of exclusive
channels, theB ! X~ distribution as a combination of exclusive and inclusive channels.
The steps in the distributions are caused by the combination of di erent channels.

The triple di erential decay rate, here expressed in terms of the lepton energy and the
light cone variablesP+ = Ex | Pxj, and P = Ex + jPpx ], which depend on the energy
and momentum magnitude of the hadronic system in theB frame is given by

d3

dP.dP dE- 192 3
where k; is the light cone momentum and the choice of kinematic variable is again not
unique. The function C(P+ ;P ;E-;ks) is perturbatively calculable. The function F (k+)
is known as ashape function [30]. The shape function is non-perturbative and describes
the Fermi motion of the b quark within the meson and smears the triple di erential distri-
bution, especially near the parton level kinematic endpoint. The moments of the leading-
order shape function can be related to the HQE parameters:

2 3
Flki)= (k)+ & Rk, ) + T% )+ oo (2.27)

where the notation ®indicates the derivative of the Dirac delta distribution. The leading-
order shape function is known to be universal for all heavy-to-light transitions and can

G2jVypj?  dki C(P+;P ;E;k+)F (ke )+ O( ocp=Mp); (2.26)
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thus be extracted from the photon energy spectrum of8 ! X decays [31, 32], where,
being a nominally two-body decay, the shape function is more easily constrained as it
is solely responsible for the width of the distribution. At present, none of the existing
models directly incorporate an experimentally determined shape function, instead use a
variety of functional approximations. Ref. [33] proposes simultaneous ts to the spectra
of B! Xs andB ! X, ~to fully exploit this information. A ttojustthe B! Xsg
photon energy spectrum has been performed in Ref. [34]. Alternatively, Ref. [35] proposes
to approximate the shape function using neural networks based on both the information
of the photon energy spectrum and the constraints on the moments of the distribution.
The treatment of B ! X"~ diers in the available models. We therefore provide a
brief summary of the most commonly considered models in the following (see also Ref. [36]).

DeFazio and Neubert

The model of DeFazio and Neubert (DFN) [37] calculates the triple di erential decay rate
up to O( ) to be:

d3

MZ M
Txdggre =12 oll+x 2z x 2wl z+'\2)7bwz

F(x(z X)) PWs + 2MpWa + MAWS)] (2.28)

wherex = 2E-=Mp, x =1 X, 2 = p?>=M?, z = 2(v p)=My, V is the b quark velocity, p
the momentum of the light degrees of freedom, andV; are so called structure functions
which originate from a general Lorentz invariant decomposition of the hadronic tensor.
Each structure function is then expanded in a perturbation series in ¢ as:

Wi(z; ) = W (2 )+ 2wz )+ o( 2); (2.29)

for the full expressions see Ref. [37]. These expressions are then convoluted with a shape
function using an exponential ansatz

k4
Flke)= N@L <o)agarat, (2.30)

where = Mg My, and a and N are set to meet the conditions of Eq. 2.27, yielding
12= 2H1+a).

DFN is generally considered to have been superseded by the GGOU and BLNP models,
described later. It is however still used in the generation of Monte Carlo simulated samples
as will be discussed in Ch. 7.
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Bosch, Lange, Neubert, and Paz

The model of Bosch, Lange, Neubert, and Paz [38, 39] considers the triple di erential
decay rate in the kinematic variablesP. ;P and P- = Mg 2E-, nding it to be
d3 — G‘lzrjvubj2
dP. dP dP 16 3

Mg P[P P)YMg P + P P.)W;
H(Mg PP P2

+(P  PYP P) %w3+ W4+)1/W5 I; (2.31)

wherey = (P P.)=Mg P.) and W; are structure functions. Tey can be written as
an expansion in EMy, as

X X

. 1
Wi, H J S+ hJ s+ h jk S+ O(); (2.32)

1 1
Mp ‘ Mgy . g
where the key technique is to factorise physics at di erent scales, such thaH;J and S are
the leading hard, jet, and shape functions,h;j, and s their subleading counterparts, and

indicates a convolution. The hard term describes physics at a scale dfl,, the jet term
at = My ocp and the shape function at ocp. The hard and jet terms are calculable
with perturbation theory. This expression holds near the kinematic endpoint, in the so
called shape function region, and smoothly transitions to the HQE based expression once
a large enough region of phase space is considered.

At present the model considers corrections to the hard and jet functions atO(1=My,)
to O( s), subleading shape functions atO(1=My), and terms of the OPE up to O(1=M§).
Three analytic forms of the leading-shape function are considered, an exponential, a Gaus-
sian, and a hyperbolic form. The parameters of these are tuned to match the moments.

Ref. [40] has calculated NNLO corrections to the hard and jet functions, nding them
to decrease the estimated value ojVpj by up to 8%. These corrections have not yet been
implemented in the BLNP model. Several additional advances in the knowledge dfi and

J are summarised in Ref. [41].

Gambino, Giordano, Ossala, and Uraltsev

The model of Gambino, Giordano, Ossala, and Uraltsev [42] considers the triple di erential
decay rate in terms of the lepton energyE-, the momentum transfer to the leptonic system
squaredg?, and the total energy of the leptonic systemcp. The rate is given by:

d3 _ G,Z:jVubjz
dE-ddgy 8 3

2
W,  2E? 200E\+% Wo+ P(2E  op)Wa

9 . 2 P ..
© B = E)@) (@ @)y (2.33)
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where are Heaviside functions, andW,; are again structure functions, of which only
the three relevant in the limit of massless charged leptons, a suitable approximation for
electrons and muons, are considered. The structure functions are factorised through the
use of a hard Wilsonian cuto at scale as
Z 2
Wiei @)/ ke Fike ;05 WP (ot @ 9
2 MgMyp

)i ): (2.34)
where WP contains the perturbatively calculable contributions above , and the dis-
tribution functions, F;, the non-perturbative contributions, including the Fermi motion.
The distribution functions absorb all subleading corrections such that they are no longer
universal, and for each structure function, there is a unique distribution function. The
distribution functions are, like the shape functions, parameterised in terms of a set of
possible functional forms (exponential, Gaussian, hyperbolic, or Roman [43]). The rst
two moments of W;(tp; %) in ¢, are computed in the HQE and used to constrain the
parameters of the distribution functions. All corrections to O(1=M2) and O( 2 o) are
included in the calculation.

Other models

The models discussed so far are, in terms of their treatment of the shape or distribution
functions, considered to be model independent. Alternative models exist which avoid in-
troducing these parameterised functions. These include the dressed-gluon exponentiation
(DGE) of Andersen and Gardi [44] and the model of Aglietti, Di Lodovico, Ferrera and
Ricciardi (ADFR) [45]. DGE considers an on-shellb quark and uses resummed (using
dressed-gluon exponentiation) perturbation theory to compute the triple di erential de-
cay spectrum. The resummation of soft gluons naturally describes the smearing without
the need for a shape function. ADFR likewise performs a resummation of soft-gluon ef-
fects and pairs this with an analytic e ective QCD coupling without a Landau pole to
perturbatively calculate the decay spectra. For both models, no systematic uncertainty
has been assigned to their underlying assumptions, they are thus typically viewed to be
less reliable than BLNP or GGOU.

A comparison of the lepton energy and hadronic mass spectra predicted by di erent
models is shown in Fig. 2.4, BLNP and GGOU are found to generally agree well in the
lepton energy spectrum, while ADFR and DGE predict harder spectra.

2.3 Experimental status of [V, and jVypj

Experimentally jVypj and jVcy are primarily extracted from measurements of semileptonic
channels at B-factory experiments, which will be introduced in more detail in Ch. 3.
Measurements can be tagged or untagged. For tagged measurements the presence of
the secondB-meson produced in the (4S) ! BB decay studied at the B-factories is
exploited to infer information of the signal B and select clean samples at high cost to
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Figure 2.4: Comparison of lepton energy and hadronic mass spectra predicted by dif-
ferent inclusive B ! X,  ~ models, GGOU, BLNP, DGE, and ADFR, as of 2010, using
common inputs [46]. Also appears in [47]. For GGOU three lines are shown using di erent
functional forms for the distribution functions as described in the text. The shaded areas
indicate common selection thresholds in analysi€® > 1:9 or 20GeV, or My < 1:55 or
1.7 GeV.

the reconstruction e ciency. Untagged measurements, in contrast, consider only particles
from the decay of the signalB meson, thus have access to less information but at greater
reconstruction e ciencies. These techniques are further discussed in Sec. 4.2.

Exclusive jVgj is extracted from the hadronic recoil spectra, closely related tod?,
of exclusive B ! D ~ decays [48{50], or from the hadronic recoil spectra and angular
information of B! D "~ decays [49, 51{57], reaching 3% and 2% precision, respectively.
As previously discussed inclusivgV.yj is determined from ts [23, 58] to the moments of
the kinematic distributions of inclusive B ! X' ~ [59{64]. The Particle Data Group [65]
reports world averages of

jVepjexe: = (39:8 0:6) 10 3; (2.35)
iVewiine: = (42:2  0:5) 10 3: (2.36)

An approximate 3 discrepancy is observed between the inclusive and exclusive results.
This has become known as thgV.j puzzle. This disagreement, with varying signi cance,
is long standing, Fig. 2.5 presents the inclusive and exclusive world averages reported by
the Particle Data Group over the previous 20 years. The result of a global t to the
unitarity triangle without semileptonic B inputs nds jVeyckwm -Fiter = (41:1°%7) 10 3
[10], favouring the inclusive result.

Exclusive jVypj can be extracted fromB! ~ -, B! ~ ~,andB! ! -, however, the
pion channel is known with signi cantly greater precision than the vector-meson channels.
Therefore, the exclusivejV,pj value is extracted [66] from the averagedB ! * ~q?2 spectra

of Refs. [67{70].
The inclusive B ! X, ~ measurements can be grouped into two categories: studies
of the region above or near theB ! X ~ kinematic endpoint [25, 28, 71], which are
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Figure 2.5: World averages of exclusive and inclusivgV.j determinations as reported
by the Particle Data Group over the past 20 years [65]. The most recent averages are
additionally shown as bands. ThejV. value determined by a global t to the unitarity
triangle without semileptonic inputs is given as a hatched grey band [10].

generally untagged measurements, searching for highly energetic leptons; or studies which
reach into the charm-dominated regime using tagged techniques [72, 73], and generally
measure several sub-regions of phase space that are of theoretical interest. Fig. 2.6 presents
the inclusive jVypj values determined in each measurement that currently enters the world
average. Measurements are usually performed using the predictions of a single model to
extract the B ! X,  ~ partial branching fraction and then translated into jVy,j using all
available models. Ref. [74], an untagged study of the electron momentum spectrum in
B! Xe for E®% > 08 GeV, is unique in that the measurement is performed using four
B! X, ~models. As can be seen in Fig. 2.6, compared to the other measurements, this
study reports greater di erences between the value ofVpj determined with each model,
highlighting the additional dependence on modelling that arises in estimating the shape
and reconstruction e ciency of the B ! X, ~ component.

The Particle Data Group reports world averages of

iVubiexe: = (3:70  0:10 0:12) 10 3; (2.37)
Vubjine: = (4:13  0:12°%12  0:18) 10 3 (2.38)

where the rst errors are experimental, the second theoretical and for the inclusive meas-
urement the third error is given by the spread of results using di erent theoretical models.
The result of a global t to the unitarity triangle without semileptonic B inputs nds
Vubickm Fiter = (3:64"%9%) 10 3 [10], favouring the exclusive result. The averages for
the last 20 years are presented in Fig. 2.7, where, similar to thgV, determinations, the

inclusive result has been consistently larger than the exclusive. At present the two res-
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Figure 2.6: Measurements entering the inclusivgV,pj world average using the prescrip-
tions of ADFR, DGE, BLNP and GGOU, and the kinematics region in which the meas-
urements were performed. From top to bottom these correspond to Refs. [25], [71], [28],
[74], [72] 4, [73]. The solid horizontal line divides untagged and tagged measurements.
The last entry gives the averages as determined by the Heavy Flavour Averaging Group
[66]. The inner error bars are experimental, the outer experimental and theoretical.

ults agree within 1:4 . Recently the Belle collaboration also performed a simultaneous
measurement of inclusive and exclusivgVpj, nding compatible results [75].

Finally, considering the ratio jVyupj=jVey, Which directly constrains the length of the
unitarity triangle side R,. The world averages are:

iVubiTiVetjexe: = (9:3  0:4) 10 ?; (2.39)
jVupi= Vetiine: = (9:8  0:6) 10 % (2.40)

which are in excellent agreement.
The LHCb collaboration has also directly extracted jVypj5Vey from Bs! (Dg;K) ™
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Figure 2.7: World averages of exclusive and inclusivgV,,j determinations as reported
by the Particle Data Group over the past 20 years [65]. The most recent averages are
additionally shown as bands. ThejV,,j value determined by a global t to the unitarity
triangle without semileptonic inputs is given as a hatched grey band [10].

and ! ( ¢;p) ~. For the baryonic modes the collaboration nds
iVubiTVed = (7:9 0:4 0:4) 10 2 (2.41)

where the rst error is experimental, and the second arises from lattice QCD calculations
of the relevant form factors at high ¢? [76]. For the Bs ! (Ds;K) = mode, jVubj=j Ve
is extracted in two ¢ regions, using light cone sum rule based calculations of the form
factors at low g2, and lattice QCD calculations at high ¢?. They nd

VubiF Veniqz< 7Gevz = (6:07  0:21  0:30) 10 % (2.42)
VubiF Vet gz 7cevz = (9:46  0:41  0:68) 10 2 (2.43)

where the rst errors include all experimental uncertainties and uncertainties due to ex-
ternal inputs, and the second errors give the uncertainty due to the form factor calculations
[77]. The Flavor Lattice Averaging Group has performed a t for the relevant form factors

to all available lattice QCD information and extrapolates the form factors to low ¢?. They

nd

Vubi=i Vetigz< 7cevz = (8:19  0:229  0:72) 10 2 (2.44)
iVubi= Veri 2> 7Gev2 = (8:60  0:38  0:37) 10 % (2.45)

observing excellent agreement between the low and high? regions [78].
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2.3.1 A brief note on leptonic decays

Purely leptonic decays,B ! (e ; ; )7, provide a theoretically clean alternative to
semileptonic decays for the extraction ofjVyj, with decay rates given by:

M2 2

GZ
(B !~ )= FjVpjfMgM?2 1 —
8 M2

(2.46)
wherefg, is the B meson decay constant. Leptonic decays are however helicity suppres$ed
with expected branching fractions for electrons, muons, and tauons o®(10 2), O(10 7)
and O(10 ®), respectively [10]. The low branching fractions, combined with the di culty

of measuring the tauonic channel due to the presence of multiple neutrinos, make such
measurements uncompetitive for extractingjVypj at present. The most recent measure-
ments, using the full Belle and BaBar data samples, nd evidence of the muonic channel
with a 2:8 signi cance [79], and the tauonic channels with between 8 and 3.8 using
hadronic and semileptonic tagging techniques [80{83]. Combined, the tauonic measure-
ments allow a determination of jVpj with an uncertainty of 16% [78]. With the expected
full Belle Il data sample of 50 ab ?, the tauonic channel is expected to reach experimental
precisions of 25% [84], providing a theoretically clean third avenue to determinejVyj.

2.3.2 Projections to the full Belle 1l sample

Projections of the expected precision of exclusive and inclusive determinations gi ]
for the full 50ab ! sample expected at Belle || have been made in Ref. [85]. Exclusive
determinations are expected to reach precisions between 2{3% depending on improvements
in lattice QCD inputs to the form factor. Inclusive determinations are expected to reach
precisions of 3{48%, with theoretical uncertainties of 2:5{4:5%, dominating the expected
1:7% experimental uncertainty.

2.4 \Weak annihilation

In the operator product expansion forB ! X, -, additional operators enter at O(1=M?)

that are not present in the expansion forB ! X, ~. They correspond to four-quark
interactions, annihilating the b quark with a U giving rise to the Feynman diagram in

Fig. 2.8. The U can be a valent quark of aB meson, or it can be a non-valent quark,
originating from strong interactions within the B-meson system [86]. In the context of
inclusive B ! X"~ analyses, this contribution is commonly labelled weak annihilation
(WA) and has been studied in Refs. [87{91].

5As the B meson has spin 0, the lepton and anti-neutrino must be emitted with opposite spins. The
weak interaction couples only to left-handed particles and right-handed anti-particles. As the anti-neutrino
is massless, its right-handed chirality translates to right-handed helicity, where helicity is de ned as the
projection of the particle's spin onto its momentum. To preserve a net spin of 0 the lepton must also have
right-handed helicity. As leptons have mass, the left-handed lepton can have small right-handed helicity
components, giving rise to the M2 term in Eq. 2.46.
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jVubj

Figure 2.8: Feynman diagram of the valent (eft) and nonvalent (right) B | WA Xu
decay.

The WA contribution to the total inclusive B ! X, ~ rate can be expressed as

= . 1 o,

(B! Xy )= 15 GEVwi’fEMgMs (B2 Bu); (2.47)
where we note an enhancement of 16 compared to all other dimension 5 and 6 operators,
and whereB1; B, are so called "bag constants' parameterising the matrix elements of four
quark operators [89, 90]. These are given by:

%féMBBlz Bjb P.uu P.bjBi; (2.48)
%féMBBzz hBjb P_utuPrb jBi; (2.49)

where Pr %(1 + ) is the right-handed projection operator. In the naive factorisation
limit in which the matrix elements are saturated by the vacuum insertion, jOihQj, both
constants are equal, their value depending on the avour of the spectator quarkB; =
B, =1 for BY, By = B, =0 for B?. In this limit, the weak annihilation contribution
thus vanishes. Factorisation is however expected to be violated at up to the 10% level,
allowing for a weak annihilation contribution of approximately 3% of the total B! X"~
decay rate [89, 92].

Formally, little is known about the shape of the weak annihilation contribution beyond
an approximate location in phase space, near the maximum possible values of lepton
energy and momentum transfer, with the contribution smearing about (g? Mg) [89]
and (EB  Mp=2) [88]. The form of the smearing is largely unknown but is expected to
smear the distributions in a range of order ocp. The hadronic system is thus expected to
be soft [88]. Ref.[90] studied the contribution in the lepton energy, noting that unlike the
shape functions previously discussed, the rst moment of the structure function describing
the smearing does not vanish and thus the mean of the distribution may shift about the
quark level endpoint.

Weak annihilation can be considered in two parts: the nonvalent term, taken to contrib-
ute equally to the charged and neutralB mesons, and the valent contribution, responsible
for the di erence between the two B avours [93, 94]. The valent contribution is a ected
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by helicity suppression and thus is nominally suppressed byM \Z:Mé, however the sup-
pression is expected to be partially lifted by the presence of the soft hadronic system [88].
The non-valent contribution does not su er from helicity suppression but is expected to be
suppressed by factors associated with the additional gluon exchange required to connect
the annihilating light quark with the remainder of the diagram [92].

Most of the inclusive B! X,  ~ models previously discussed do not incorporate weak
annihilation. Its e ects are assigned as a systematic uncertainty, taken to increase the re-
constructedB ! X, ~vyield in measurements and thus provide a unidirectional systematic
uncertainty towards lower values of |V, pj. GGOU mixes the WA operator with the Darwin
term [42, 95], removing a singularity in the description of the high ¢? tail; however, the
scale and shape of the WA contribution are left as free parameters. As weak annihilation
is located near the kinematic endpoint, the experimental kinematic requirements used to
reject B ! X ~ additionally enhance the weak annihilation contributions. The relative
size of the e ect therefore depends on the applied selections. Being non-perturbative the
magnitude of the contribution, and thus the size of the systematic uncertainty assigned
to jVupj, must be extracted from data. Three strategies have been pursued. They are
summarised below.

Indirect constraints

Recent tagged inclusivejVypj studies at Belle [73] and Babar [72] have reported partial
branching fractionsof B* | X2* andB®! X, * inaddition to that of the admixture
B ! X, . By considering the ratio of these partial branching fractions,

go B(MB*! X" )

Riso = ; 2.50
iso B B(BO I Xyt ) ( )
it is possible to estimate the contribution of weak annihilation as
f
WA _ fv\;JA (Riso  1): (2.51)

where isthetotal B! X, ~decay width andf, fwa give the fraction of the total B !

Xy ~ and weak annihilation rates, respectively, included in the phase space considered

in the measurement ofRjse. As weak annihilation is expected to be con ned to the high

o? region, > M3, and the measurements are su ciently inclusive in ¢?, they assume

fwa = 1. Both collaborations report limits on the weak annihilation contribution to the

total B ! X, ~ decay rate, setting 90% con dence levels at 0:14 < ¥ < 0:17 and
0:17< & < (0:19, by the Belle and BaBar collaborations, respectively.

Such limits rely on the incorrect assumption that only the valent quark contributes and
that the neutral B is free of weak annihilation e ects. It is more accurate to consider these
limits to be limits on the di erence of weak annihilation contributions to the semileptonic
decays of the charged and neutraB systems, ie. the valent contribution.
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Direct measurement

The CLEO collaboration has published a direct search for weak annihilation in inclusive
semileptonic B decays [96, 97]. The analysis used a simpli ed weak annihilation model,
adding a soft hadronic system to aB ! "~ decay to search for structure at high .
Variations of the model, changing the properties of the hadronic system, are scanned
setting a model-dependent 90% con dence limit at—*2- < 7:4%.

Extrapolation from charm decays

By heavy quark symmetry, the same matrix element governing weak annihilation inB
decays governs weak annihilation inD decays. It is therefore possible to extract informa-
tion from weak annihilation in D decays, where it is enhanced by a factor o S:ME, and
extrapolate to B decays. This approach has been considered in Refs. [92, 93, 98] based
on measurements of inclusive semileptonic decays &, D* ;D from CLEO-c. Gambino
and Kamenik [98] study the moments of the semileptonid>®; D* ; Ds decay lepton energy
spectra, and estimate the maximum contribution of weak annihilation to the B decay
rate at 2%. Ligeti, Luke, and Manohar [92] study the semileptonic charm decay branch-
ing fractions, and estimate a weak annihilation contribution of around 1% to charmless
semileptonic B decays. This estimate increases t0:8% using an alternate extrapolation.
Finally, Bigi, Mannel, Turczyk, and Uraltsev [93], consider the D5 and D decay rates to
estimate the valent weak annihilation contribution. They estimate a contribution to the
B! X, ~rate from the valent contribution of between 0:5% to 1%. It should be noted
that they refer to the extrapolation from charm to bottom as “semi-quantitative at best'
due to insu cient heaviness of the charm. Furthermore, the three analyses indicate that,
contrary to naive expectations, the contribution of weak annihilation to neutral B meson
decays is greater than the contribution to chargedB meson decays. This may indicate a
destructive interference e ect with the nominal b! u’ ~ transition [93].

BES-IIl has recently reported a new measurement of inclusive semileptonib s decays
[99] which has not yet been considered but is in excellent agreement with the measurement
of CLEO [100] and is not expected to shift these estimates.

2.4.1 Importance

At present the Heavy Flavour Averaging Group assigns uncertainties due to weak anni-
hilation e ects of 0:7%, 1:1%, and 1:1% to the world average determinations ofjVpj
using the prescriptions of BLNP, DGE, and GGOU, respectively [66]. The total uncertain-
ties are 57%, 32% and 39%, respectively, dominated by the uncertainty of the b quark
mass, other non-perturbative parameters, and choice of matching scales. Weak annihila-
tion is thus at present a subleading uncertainty. If inclusive jV,pj determinations are to
reach 1% accuracy it is however necessary to greatly improve the understanding of weak
annihilation and have a robust data-driven measurement of the size of the contribution in
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the B systen? .

2.5 Role of the analyses

Two experimental measurements are presented within this thesis. The rst is a meas-
urement of the ratio of inclusive partial branching fractions of charmless to charmed
semileptonic B decays, B(B! X, )= B(B! X¢ 7). One of the experimental chal-
lenges of such a measurement is the modelling of thB ! X'~ contributions. Charmed
events are usually modelled as a sum of exclusive channeB,! D -, B! D '~ and
B! D ", which is discussed in more depth in Ch. 7. The sum of these channels does
not fully saturate the known inclusive B ! X' ~rate, and poorly describes the measured
inclusive moments of the kinematic distributions [101]. Recent measurements by the Belle
and BaBar collaborations have also observed an excess of events with high lepton energies
and high momentum transfer [63, 72, 73].

The modelling of B ! X'~ events, which dominate over theB ! X, ~ signal, thus
introduces large systematic uncertainties and a potential source of bias in measurements
of B! X, ~ decays. We therefore adopt a data driven description of this background,
extracting its shape from a control region when extractingB ! X, ~ yields in order
to better control this potential bias. Furthermore, since the theoretical descriptions of
B! Xy ~and B ! X¢ ~ share many commonalities, and thus correlated systemat-
ics, not least of which a dependence orlvlg [45], we directly extract the ratio of partial
branching fractions and thus jVpj=jVcj. This also cancels several experimental systematic
uncertainties related to the tagging procedures and the identi cation of leptons. Addi-
tionally, we extract the di erential ratio in lepton energy and momentum transfer which
may be useful to further reduce modelling related uncertainties.

The second is preparation for a direct search for weak annihilation contributions to the
total B! X, ~ decay rate by searching for structure at highg? in inclusive semileptonic
B decays. The search is expected to be signi cantly more sensitive than that of CLEO,
and will be the rst to directly constrain the contribution to the charged and neutral B
meson decay simultaneously by exploiting information gained through tagging.

" Alternatively, it has been proposed to measure B ! X, far away from the endpoint, enforcing a
selection of > < M 2 M2, to remove the weak annihilation contribution [39, 42]. As this region is
enriched in B'! X -, the expected experimental uncertainties associated with such a measurement make
it uncompetitive at present and in the foreseeable future.
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Chapter 3

Producing and observing
B -mesons

We introduce the experimental apparatus used in the measurements presented within this
thesis. We brie y review KEKB and SuperKEKB, the colliders accelerating electrons and
positrons to su cient energies for their collisions to produce pairs of B mesons, and the
Belle and Belle Il detectors designed to observe the decay products of these mesons. The
overview focuses on operational principles and selected technical speci cations. While in-
troducing the hardware, we sketch an outline of their respective reconstruction softwares,
converting low-level detector information to high-level objects suitable for physics analyses.

In 1977 the E288 experiment at Fermilab reported an excess in the di-muon mass spectrum
produced at by highly energetic protons impacting on copper and platinum targets [102].
This resonance, at approximately 95 GeV, would later become known as the (1S). It
provided the rst evidence for a bound bb state and the b quark. Within a year, observa-
tions of the (2 S) and (3 S) states followed [103], and their existence was con rmed by
the PLUTO and DASP collaborations at the DORIS electron-positron collider [104{106].
Just three years later, the CLEO collaboration, operating at the CESR electron-positron
collider, observed the (4 S) at 10:55 GeV as an excess of hadronic events [107]. The rst
bb state massive enough to decay to twd3 mesons. In 1981 CLEO provided evidence for
the B-meson with an analysis of the single-electron spectrum, following with the rst full
reconstruction of B mesons in four exclusive channels in 1983 [108]. The era Bf physics
had begun. In the forty years since, the study ofB mesons and their decays has, and
continues to, provide a wealth of insights into the fundamental nature of the universe.

The decay of B mesons, as a quantum mechanical process, is fundamentally random.
To study rare decays it is therefore necessary to produce enormous amounts Bf mesons.
To this end, several generations of accelerators and detectors have been built. The de-
tectors fall into two categories, those studyingB mesons produced in proton-proton or
proton-electron(positron) collisions, such as CDF, HERA-B, or LHCb currently active
at the Large Hadron Collider, or those operating at electron-positron machines, such as
CLEO, ARGUS, BaBar, Belle, and Belle II.

The operating conditions, and hence the design and goals, of experiments in the two
categories are fundamentally di erent. Experiments operating at proton-proton or proton-
electron(positron), collisions have access to orders of magnitude moi mesons than those
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at electron-positron colliderst. However, experiments at electron-positron colliders have
several advantages.

~

The environment is extremely clean, with a low particle multiplicity spread over the
full solid angle of the detector, allowing for precise and highly e cient reconstruction
of charged and neutral particles and the reconstruction of intermediate resonances
that decay in part or in full to photons, suchas % ; ©1I; and

The initial state is precisely known, both kinematically and in particle contents.
This makes analyses of decay channels with missing particles, and/or that utilise
the full reconstruction of the secondB meson to infer information of the signal B
meson, such as those presented within this thesis, possible.

" Thee'e ! (4 S)cross section, (4 g, at approximately 1:1nb [84], is large rel-
ative to the cross section of lighter quark anti-quark pairs, g, known as continuum
processes, 4 5)= g 0:3. Such processes can be a dominant background source
for many analyses.

As the collider operates just above the (4S) threshold, reducing the collider energy
by 60 MeV allows for the collection and analysis of a clean continuum background
sample.

Using asymmetric beam energies, a boost can be created, inducing spatial separation
in the decay vertices of the twoB mesons allowing for the measurement of time-
dependent CP -violation.

The cross sections ok’e ! and e"e ! cTare within 20% of (4 g at the
centre-of-mass energ)}J s = (4 S) [84] (see Tab. 3.1). Accelerators and detectors
operating at the (4 S) resonance are therefore multipurpose machines, allowing for
detailed studies of the and charm.

The study of B mesons accelerated with the arrival of theB factories, BaBar and Belle,
so named as their respective accelerator complexes, PEP-Il and KEKB, were capable
of producing a million BB pairs per day of operation. The experiments collected data
from 1999 to 2008 and 2010, respectively, achieving integrated luminosities of 514 fb
and 1041fb ! [110, 111]. The two collaborations published approximately 1200 physics
papers across a wide eld of topics, from precision CKM measurements to dark sector
searches. Many of them have had a seminal impact on our understanding of the natural
world, including the observation of CP violation in neutral B mesons, conrming the
theory of Kobayashi and Maskawa, who were subsequently awarded the 2008 Nobel prize.
Physics analyses of the data continue to this day, as demonstrated by the study of inclusive
iVubi! iVeu presented within this thesis.

1At a centre-of-mass energy of 14 TeV the bb cross section at the LHC is 500 b producing 10*? bb
pairs each operating year at a luminosity of 2 10°2cm 2s ! [109]. At design luminosity, SuperKEKB is
expected to produce 13° BB pairs each operating year.
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With the conclusion of the Belle physics run work started on SuperKEKB and Belle I,
representing signi cant upgrades to the accelerator and detector. The rst collisions of
the beams occurred in April 2018. In early 2022, a maximum instantaneous luminosity
of 465 10%*cm 2s ! was recorded [112], the highest luminosity ever achieved by a
particle accelerator, a crown long held by KEKB. Belle Il collected 424 fb ! of integrated
luminosity before a long shutdown in 2022. This initial data sample is used for the study
of weak annihilation presented within this thesis. The experiment is expected to collect
data until 2035, with the aim of collecting 50ab * of integrated luminosity, exceeding its
predecessor by a factor of 50.

For convenience, and following the o cial recommendation of the Belle collaboration,
we discuss KEKB and Belle in the present tense alongside SuperKEKB and Belle II.

3.1 Production

The analyses presented in this thesis are carried out with data from the Belle and Belle Il
experiments at the High Energy Accelerator Research Organisation (KEK) in Tsukuba,
Japan. These experiments study collisions produced by the KEKB accelerator, and its
upgrade the SuperKEKB accelerator, respectively. Schematics of the complexes are shown
in Figure 3.1.

Figure 3.1: Schematics of the KEKB [113] (eft) and SuperKEKB [114] (right) acceler-
ator complexes. Not to scale.

For both accelerators, electrons are produced by a photocathode radio frequency gun
and accelerated by a linear accelerator before being directed onto a tungsten target to
produce positrons. The electrons and positrons are then accelerated to their nominal
energies, 8 and 7 GeV for the electron beam, respectively in KEKB and SuperKEKB,
and 3.5 and 4 GeV for the positron beam, respectively, before electrons are injected into
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the high-energy and positrons into the low-energy storage rings. The two beams counter
rotate within the 3 km circumference rings, colliding at the centre of the Belle or Belle Il
detectors, at a point known as the interaction point (IP). The energies of the beams can
be tuned to create centre-of-mass energies from the (8) to the (5 S). The majority of
operating time is spent at the (4 S) threshold.

SuperKEKB has been designed to achieve an ultimate luminosity of 8 103°cm 2s 1,
40 times higher than that achieved by KEKB [110F. This increase is to be achieved
through two main upgrades. Firstly, the beam currents are increased by a factor of two,
which directly translates to a twofold increase in luminosity. Secondly, a novel interaction
scheme for the beams is employed, known as the nano-beam scheme [115, 116], which
squeezes the interaction region, expected to achieve a factor 20 increase in luminosity.

The asymmetry in the beam energies was decreased to reduce particle losses from the
expected increase in Touschek scattering at higher luminosity [84].

3.2 Detection

Surrounding the interaction points of the two colliders, are the Belle and Belle Il detectors,
respectively. These are general purpose detectors, designed to perform a range of analyses
across low-multiplicity and dark-sector searches, andB, , and charm physics. There are
several key design features of the detectors.

" A large solid angle acceptance, almost 4.

Ability to reconstruct the momentum of charged particles from 100 MeV to 7 GeV,
with high e ciency, accuracy, and precision.

Accurate energy reconstruction of neutral particles ( and n), which do not interact
with the tracking system used to reconstruct charged particles.

Ability to distinguish charged particles. Speci cally, to identify the six charged
particle species with long enough lifetimes to traverse the detector and therefore be
consideredstable These are: electrons, muons, pions, kaons, protons, and deuterons,
as well as their antiparticles.

To achieve these goals, Belle and Belle Il consist of several subdetectors, each optimised
for a speci ¢ goal and for its position relative to the interaction point. From the inside out,
Belle is composed of the silicon vertex detector, the central drift chamber, the time of ight
detector in the barrel region, the aerogel Cherenkov counter in the barrel and forwards
region, the electromagnetic calorimeter and theK °>-muon system. See Figure 3.2 for a
schematic. Belle Il is composed of the pixel detector, the silicon vertex detector, the central
drift chamber, the time of propagation detector in the barrel region and its counterpart

in the forward region { the aerogel ring imaging Cherenkov counter, the electromagnetic
calorimeter, and the K °-muon system. See Figure 3.3 for a schematic.

2Recent projections target a maximum luminosity of 6 :5 10*® cm 2s 1.
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Before we discuss the subdetectors in detail, it is useful to de ne the coordinate system.
The origin is taken to be the nominal interaction point; the z axis follows the detector
symmetry axis, which approximately follows the direction of the incoming electron beam,
deviating by 11 mrad in Belle and 415 mrad in Belle Il; the y axis is taken to point upward
towards the roof of the experiment hall, and the x axis points radially outward from the
centre of the accelerator ring. The polar angle, , is de ned from the positive z axis.
The azimuthal angle, , gives the angle in thex vy plane de ned from the positive x
axis. With the exception of a chimney through the K >-muon system to direct liquid
cooling to the solenoid, the detectors are approximately symmetric in thex vy plane.
Therefore, it is common to integrate over when considering analysis level selections or
detector performance. Due to the boost caused by the asymmetric beam energies, the
particles produced are biased toward the positivez direction. Therefore, the detectors are
not symmetric in polar angle, containing additional sub-detectors in the forward (positive
Z) direction that are not found in the backward direction, and the geometry of the sub-
detectors is adjusted to improve performance in the forward direction.

Figure 3.2: Longitudinal cross section of the Belle detector [117].

3.2.1 Tracking and vertexing

The subdetectors closest to the interaction point, immediately surrounding the beam-pipe,
are designed to track charged particles with high precision to reconstruct their momentum
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Figure 3.3: Longitudinal cross section of the Belle Il detector [118]. The sparse blue
lines to the left of the CDC correspond to cabling and readout electronics for the CDC,
not active detector components.

and the point at which they were created, known as the production vertex. In the Belle
detector this is the responsibility of the silicon vertex detector (SVD) and the central
drift chamber (CDC). In Belle |l these two sub-detectors are augmented by the pixel
detector (PXD). Each subdetector works on the same physical principle: that energetic
electromagnetically charged particles ionise material they traverse. Each, however, utilises
di erent technologies based on the conditions the subdetector is subject to, and whether
the subdetector aims at precise vertex reconstruction or tracking over a large spatial
volume.

3.2.1.1 Silicon vertex detector

The innermost detector of Belle is the silicon vertex detector, designed to precisely measure
the vertices of B meson decays. The SVD consists of double-sided silicon strip sensors,
where strips on the long side run parallel to thez axis and strips on the short side run
transverse. When a charged particle passes through a sensor it produces electron-hole
pairs. The electrons drift towards one side while the holes drift to the other due to an
applied voltage. The current is detected in strips on both sides of the sensor. The position
can thus be constrained to the overlap area of the two orthogonal strips [119].
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Initially, the Belle SVD consisted of three layers at radial distances 30; 4:54 and 605 cm
from the IP, with a polar angle acceptance of 23{140 [117]. In late 2003 the SVD was
replaced with a four-layer design, known as SVD2, to improve the radiation tolerance of
the electronics and reduce the dead time. The four layers were placed at radial distances
of 2.0; 4:35; 7.0 and 88 cm from the IP with an improved polar angle acceptance of 17{150
[120]. A schematic of SVD2 is shown in Figure 3.4.

In Belle 11, due to the expected high occupancy, silicon strip detectors are not suitable
for use extremely close to the IP. Thus, a new type of detector, the pixel detector, is
used, immediately surrounding the beam pipe. This subdetector is discussed in more
detail below. Surrounding this detector, is a four-layer SVD with layers at 39; 8:0; 10:4;
and 135cm [121, 122]. In the forward direction the three outer layers have trapezoidal
sensors tilted towards the beam line to improve acceptance for tracks in the very forward
direction. Acceptance extends from 17{150 degrees in polar angle [119]. A cross section
of the Belle Il SVD can be seen in Figure 3.4.

Figure 3.4: Left: Cross section of the Belle SVD2 [123].Right: Cross section of the
Belle Il SVD [124]. The sensitive areas are in light grey.

3.2.1.2 Pixel detector

The PXD consists of two layers of silicon pixel sensors of depleted p-type eld e ect
(DEPFET) sensors located at 14 and 22cm radially from the interaction point. The
layers nominally consist of eight and twelve ladders; however, due to production delays,
all data collected before the rst long shutdown, that is, all data utilised in the analysis
presented within this thesis, was collected with just two ladders in the second layer. As
precise vertexing does not play an important role in the presented analysis, the impact of
this is minimal. A render of the full and partial PXD is shown in Figure 3.5.

Each ladder consists of two modules, attached end to end. Each is subdivided into
250 768 pixels of varying sizes, from 50 50 m? at the centre of the inner layer to
50 85 m?inthe outer layer [119]. When a charged particle travels through then doped
bulk of the sensor it creates electron-hole pairs. The electrons drift towards an internal
gate embedded into the bulk below a standard MOSFET source-gate-drain structure.
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The accumulated electrons modulate the current between the source and drain. This
modulation is read out, and the pixel reset through application of an external voltage [125].

Figure 3.5: Left: Side view of the full PXD [126]. Right: Front view of the PXD as
installed in all early data taking [127]. The grey surfaces are the sensitive regions.

3.2.1.3 Central drift chamber

The respective central drift chambers (CDC) of Belle and Belle Il are the main tracking
detectors of the experiments. They consist of wires strung across the detector in a helium
ethane atmosphere. The wires act as either eld wires, generating an electric eld due
to applied voltage, or sense wires, which are read out. They are arranged such that
eight eld wires form a square around each sense wire, forming a drift cell, with eld
wires shared between cells. Traversing charged particles ionise the gas, electrons then
drift towards the sense wire, causing secondary ionisations. The current caused by the
avalanche of electrons is detected as a hit in the CDC. Wires are grouped into superlayers,
alternating in alignment between pointing along the axial direction (axial) and being
slightly skewed (stereo) to improve resolution in the z-direction. Figure 3.6 illustrates
the wire arrangement and gives an example of the signal left by a particle traversing the
Belle Il CDC.

The Belle CDC consists of 8400 drift cells with a radial coverage from 13@5cm to
86:3cm [117]. Acceptance extends from 17{150in polar angle [117]. The Belle Il CDC
covers a larger volume, occupying the detector volume radially from 1@ to 111:4 cm [119]
with the same polar angle acceptance. A total of 56576 wires are used, forming 14336
drift cells.

An average charged particle is recorded in tens of hits in the drift chambers (about 70
hits in the Belle II CDC [130]). Combined these give a large lever arm, through which the
momenta of charged particles can be precisely measured, achieving sub-percent accuracy
[131].
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Figure 3.6: Left: Side view of the axial (top) and stereo (bottom) con guration. The
skew of the stereo wires has been exaggerated [128Right: Simulated signals in the
Belle Il CDC inthe x y plane. Hits caused by a cosmic ray muon traversing the detector
are given in purple, hits from beam background in black [129].

3.2.1.4 Track reconstruction

Recorded hits from tracking detectors are ltered and grouped into collections of hits
consistent with the signal of a charged patrticle traversing the detectors. In Belle tracks
are searched for in the CDC and extrapolated into the SVD. Hits in the SVD that match
the extrapolated trajectory are added to the track. In Belle Il, tracks are searched for in
the CDC then extrapolated into the SVD, remaining SVD hits are separately combined
into tracks and extrapolated to the CDC. Both types of tracks are extrapolated to the
PXD where any matching hits are added before performing a nal track t. An overview
of the Belle Il track nding algorithms is provided in Ref. [128].

For both Belle and Belle Il the entire inner detector is subject to a spatially quasi-
uniform 1:5 T magnetic eld created by a solenoid situated between the calorimeter and
the K °-muon system. The magnetic eld causes the trajectory of charged particles to
bend in the x y plane. Neglecting energy losses, they therefore follow helical paths, with
the radius of the helix determined by the transverse momentum of the particle. The track
t therefore provides a measurement of the transverse momentum, and the point of closest
approach of each track to the coordinate system origindy and zg, or to the interaction
point dr and dz, where dy and dr are the respective radial distances, andzg and dz the
respective longitudinal distance.

Tracks serve as a starting point for physics analyses. Tracks and neutral particles are
combined to form resonances. The point of closest approach of the tracks to each other
gives the decay vertex of the resonance. Vertex tting algorithms [132, 133] can adjust
track parameters by their uncertainty to originate from a single position.
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3.2.2 Calorimeter

The electromagnetic calorimeter (ECL) is designed to measure the energy of charged
and neutral particles. It consists of 8736 homogeneous thallium-doped caesium iodide
(CsI(TI) crystals and was reused in Belle Il with upgraded readout electronics. Each
crystal is the shape of a truncated pyramid with an average cross section of 6 6 cn?
and a depth of 30cm, corresponding to 12 radiation lengths®, su cient to absorb the
most highly energetic electrons and photons produced at KEKB and SuperKEKB with
minimal leakage [134]. In comparison, the amount of material between the interaction
point and the ECL is between 03{0:8 radiation lengths [111]. The crystals are wrapped
in re ective material with a pair of photodiodes on the back recording the electromagnetic
shower produced in the crystals, giving a measurement of the deposited energy. The ECL
is split into three regions, the barrel, whose surface is at a radial distance of 125cm from
the z axis, and the two end caps that consist of concentric circles of crystals transverse to
the z axis, atz= 102 and 192cm [119]. With the end caps, the ECL has a polar angle
acceptance of 12{155:1 . The small gaps between the barrel and endcaps, necessary for
the support structure for the inner detectors, cause a 3% signal loss [119]. A diagram of
this structure is presented in Figure 3.7.

Figure 3.7. Schematic of the ECL crystal arrangement [135].

Particles that traverse the calorimeter lose energy through a variety of processes. All
charged particles lose energy through ionisation according to the Bethe-Bloch equation [1].

30ne radiation length gives the thickness of material in which the energy of a traversing electron is
reduced by 1=e.
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For electrons, energy loss due to ionisation is dominated by energy losses through electro-
magnetic interactions with the atomic nuclei, emitting photons through bremsstrahlung.
These photons as well as photons produced in the collision lose energy primarily through
electron-positron pair production, with low-energy photons losing their remaining energy
through Compton scattering and the photoelectric e ect. Combined, bremsstrahlung and
pair production lead electrons and photons to produce a cascade of photons and elec-
trons/positrons when traversing a dense material. This is termed an electromagnetic
shower, and is illustrated in Fig. 3.8. The longitudinal depth of these showers depends
logorithmically on the energy of the initial particles. The radius of the shower perpendicu-
lar to the initial momentum of the incident particle is given by the Moliere radius, de ned

as covering 90% of the energy of the shower in a cylinder of radius.5Ry . For CsI(TI)
Rm =3:53cm [1], a shower is therefore expected to deposit energy in multiple crystals.

In addition to ionisation, hadrons can undergo strong interactions with the atomic
nucleons of the crystal, or any dense material in front of the calorimeter. Such interactions
are complex, with a large number of possible processes contributing. Depending on the
initial energy of the particle, additional charged hadrons, ;K;p;d , or neutral hadrons,

0.K 9;K 9;n, can be produced, starting a hadronic shower. This is shown in Fig. 3.8. The
charged particles produced will undergo the same interactions as described so far. Neutral
pions will decay to a photon pair which will initate an electromagnetic shower. Short-
lived K 2 particles will decay after traversing a short distance, producing further charged
or neutral pions. Long-lived neutral particles, K?2;n, can travel far without leaving an
ionisation trail. If the direction of travel is approximately transverse to the surface of the
ECL a secondary hadronic shower can be created, which is, during event reconstruction,
not associated with the primary energy deposition. This is called a hadronic split-o
cluster. As the ECL has been optimised for electromagnetic showers, it is only 0:8
nuclear interaction lengths, the average length before a hadron undergoes a hadronic
shower, in depth. Due to this and the energy carried away byn; and K? particles
produced in the shower, the energy recorded in a hadronic shower is expected to be less
than the energy of the incident particle. Measurements of the energy in the calorimeter,
compared with the momentum of a track as measured in the tracking systems, thus provide
an avenue to identify electrons.

The showers produced by an incident particle spread over several crystals; the measured
energies must therefore be combined. As the showers of several incident particles can
overlap, connected regions are identi ed and algorithmically split into clusters around
local maxima. Single crystals can fractionally contribute to several clusters. Up to 25
crystals can be added to a cluster in the Belle clustering algorithm, corresponding to a
5 5 grid. The Belle Il clustering algorithm allows for up to 21 crystals, excluding the
crystals at the corner of the grid [138]. A matching algorithm checks if a track can be
extrapolated to the cluster, in which case the energy measured in the cluster is associated
to the track. If no track is extrapolated to the cluster, the cluster is assumed to originate
from a neutral particle, assigned a photon or neutron hypothesis, and used alongside tracks
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Figure 3.8: Schematic of an electromagnetic showerl¢ft) [136] and a hadronic shower
(right) [137].

as the two fundamental objects for physics analyses.

The ECL achieves relative energy resolutions between 4% for 100 MeV photons and
1:6% for 5GeV photons [135, 139]. As neutral particles (, n, and K °) have no ionising
e ect, they do not interact with the tracking detectors; thus the centre of the cluster
position relative to the IP, combined with the measured energy, also provides the three-
momentum information for neutral particles.

3.2.3 K? and muon detector

The outermost subsystem of Belle and Belle Il is theK >-muon system (KLM). It is
designed to measure and tag the two stable particle species most likely to pass through
the inner detectors, Kf’, which only rarely interact with the ECL, and muons, which
as minimum ionising particles punch through the ECL and thus can be tagged by their
presence in the KLM.

The operating principle of the KLM is simple, provide a large amount of dense material
in which the particles can interact and shower, interspersed with detectors. For the KLM,
the dense material is a set of & cm thick iron plates®, equivalent to 3:9 interaction lengths,
compared to the Q8 interaction lengths of the ECL [135]. Like the ECL, the KLM is split
into a barrel and end-cap structure. In the barrel there are 14 iron layers and 15 detector
layers, in the end caps there are 14 layers of detector and iron plates [117, 119, 140]. In
the Belle KLM the iron plates are interspersed with resistive plate chambers. In Belle Il
the plate chambers in the end caps were replaced with scintillators to better cope with the
higher occupancy caused by the increased beam backgrounds due the higher luminosity
at SuperKEKB [117, 140]. The KLM has a polar angle acceptance between 20{150

3.2.4 Particle identi cation

The Identi cation of charged particle species is a key requirement of Belle and Belle I,
needed to reconstruct signal events and reduce the combinatorial background from misid-

4which serve also as the return yoke of the solenoid.
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entifying charged particles. Within the analyses presented in this thesis, the identi cation
of high-momentum electrons and muons, to identify semileptonic events, plays a key role.

Each subdetector discussed so far, except the PXD in Belle Il, contributes to particle
identi cation: electrons are primarily identi ed by the ECL, muons the KLM, and hadron
species (pions and kaons) can be identi ed by measurements of the energy losekeEdx) in
the SVD and CDC. However, at high momenta, particles can no longer be discriminated
by dE=dx measurements; therefore, two additional subdetectors optimised for hadron
identi cation across a broad momentum range are placed between the CDC and the ECL.
In Belle these are the time of ight (TOF) detector in the barrel region and aerogel
Cherenkov counter (ACC) in the barrel and forwards region, in Belle Il they are the
time of propagation (TOP) detector in the barrel region, and the aerogel ring imaging
Cherenkov counter (ARICH) in the forward region. As an example, Fig. 3.9 schematically
shows the interactions of di erent particle species with the Belle Il subdetectors.

Figure 3.9: Schematic of the interactions of di erent particle types with the Belle Il
subdetectors [141]. The subdetectors are not to scale.

3.2.4.1 Time of ight detector

The Belle TOF consists of 64 modules, each consisting of two trapezoidal plastic scintilla-
tion bars separated from a thin trigger bar by 1:5cm. Modules are placed 2 m from the
IP, covering the face of the barrel region of the ECL with a polar angle acceptance of 34{
120 [117]. When charged patrticles traverse the TOF modules, the material scintillates,
emitting light, which is recorded by photomultiplier tubes at the ends of the modules.
This signal is measured with a timing resolution of 100 ps [142]. Combining this timing
information with event timing information, estimated by averaging over all TOF bars, and
ight length as measured by the tracking system gives a measurement of the velocity of
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the traversing particle. From this and the momentum as measured by the tracking system
the mass of the particle can be estimated, e ciently discriminating between pions, kaons,
and protons. The TOF is optimised for particle identi cation below momenta of 1:2 GeV
[143].

3.2.4.2 Aerogel Cherenkov counter

The aerogel Cherenkov counter, located immediately beyond the CDC in Belle, extends
the particle identi cation capability to the high-momentum regime, covering particles with
momenta between 1 4:0GeV [144]. The ACC operates on the Cherenkov e ect [145],
detecting light emitted by particles travelling through a medium at speeds that exceed
the speed of light within that medium. Each module of the ACC consists of ve aerogel
tiles, acting as radiators, stacked in a 12 12 12cm aluminium box that is coupled to
one or two photomultipliers. The ACC covers the barrel and the forward endcap, with
an angular acceptance from 17{127, the refractive index of the aerogel varies depending
on the position of the module to optimise the performance. In the forward endcap, as
there is no TOF, a higher refractive index is selected to aid lower momentum performance.
Particle discrimination is achieved by comparing the humber of recorded photoelectrons
with expectations for each particle type at a given momentum [143, 144].

3.2.4.3 Time of propagation detector

Both the Belle Il TOP and Belle Il ARICH also rely on the Cherenkov e ect. Instead of
measuring the number of photoelectrons these detectors consider the opening angle,, of
the emitted light, which depends inversely on the velocity of the particle. For two species
with the same momenta, the angle therefore di ers due to the masses of the particles. By
combining measurements of the photon angle with the measured track momenta, particle
species can be discriminated.

The TOP has 16 modules, each consisting of two fused quartz bars, acting as radiators,
of dimension 125 45 2cm parallel to the axis of symmetry. At the forward end, the
bar is mirrored. The emitted light internally re ects along the bar until it reaches the
backward end, where an array of fast readout microchannel plate photomultiplier tubes
is coupled to the detector to record the light [146, 147]. A schematic of the operating
principle is shown in Figure 3.10.

Approximately 20 40 photons are detected for each charged particle [148], with a
single-photon timing resolution of 35ps [147]. This is su cient to distinguish kaons from
pions, the light from which has an arrival time di erence of 200 ps for 2 GeV particles.

3.2.4.4 Aerogel ring imaging Cherenkov counter

The ARICH is a proximity-focusing ring-imaging Cherenkov detector, in a toroidal struc-
ture surrounding the beamline in the forward direction with an inner radius of 42 cm and
an outer radius of 114 cm [150].
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Figure 3.10: Left: Schematic of the TOP operation [148]. Right: Schematic of the
ARICH operation [149]. Note that the pion and kaon labels refer to photons originating
from pions or kaons passing through the material.

The detector consists of two 2cm layers of aerogel tiles of di erent refractive indices
acting as radiators, a 16 cm expansion space, and 8 cm deep set of hybrid avalanche photo
detectors (HAPD). The operating principle of the ARICH is depicted in Figure 3.10. The
light emitted in the radiators propagates to the photon detectors, where it is recorded
as a circular pattern from which the Cherenkov angle can be inferred. The ARICH has
demonstrated a 94% kaon identi cation e ciency at a pion-to-kaon misidenti cation rate
of 11% [149].

3.2.4.5 Belle particle identi cation

Within the Belle software, information from several sub-detectors is combined to produce
a set of discriminating variables with which, by requiring a minimum threshold, an analyst
can select particles likely to belong to a particular species.

This is split into a general particle identi cation scheme, using the CDC, ACC and
TOF information and speci ¢ variables aimed at electron and muon identi cation. The
general scheme uses the expected distributions of light yield in the ACC, expected time
of ight in the TOF and dE=dx measurements to build likelihoods for each of the six
charged stable particle hypothesis. The likelihoods from the three detectors are multiplied
together, forming a single likelihood for each particle hypothesisi(), L €P¢ TOF ACC (i),
where o is the vector of observables entering the likelihood calculations. From these
likelihoods a set of binary particle identi cation variables is created:

LCDC, TOF, ACC (Gji) .
L CDC, TOF, ACC (gjj) + LCDC, TOF, ACC (gjj)’

Pi=j = (31)
wherei and j are two particle hypothesis [143].

For electron identi cation, several additional variables originating from the calorimeter
are considered. The full list of all considered variables is [151]:

the ratio of the energy deposited in the ECL crystals to the track momentum meas-
ured in the CDC, E=jpj;
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