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Résumé : De nombreuses déviations par rapport au
modele standard ont été observées dans les désin-
tégrations semileptoniques des mésons B, comme
par exemple la violation de ’'universalité de la sa-
veur leptonique dans les transitions b — séf et b —
ctv. Beaucoup de modeles de Nouvelle Physique
(NP) prédisent également une violation de la saveur
leptonique (LFV). Dans ce contexte, nous recher-
chons les quatre modes de désintégration BT —
K*7% (e, 1) avec I’échantillon de données collec-
tées par I’expérience Belle. Cette analyse n’a ja-
mais été effectuée a Belle ni a Belle II, alors que
des limites supérieures sur les taux d’embranche-
ment de ces modes ont déja été obtenues par les
expériences BaBar et LHCb. Pour les modes a éner-
gie manquante — comme c’est le cas dans nos ca-
naux - I’étiquetage du B est couramment exploité
dans les usines a B pour réduire le bruit de fond.
Nous utilisons la reconstruction des mésons B ha-
droniques fournie par 1’algorithme FEI, le package
officiel d’étiquetage de Belle II. La reconstruction
d’un méson B nous permet de déduire les propriétés
de ’autre B dans I’événement et donc de calculer le
Mecoil, utilisé pour extraire le signal. En absence
de signal, nous obtenons les limites sur les rapports
d’embranchement des modes B — K7/, avec I’en-
semble des données de Belle, de I’ordre de quelques
10~°, qui sont les plus contraignantes 2 ce jour.
Améliorer I’étiquetage hadronique du B est un
élément clé pour augmenter la sensibilité expéri-
mentale des futures analyses de ces modes. La cor-
rection de la description des désintégrations de B™
dans la simulation Monte Carlo (MC) pourrait le
permettre. En effet, FEI utilise des techniques de
machine learning pour séparer efficacement le si-
gnal du bruit de fond. Toutefois, ces méthodes étant
entrainées sur le MC, elles peuvent, en cas d’erreur,
conduire a des performances FEI non optimales,
engendrant une différence importante d’efficacité

entre les données et le MC. Nous révisons la simula-
tion MC en nous concentrant sur les modes les plus
pertinents pour I’étiquetage des mésons B et ré-
duisons de maniere significative I’écart observé. Les
autres directions sont I’ajout de nouveaux modes de
désintégration et la récupération des candidats par-
tiellement reconstruits.

Cette these explore aussi la possibilité d’utili-
ser une approche d’étiquetage semileptonique. Dans
ce contexte, I’impulsion du méson B ne peut plus
étre mesurée, augmentant approximativement la ré-
solution sur Meqo1 d’un facteur 5. Cependant,
I’approche d’étiquetage semileptonique offre une
grande efficacité de reconstruction en raison des
larges rapports d’embranchement des désintégra-
tions B — D™)¢v, nous étudions comment les dif-
férentes conditions en termes de résolution et de
composition du fond ont un impact sur la sensibilité
finale. Des contraintes supplémentaires peuvent étre
imposées en se basant, par exemple, sur la connais-
sance de la cinématique de I’événement. L’ utilisa-
tion de cette information seule améliore déja la ré-
solution de M, ecoi1, €n particulier pour les désin-
tégrations hadroniques du 7. Nous essayons égale-
ment d’exploiter ’information du vertexing et ex-
plorons différents scénarios de résolution avec le dé-
tecteur Belle II et I’accélérateur SuperKEKB. Des
lors, I’étiquetage semileptonique devient compéti-
tif par rapport a I’étiquetage hadronique. Ce ré-
sultat est encourageant car il permet 1’exploitation
d’un échantillon de données indépendant et ouvre
d’autres perspectives pour les futurs échantillons
collectés, sachant que Belle II a deja accumulé 0.6
fois les données de Belle. En supposant que les ano-
malies ne soient pas bientot réfutées, un échantillon
de données plus important combiné a une straté-
gie optimisée d’étiquetage du B, pourrait conduire
a I’observation de LFV ou a contraindre fortement
les modeles de NP qui leur sont associés.
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Abstract : For over a decade, many deviations from
the Standard Model have been observed in semilep-
tonic B-meson decays, for example, the departure
from the lepton flavor universality in b — s¢¢ and
b — crv transitions. Many New Physics (NP) mo-
dels trying to explain these results also predict a vio-
lation of the leptonic flavor (LFV). In this context,
we are searching for the four B* — K*75(T ({ =
{e, u}) decay modes with the data sample collec-
ted by the Belle experiment. This analysis has never
been performed at Belle nor Belle II, while some
upper limits on the rates of such modes were pre-
viously set by the BaBar and LHCb experiments.
For modes with missing energy — as it is for our
channels — B-tagging is commonly exploited at B-
factories to reduce the background. We use the ha-
dronic B-meson reconstruction provided by the FEI
algorithm, the official exclusive tagging package at
Belle II. The reconstruction of one B-meson allows
us to infer the properties of the other one and hence
compute the M,q.oi1, Which is the observable used
to extract the signal yield. In the absence of signal,
we derive the upper limits on the branching ratios of
B — K7/ modes, obtained with hadronic FEI and
the full Belle dataset. The limits are of the order of
a few 1077 and are the most stringent to date.

A key point to improve the experimental sensi-
tivity with the available and future Belle II data is to
boost the B-tagging performance and obtain higher
efficiency. The first step in this direction consists
in improving the description of BT decays in the
Belle Monte Carlo (MC) simulation. In fact, FEI
uses machine-learning techniques to efficiently se-
parate the signal from backgrounds. However, such
methods are trained on MC, which, if incorrect, can
lead to non-optimal FEI performance. One of the
consequences is the large discrepancy between data

and MC for the FEI tagging efficiency. We revise
the MC simulation by focusing on the most rele-
vant modes and significantly reduce the seen discre-
pancy. Other directions towards a higher efficiency
are proposed in this manuscript; they include ad-
ding some new decay modes to FEI and recovering
only partially reconstructed candidates.

This thesis explores the possibility of using a
semileptonic tag approach for the B¥ — K*r/
search. As opposed to the hadronic tag, the momen-
tum of the B-meson cannot be measured ; hence, the
resolution on the M,...; is roughly a factor 5 worse.
However, the semileptonic tag approach provides a
high reconstruction efficiency because of the large
branching ratios of B — D®*){v decays; we study
how the different conditions in terms of resolution
and background composition impact the final sen-
sitivity. Additional constraints can be imposed ba-
sed on the knowledge of the event kinematics. The
usage of this information-only already improves the
resolution of M, ecoil, especially for hadronic 7 de-
cays. We also try to exploit the vertexing informa-
tion and study different resolution scenarios with
the upgraded detector Belle II and accelerator Su-
perKEKB. Including those improvements, the se-
mileptonic tag approach is competitive with fully
reconstructed hadronic tags. This result is encou-
raging because it allows to exploit an independent
data sample and opens other exciting prospects gi-
ven the larger Belle II final dataset. The Belle II ex-
periment has already accumulated a sample that is
more than half that of Belle. Assuming that the ano-
malies are not disproved within a few years, the lar-
ger dataset combined with an optimized B-tagging
strategy might lead to observing the LFV decays
or strongly constraining the NP models associated
with them.
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Synthése

Introduction

Depuis plus d’une décennie, de nombreuses déviations par rapport au Modéle Stan-
dard de la physique des particules (SM) ont été observées dans les désintégrations
semileptoniques des mésons B. L’écart par rapport & I'universalité de la saveur des
leptons (LFU) dans les transitions b — s¢¢ (observables Ry (.), voir Eq. 1.6) et b — cTv
(observables R+, voir Eq. 1.7) en est un exemple. La LFU est une symétrie acciden-
telle du SM et implique que les trois familles de leptons aient les mémes couplages avec
les champs (hormis le champ de Higgs). Une des conséquences de la non-universalité
leptonique est la violation de la saveur leptonique (LFV). En effet, méme dans un SM
étendu incluant des masses non nulles de neutrinos (m,,) générées par le mécanisme de
Higgs, la violation de la saveur leptonique chargée (cLVF) est un phénomeéne extréme-
ment rare, supprimé par les puissances de m,. La plupart des modéles proposés pour
expliquer les anomalies [1-4] prédit des taux de désintégration considérablement accrus
dans les processus comme b — s€¢' (¢ # £'), en particulier les modes B — K7 [4].

Parmi les scénarios au-dela du SM (BSM), celui incluant les leptoquarks (LQs) est
I’'un des plus reconnus. En effet, les LQs peuvent contribuer aux transitions semilep-
toniques au niveau arbre (Fig. 1.4), montrant ainsi des anomalies importantes, tout en
entrant seulement au niveau boucle dans les interactions & quatre quarks ou a quatre
leptons, dans lesquelles aucune déviation du SM n’a été trouvée jusqu’a présent [5].
De plus, les masses prédites pour les LQs sont ~O(TeV), bien au-dessus de I’échelle
électrofaible, ceci étant compatible avec le fait qu’aucune nouvelle particule n’a été
directement observée durant les expériences LHC depuis la confirmation du boson de
Higgs.

Le scénario offert par le LQ vectoriel appelé Uy a besoin d’un complément ultravi-
olet, ce qui signifie que le modéle générant les nouvelles particules doit étre fourni. Ce
probléme peut étre résolu dans des modéles oil le groupe de jauge est brisé a ’échelle
du TeV et on U; est un boson de jauge [6]. Dans un scénario a deux LQ, les deux
scalaires S7 (ou Rg) et S3 peuvent fournir une explication aux anomalies B et étre
également compatibles avec les contraintes de b — svv [7]. Plus de détails sur la fagon
dont le modéle de nouvelle physique et les contraintes expérimentales se traduisent
en couplage réel sont donnés en annexe A. L’observation de la violation de la saveur
des leptons dans le secteur des leptons chargés serait un signe univoque de physique
au-deld du SM et fournirait des contraintes fortes aux modéles BSM.

Dans ce contexte, nous avons recherché les quatre modes de désintégration B —
K*7%0F (¢ = {e, u}), représentant chacun non seulement un ensemble spécifique de
couplages pour l'interprétation théorique, mais aussi une nature de fond différente.
Nous appelons OSy les modes ot le lepton léger ¢ a la charge opposée par rapport au
kaon et SSy les autres. Nous utilisons I’échantillon de données collecté par ’expérience
Belle au collisionneur KEKB entre 1999 et 2010 et correspondant & 772 millions
de paires de mésons B de saveur opposée, BB. Chez les usines & B, les collisions
ete” se produisent a I’énergie du centre de masse de 10.58 GeV. A cette énergie,
les processus hadroniques les plus abondants sont la production de paires de quarks
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légers (qq, ¢ = {u,d, s, c}) pour une section efficace totale o de 3.7nb. La résonance
7(4S) est également produite (o = 1.1nb) et se désintégre dans presque 100% des
cas en paires de mésons BB (chargés ou neutres). La recherche de désintégrations
de B* — K*7/ n’a jamais été effectuée a Belle ni a Belle II, alors que certaines
limites supérieures (UL) sur les rapports d’embranchements (BFs) avaient été fixées
précédemment par les expériences BABAR et LHCb (de l'ordre de quelques 107°).
Pour les désintégrations avec des particules échappant a la detection — les neutrinos
provenant du 7 dans les modes K7/ — I'étiquetage du B est couramment utilisé dans
les usines & B.

Recherche des désintégrations BT — K7/ dans I’expérience
Belle avec étiquetage hadronique des mésons B

Nous utilisons la reconstruction du méson B hadronique fournie par l’algorithme
FEI 8], le package d’étiquetage exclusif des mésons B a Belle I1. Le tag B de I’événement
(Btag) est reconstruit dans un ensemble de modes hadroniques connus suivant une ap-
proche hiérarchique ou les particules intermédiaires sont obtenues en combinant les
particules de I'état final et ainsi de suite jusqu’au candidat Biag. L’algorithme recon-
struit ~ 35 modes BT hadroniques et environ 20 modes D°, sélectionnant quelques
milliers de chaines de désintégration au total. Chaque étape fait référence a un clas-
sificateur BDT entrainé sur des événements simulés (Monte Carlo, MC). Ppgy est la
variable que nous utilisons pour distinguer le signal du bruit de fond. La reconstruc-
tion du FEI via les modes hadroniques a une efficacité assez faible (environ 1%) mais
supérieure a l'algorithme de Belle, appelé FR [9].

Aprés la reconstruction hadronique exclusive du méson B, nous sélectionnons deux
traces comme étant le kaon (Kgig) et le lepton (4sg) de signal (ou prompt). Comme
nous connaissons le quadri-moment initial de I'’événement, et donc ceux du Biag, du
K et du fgg, nous pouvons dériver la cinématique du 7 et donc la masse de recul
du signal B (Bsig) Miecoi

* * * * l
Mrecoit = [m% + micp — 2(Bpeam Blce/ ¢ + P, Pice €05 0/¢)]2 (A)

ou 6 est 'angle entre pgtag et py,. Le remplacement Ep —— Ef 2 conduit & une

beam
meilleure résolution sur My ecoil, de 'ordre de 30 MeV. La distribution de M,ecoi est
utilisée pour extraire le nombre d’événements de signal (Ngjg) : alors qu'ils ont un pic
a la masse du 7, les événements de fond couvrent une région beaucoup plus large.
L’étape finale consiste & sélectionner une trace supplémentaire (¢;), avec une
charge opposée par rapport a fge. Cette trace doit étre compatible avec un pion,
un muon ou un électron. Aucune autre trace provenant du point de collision (IP)
n’est autorisée dans le reste de I'événement (ROE). A ce stade, la sélection couvre
toutes les désintégrations du 7 ‘1-prong’ (~ 80% de la largeur). La nature du fond
obtenu dépend de la configuration de la charge. Dans les deux cas, les désintégrations
Bt — 50(—> K+t X)X favorisées par Cabibbo sont les sources dominantes du bruit
de fond BB, qui est réduit a l'aide d’une analyse multivariée sous forme de boosted
decision trees (BDT). Pour les modes OS, les désintégrations semileptoniques D° imi-
tent le coté signal, tandis que pour les modes SS, les désintégrations semileptoniques

IToutes les observations marquées d’un astérisque sont mesurées dans le référentiel du centre de
masse.
2B} oam est Iénergie de collision calibrée au centre de masse.
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du B fournissent le lepton avec la bonne charge. La distribution M (K~ X™), définie
comme suit :

(L)s*ss: ]}\/[4([( _X++) = M(Ksi§£%) B

P M(K™XT) = M(Kg,th)

est trés importante pour 'entrainement du BDT car le systéme K X provient princi-
palement de désintégrations des mésons D pour le fond et est donc cinématiquement
contraint. Nous appliquons également un veto sur une région étroite de M (K~ X ™)
afin d’éliminer les événements ayant D° — K77,

Nous entrainons d’abord un BDT basé sur certaines caractéristiques utilisant les
propriétés de BT — K7/ contre les événements BB génériques. Celles-ci incluent
notamment la variable M (K~ X™), les propriétés du ROE (par exemple I'énergie dé-
posée dans le calorimétre), les variables liées & la topologie de désintégration de Bgig
et la qualité du Biag. Bien que les variables soient choisies pour supprimer le fond
BB, une bonne séparation est également obtenue pour les événements ¢g. Aprés une
coupure sur le score du BDT, qui se traduit par une efficacité du signal & 40-50% et
un rejet global du bruit de fond & 90-95%, la composante ¢g devient non négligeable
et devons donc procéder & une suppression ultérieure. Pour cela, nous entrainons
un second classificateur BDT et exploitons des variables communes pour la suppres-
sion du continuum en fonction de la forme de I’événement. En effet, les événements
BB sont plus sphériques et les particules sont uniformément distribuées alors que les
événements gq ont deux jets avec des impulsions larges. Les propriétés utilisées pour
I'apprentissage ne montrent pas de séparation entre le signal et les événements BB.
En appliquant une coupure assez lache sur la sortie du BDT (efficacité du signal :
80-90%, rejet du fond ¢g: 90%) nous nous débarrassons efficacement du fond ¢g tout
en n’améliorant que peu la signification finale, évaluée avec la figure de mérite de
Punzi [10].

Afin de mesurer un rapport d’embranchement, nous utilisons 'efficacité du signal
final obtenu sur MC, qui doit étre corrigé pour les différences possibles par rapport
aux données de collision. Nous exploitons différents échantillons de contréle pour
évaluer ces différences et en déduire les erreurs systématiques. Certains termes sont
définis comme multiplicatif car ils affectent 'estimation du nombre total d’événements
reconstruits. Les principales contributions et les procédures permettant de les estimer
sont énumérées ci-dessous.

- Efficacité de la suppression BB. Nous utilisons 1’échantillon BT — D~ ntrt
en raison de ses propriétés similaires a celles de Bt — KT7/¢. Le méson D~
est reconstruit dans le canal K7~ 7~ ; un pion est traité comme ¢, tandis que
le reste est considéré comme énergie manquante. Etant donné que 1'état final
D=7t 7™ est produit par des désintégrations E**OW+, les deux pions prompts
ont des gammes d’impulsions différentes. Par conséquent, les roles de K et
de 4y sont randomisés afin d’obtenir un M (Kt;) aussi proche que possible du

signal. De bons accords entre le signal et le modéle MC (D**Owﬂ et entre les
données et le MC sont obtenus.

- Efficacité de la suppression ¢g. Comme les caractéristiques utilisées pour en-
trainer le second classificateur BDT ne permettent pas de séparer le signal des
événements BB, nous utilisons 1’échantillon plus pur BT — J/y(— (H47)KT,
qui présente le méme nombre de traces de K /.

- Efficacité de la reconstruction du Biag. Un autre terme a prendre en compte est
la divergence données/MC liée a la reconstruction du FEI, principalement due
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4 une mauvaise modélisation MC des désintégrations des mésons BT. Pour y
remédier, nous utilisons les facteurs de calibration officiels dépendant du mode
FEI obtenus avec les événements BY — D°(— K7~ )¢{*v, [11]. En repondérant
les facteurs en fonction de la composition du signal MC, nous obtenons une
correction sur Defficacité moyenne de 85% avec une erreur de 6%.

Nous considérons ensuite les erreurs additives, qui affectent I'estimation de Ngig
et sont donc exprimées en termes de nombre d’événements. La forme de la fonction
de densité de probabilité (PDF) du signal, qui se compose d’une Cristal Ball et d’une
gaussienne, doit étre calibrée car elle est fixée a partir du MC lors de ’ajustement
des données. Nous utilisons un échantillon obtenu en associant un pion au By,g,
et le recul du systéme permet d’extraire les événements D™ w. Cette méthode a
I’avantage de fournir des statistiques beaucoup plus élevées, car les mésons D et D*
ne sont pas reconstruits. L’écart en Ny dérivé des différences données/MC est utilisé
pour estimer 'erreur systématique. Pour la fraction pondérant les deux composantes
du signal, nous faisons varier la valeur estimée a partir de MC pour établir 'erreur
systématique.

Pour les quatre modes, nous ne trouvons aucune preuve de signal et par con-
séquence nous dérivons les limites supérieures sur les BFs avec une approche fréquen-
tiste cette phrase est étrange, les je ne vois pas en quoi les deux parties autour du "et"
sont liées. Nous générons dix mille pseudo-expériences ou le fond a la forme ajustée
aux données et le N, varie dans une gamme pour trouver la valeur correspondant a
90% des pseudo-expériences ayant un Ngjz obtenu inférieur aux données.

La sélection des événements et la suppression du bruit de fond sont optimisées a
I’aide du modéle d’espace de phase a trois corps pour le signal MC. Cependant, les
interactions violant la saveur des leptons et entrant dans les transitions de b — sff
peuvent produire différentes distributions de ¢> = M (£7), et ainsi différentes efficacités
finales du signal. En suivant la paramétrisation de la Réf. [12], nous considérons
le scénario conduisant a la plus basse efficacité et obtenons les limites supérieures
suivantes sur les BFs :

B(BT — K*rt ™) < 0,65 x107°
BBt - Ktrte™) < 1.71 x 107°
BBt - Ktr put) <297 x107°
B(BT — Ktr7e™) < 2.08 x 107°

qui intégrent les erreurs systématiques.

La limitation actuelle de la mesure provient de l'efficacité, considérablement ré-
duite par I'é¢tiquetage hadronique des mésons B. Par conséquent, nous poursuivons
une étude approfondie de la performance du FEI afin de mieux exploiter les données
disponibles. Ce travail arrive & point nommé puisque le premier long shutdown de
Belle II est en cours : nous avons I'opportunité de mieux comprendre notre algorithme
d’étiquetage avant I'arrivée de nouvelles données.

Ameélioration de 1’étiquetage hadronique des mesons B™

Un élément clé pour améliorer la sensibilité expérimentale avec les données disponibles
et futures de Belle II est d’augmenter la performance d’étiquetage et d’obtenir une
efficacité plus élevée. La premiére étape consiste alors & améliorer la description des
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désintégrations de B' dans la simulation MC de Belle. En effet, FEI utilise des tech-
niques multivariées pour séparer efficacement le signal du bruit de fond. Cependant,
ces méthodes sont entrainées sur le MC, ce qui, en cas d’erreur, peut conduire & des
performances non optimales. L’une des conséquences est 1’écart important entre les
données et le MC pour 'efficacité du FEI.

Si I'on considére les transitions b — ¢, 1/4 des désintégrations BT sont semilep-
toniques et FEI en couvre une grande fraction en raison des larges BFs pour les

—(%)0 Lo . . . p
modes D( ) ¢y, Les désintégrations hadroniques, qui couvrent les 3/4 restants?,
sont générées avec :

- EvtGen En utilisant les mesures collectées par PDG et les principes de symétrie.
Les mesures sont souvent trés anciennes et mal implémentées dans la simulation.

- PYTHIA En effectuant la fragmentation basée sur les quark donnés. Le fait que
plus de la moitié des décisions B hadroniques soient décrites avec PYTHIA montre
a quel point leur connaissance est limitée.

Les contributions dominantes & la largeur hadronique proviennent des transitions
b — cud et b — cc5. En particulier, les premiéres couvrent plus de 60% des désintégra-
tions hadroniques dont une grande fraction est générée par PYTHIA. Cette composante
est difficile & accorder et peut produire des états finaux erronés. Nous avons étudié ce
phénomeéne de maniére plus approfondie & I'aide d’un échantillon pur.

L’échantillon le plus propre dont nous disposons est le BT — J/¢% K™ en raison de
la résonance en deux leptons et de la présence d’'un kaon ; ce mode permet d’atteindre
une pureté de presque 100% et d’isoler I'autres B de I’événement, dont on connait
la saveur. L’inconvénient de cet échantillon est le faible BF, conduisant a seulement
~ 35k événements pour I’ensemble des données Belle.

Nous appliquons 'algorithme FEI sur le ROE des B candidats sélectionnés, comp-
tons les N (Btag) pour chaque état final (FEI modes) et comparons les données avec
MC. Les rendements obtenus sont le résultat de deux termes : 'efficacité de recon-
struction et le BF effective pour chaque état final. Les modes ﬁ(*)omr sont respon-
sables de ~90% de l'efficacité finale. Les modes avec deux mésons charmés, malgré
des BFs comparables, souffrent des reconstructions exclusives de deux Ds. Nous nous
concentrons donc sur le mode 12 FEI et sur les principales chaines de désintégration
qui y contribuent selon la simulation. En particulier, les modes a trois et quatre pions
présentent les écarts les plus importants et ont un impact fort sur I’étiquetage. Les
données expérimentales disponibles sont rares et révelent le manque de résultats des
usines & B avec leurs ensembles de données complets. Nous avons proposé quelques
corrections basées sur une lecture attentive des listes PDG [13] et des résultats expéri-
mentaux et théoriques [14—16] tout en essayant de faire un lien avec les désintégrations
du 7. Les 6% que nous avons retirés des désintégrations exclusives sont remis dans
PYTHIA. Ce n’est pas optimal car cela crée de nouveaux modes ou augmente les modes
existants, mais nous avons intégré nos connaissances en interdisant & PYTHIA de générer
certaines désintégrations qui devraient étre supprimées.

En plus de réduire la divergence MC/données en termes d’efficacité, ce travail
sur le MC devrait étre bénéfique pour la pureté de FEI, comme le démontrent les
distributions cinématiques présentées dans la Fig. 4.20. Ce dernier point est crucial
car la cinématique des particules de 1’état final composant les B est utilisée pour
I’entrainement du FEI. Un nouvel entrainement basé sur le MC mis & jour montrera
bientot les améliorations attendues.

3Seulement ~30% d’entre elles sont reconstruites par FEI.
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La principale faiblesse de ’échantillon J/¢K — la faible puissance statistique
pour confirmer nos modifications — peut étre surmontée en utilisant 1’échantillon in-

clusif 5(*)07r+. Ce manuscrit propose d’autres directions pour améliorer 'efficacité
d’étiquetage, notamment ’ajout de nouveaux modes de désintégration a FEI et la
récupération de candidats partiellement reconstruits.

Recherche des désintégrations BT — K17/ avec étiquetage
semileptonique des mésons B

L’étiquetage semileptonique des B n’a jamais été essayé pour la recherche des désinté-
grations B — K7/ et présente deux avantages principaux. Le premier est l'efficacité
de reconstruction plus élevée due aux larges BFs des désintégrations de B — D™ (v,
Deuxiémement, seuls quelques modes sont utilisés et sont mieux connus, ce qui rend
la description MC plus fiable et la performance FEI plus proche des données.

Avec 'étiquetage semileptonique, une plus grande efficacité peut étre atteinte mais
au prix d’une résolution dégradée sur la variable d’extraction M;ecoi- En effet, la direc-
tion du Byae ne peut pas étre récupérée en raison de la présence d’un neutrino. Dans
'expression de la masse de recul (Eq. A), deux termes doivent étre remplacés. L’un
Jc? —m¥ie2.
L’information de direction, encodée dans le terme cos # est maintenant remplacée par
une valeur extraite d’une distribution uniforme entre —1 et 1. Ce changement a pour
effet de dégrader la résolution d’un facteur ~ 5. Le but de I’étude est d’avoir une
estimation réaliste du fond pour extraire la sensibilité basée sur la nouvelle résolution
et 'efficacité pour le signal.

Le processus de sélection commence par 'utilisation de ’étiquetage semileptonique,
disponible dans le package FEI. Nous utilisons la variable cosfgy et sélectionnons
également les bons candidats B en fonction de Ppgy. La signature des désintégra-
tions semileptoniques correctes de B est la variable cos 6gy car elle définit ’ouverture
du cone (autour de la direction du systéme visible Df) o le pp devrait se trouver.
L’ingrédient clé est le fait que la seule particule manquante est un neutrino. Nous
prenons également en compte la production de charmonia dans les événements com-
binatoires ot deux leptons de méme saveur et de charge opposée sont sélectionnés.
Enfin, nous coupons la variable M (K~ X ™) plutét que de 'utiliser pour 'entrainement
BDT, car le résultat de la coupe BDT serait d’écarter la région sélectionnée.

Nous entrainons ensuite un classificateur BDT avec les caractéristiques du Byag,
du signal B, de la forme de I’événement et du ROE, dans le but d’éliminer en une
seule étape les deux composantes de fond. Le score du BDT sépare trés efficacement
le fond ¢q gréace aux variables de suppression du continuum, tandis que la composante
BB avec un Bi,g semileptonique survit & notre coupe plutot drastique.

Le résultat au niveau de confiance 90% est prometteur car il se situe a la méme
valeur que les résultats précédents. En ce sens, la combinaison d’une résolution plus
faible et d’une efficacité de reconstruction plus élevée semble plus que réalisable. Nous
examinons si I'approche semileptonique peut étre encore améliorée.

L’idée est d’appliquer au secteur B une étude déja publiée concernant les désinté-
grations du 7 a Belle II [17]. Dans cette référence, la masse de recul est vue comme
le résultat d’'une minimisation contrainte ‘Ms’ et I’événement est caractérisé par une

est la norme de 'impulsion, pEmg, qui peut étre approximée par \/ Eggam

certaine énergie manquante sur les deux cotés B. La minimisation utilise le fait qu’aux
usines a B, le quadri-momentum initial est connu ; par conséquent, la somme des im-
pulsions ‘invisibles’ est nécessairement égale a 'impulsion manquante de ’événement.
Nous appliquons ensuite deux contraintes cinématiques supplémentaires : 1'une est
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liée & la connaissance de la masse invariante du systéme, s, et 'autre au fait que de
chaque cdté nous connaissons la masse des parents, puisque I’événement n’a que deux
B (Eq. 5.6). Pour la minimisation, les k% et k:% sont requis. Le k% correspond a la
masse élevée au carré du neutrino, qui est nulle. Par ailleurs, il faut distinguer les dés-
intégrations hadroniques et leptoniques du 7. Dans le premier cas k% = 0, mais dans
le second, une approximation de la masse invariante du systéme des deux neutrinos
est nécessaire. Nous exploitons le fait que les deux B sont presque au repos dans le
référentiel du centre de masse, ce qui nous permet de calculer le k7 dans le contexte
du laboratoire.

Des contraintes supplémentaires peuvent étre imposées sur la base des informations
de vertexing et de différentes conditions de résolution liées a Belle II et au collisionneur
amélioré SuperKEKB, en exploitant la taille réduite des faisceaux et les excellentes
performances de vertexing dues & PXD. Cependant, dans 'implémentation actuelle
des contraintes, cet élément d’information n’apporte pas un gain significatif.

Cette étude, documentée dans [18], montre qu’il existe une amélioration significa-
tive de la résolution avec les contraintes cinématiques (Mssp) uniquement pour les
désintégrations hadroniques du 7 en raison de la contrainte précise sur k7. En ce qui
concerne les informations de vertexing, pour la configuration testée pour 'article, ou
seul le vertex Bg;g est utilisé, il faudrait une résolution d’environ 5 ym pour atteindre
les performances obtenues avec Masp (en considérant la taille du point d’interaction
Belle II de conception). Nous pouvons enfin comparer les ULs en absence de signal
obtenues avec un étiquetage hadronique ou semileptonique. Le fait que nous obtenions
la méme sensibilité est trés encourageant car cela permettrait d’exploiter un échan-
tillon indépendant pour élargir les données disponibles ou pour confirmer la présence
du signal & tout niveau de signification.

Conclusion et perspectives

Nous avons cherché les désintégrations BT — K7/, motivées par les indices de viola-
tion du LFU dans les désintégrations B. Nous avons utilisé ’algorithme d’étiquetage
B de Belle II sur I’échantillon de données Belle et aucun signal n’a été trouvé pour au-
cun des quatre modes. Nous avons dérivé les limites supérieures, qui sont les premiéres
établies avec les données de Belle et les plus strictes & ce jour.

En examinant de plus prés les performances de 1’étiquetage B hadronique, nous
nous rendons compte qu’elles sont étroitement liées & la modélisation MC. Nous util-
isons I'échantillon Bt — J/¢(— £T¢7)K* comme le moyen le plus efficace de sonder
le Biag et de vérifier les fautes trouvées dans la simulation. Les corrections proposées
au MC de Belle apportent une amélioration du facteur de calibration global et des
distributions cinématiques des filles de B.

Nous avons exploré la possibilité d’utiliser 1’étiquetage semileptoniques des B et
il s’est avéré étre une alternative viable & Belle II, en particulier si des contraintes
cinématiques sont appliquées pour améliorer la résolution de Mqcoi. Pour I'avenir,
les orientations sont claires. Nous pouvons effectuer la mesure avec plus de données
et une stratégie améliorée incorporant les connaissances accumulées jusqu’a présent ;
I’expérience Belle IT ayant déja accumulé un échantillon de plus de la moitié de celui
de Belle et devrait atteindre 5ab~! dans approximativement cing ans. Du coté de la
simulation, nous devons clarifier certains modes de désintégration B et obtenir une
mesure plus précise du BF. Du c6té du FEI, il est impératif d’effectuer un nouvel
entrainement et d’améliorer ’algorithme, par exemple en révisant la sélection et en
ajoutant de nouveaux états finaux. Un travail similaire est en cours sur les mésons
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neutres B, ce qui profitera a la recherche de modes comme B? — K97¢. Pour en venir
a ’approche semileptonique, nous avons deux approches possibles : la cinématique et
le vertexing. Pour en tirer profit au maximum, il est important d’améliorer la sélection
du signal et essayer de combiner plusieurs informations faibles pour surcontraindre
le systéme. En conclusion, en supposant que les anomalies ne soient pas réfutées
d’ici quelques années, 'ensemble de données plus important combiné a une stratégie
d’étiquetage du B optimisée pourrait permettre d’observer les désintégrations LFV
ou de contraindre fortement les modéles de nouvelle physique qui leur sont associés.



Introduction

Despite being validated by many experiments, the Standard Model of particle physics
(SM) is known to be an incomplete theory. For instance, it provides a very coherent
description of the known fundamental particles and allows to make precise predic-
tions about their interactions. On the other hand, experimental observations demand
extensions to the SM to obtain a more general theory capable of covering a broader
range of energies.

For example, the SM does not describe the gravitational interaction, nor can ex-
plain the dynamical origin of the observed matter-antimatter asymmetry. The SM
sets to zero the masses of neutrinos, going against the well-established observation
of neutrino flavor oscillations, which imply non-zero masses. Furthermore, the SM
fails to explain the existence of the ‘dark’ (neither baryonic nor luminous) matter,
which does not interact with ordinary particles with known forces, yet providing the
additional gravitational attraction needed to ensure the formation of astrophysical
objects.

There are also more conceptual problems that would need extensions of SM to
be better understood. One for all, the so-called flavor problem: many SM parame-
ters are poorly constrained by symmetry principles, and measurements have revealed
clear hierarchical structures, for example, for the fermion masses or the CKM matrix
elements. Additional, unknown symmetries could explain those patterns.

In addition to the gaps summarized above, there are also longstanding tensions -
significant deviations from SM predictions: the anomalous magnetic moment of the
muon g, — 2 with 4.2 discrepancy [19] and an ensemble of observables related to
semileptonic B meson decays collectively know as B-anomalies and showing a global
discrepancy up to 4.6 ¢ for some specific fits [20].

In b — sf¢ transitions, for example, there is a hint of lepton flavor non-universal
interactions that, if confirmed, not only would be a clear sign of physics beyond the SM
model (BSM), but also would suggest that lepton flavor violating (LFV) decays could
appear in B meson decays with much higher rates than expected. The branching
fractions (BFs) of the B — K7¢ (¢ = e,u) decays, for example, are predicted to
be close to the current experimental sensitivities according to some BSM models [4].
Searches for these decays have been performed in the past by BABAR [21] and LHCb [22]
experiments, but no evidence has been found so far.

The work presented here aims at searching for the first time for BT — Kt/
decays with the data collected by the Belle experiment at the KEKB collider between
1999 and 2010 and corresponding to 772 x 10 BB pairs. We have also examined the
limitations of the current analysis strategy and proposed paths towards an update of
the measurement with the upgraded detector Belle I and collider SuperKEKB.

The manuscript is organized as follows. Chapter 1 briefly introduces the SM basics
and some nomenclature, with more emphasis on the aspects related to flavor and the
B-anomalies, as well as the theory behind the B meson decays.

Chapter 2 describes the duo machine/experiment (KEKB/Belle) where the used
dataset was collected. The key elements about the upgrades are also presented. Spe-
cial attention has been given to the Belle II High-Level Trigger, as the IJCLab group
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has put efforts into its operation since the early stages of data-taking.

In chapter 3 we report about the search of the BT — K7/ (¢ = {e,u}) decays
using the hadronic B-tagging and the Belle data sample corresponding to 711fb~!.
The analysis procedure on simulated data and the results on collision data are shown.
In chapter 4, we describe how the current knowledge on hadronic B-decays has been
integrated into the simulation and outline other directions to improve this B-tagging.

In chapter 5 we discuss the feasibility of a search based on a different B-tagging
approach, where semileptonic, instead of hadronic, B-decays are used. This method
has the well-known advantage of being more efficient but the drawback of leading to a
degraded resolution. We here explore how the Belle IT performance and SuperKEKB
parameters could improve the sensitivity.

Lastly, chapter 6 summarizes the achieved results and elaborates on the current
limitations of our measurement. We provide possible paths to reach a higher sensitivity
for LF'V searches in B-decays, not only relying on the larger dataset which will be
collected at Belle II but also capitalizing on the experience gained with this piece of
research.

Additional material related to the ¢ = my, parametrization for the interpreta-
tion, in terms of BSM models, of the results obtained in chapter 3 is condensed in
Appendix A.
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Chapter 1

Flavor in Particle Physics

In particle physics, the word flavor is used to denote the species of the SM fermions
— 6 quarks and leptons each bearing a specific set of quantum numbers' — and flavor
physics is meant to study the interactions that distinguish between flavors — in the
SM, the weak and Yukawa interactions.

In the last century, flavor physics has demonstrated to be a successful path to-
wards scientific advancement and paved the way to many discoveries. For example,
the prediction of the existence of a fourth quark (the charm-quark) and the third
generation of fermions, but also the prediction of charm and top quark masses. Also,
the measurement of the neutrino flavor transitions led to the discovery of neutrino
mass [23].

In the context of the present work, the observation of B — K7¢ decays would
entail the presence of beyond-SM (BSM) particles with masses that might be beyond
the reach of current LHC experiments. In this sense, the ‘flavor path’, probing and
challenging the SM through rare decays, can be seen as complementary to the ‘energy
path’; for which new particles are directly searched among the collision products.

1.1 The Standard Model

At the basis of the Lagrangian field theory there is the concept of symmetry, which
denotes an invariance of the Lagrangian £, and thus of the associated equations of
motion, under some transformations. Such transformations can be local (coordinate-
dependent) or global and they can be continuous or discrete. The invariance may be
with respect to coordinate redefinitions, as in the case of Lorentz invariance, or field
redefinitions, as in the case of gauge invariance.

Of particular interest are the global discrete invariances known as C' or charge con-
jugation (replacement of a field by its conjugate), P or parity (sign reversal of all
spatial coordinates), and T or time reversal (sign reversal of the time coordinate,
which reverses the role of in and out states). When constructing a field theory, lo-
cality, Lorentz invariance, and hermiticity of £ are always required. That is sufficient
to make any field theory automatically also invariant under the product of operations
CPT. In many theories the combination CP, and thus also T, are separately auto-
matic symmetries. This is the reason why the experimental discovery that CP is not
an exact symmetry of nature was such a breakthrough event.

The Standard Model (SM) is the unified gauge theory for electroweak and strong
interactions, the gauge group being SU(3). ® SU(2); ® U(1)y2. In this model, a
single theory includes the electromagnetic and weak interactions — both neutral cur-
rent and charged current — and the Quantum Chromodynamics (QCD). In particular,

'Electric charge, weak isospin, baryon and lepton number.
2Here ¢ denotes the colour, L the chiral component and Y the hyper-charge.
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electroweak theory has the symmetry group SU(2) ® U(1) and electromagnetic and
weak coupling constants are connected by the theory, while QCD and electroweak
theories are unified by the theoretical framework keeping their coupling constants in-
dependent [24]. The current SM frame describes the interactions between the fermion
fields (quarks and leptons in Fig. 1.1) and the bosons as gauge fields:

- the photon 7 and the weak bosons (W*, Z°) for the electroweak field;
- the gluons, mediators of the strong interactions;

- the Higgs boson, related to the Higgs scalar field, responsible for the mass gen-
eration mechanism.

1st 2nd 3rd

Generation Generation Generation
2}
il up charm top photon Higgs
§ boson
o

| down strange bottom gluon
7)) @ @
8 electron muon tau Z boson
‘8. | neutrino neutrino neutrino
] @ @ @

L electron muon tau  J | W* boson

FIGURE 1.1: SM particles [25].

The fermion fields of the SM, written in terms of Weyl spinors in a (¢, L)y notation,
are:

Qi (3,2)16  left-handed quark doublet
U (3,1)3  right-handed quark-up
D¢ (3,1)_y/3 right-handed quark-down
L; (1,2)_y/5 left-handed lepton doublet
E; (1,1)_;  right-handed charged lepton ,
where ¢ = 1,2,3 denotes the generation index. For example, Q;(3,2); /6 denotes

the left-handed (chiral) component of a field which is a triplet under SU(3) colour
group and weak isospin doublet, whose hyper-charge is 1/3. The weak hyper-charge
is defined as Yy = (Q — T3), being Q the electric charge and T3 the third component
of weak isospin (SU(2) component).

The renormalizable Lagrangian can be written in the form:

Lsm = Liin + LHiggs + Lyuk -

Here Ly, describes the free propagation in the spacetime and contains the covariant
derivatives and the fields’ strengths; Lyiges gives the Higgs scalar potential:

Luiggs = 1°|[* — A|@[* (1.1)

where ® = <¢+> .
%o



1.1. The Standard Model 13

Finally, the interaction of the quarks and leptons with the Higgs field, introduced
to give masses to them and to the gauge bosons, is described by

Lyvuk = yfleiq)Dj + yngii’TUj + lepton term + h.c. .

Choosing ;2 < 0 and A > 0 and defining v? = —“—)\2, the scalar potential of Eq. 1.1
is (up to a constant term)

2
Litiggs = —A (<I>T<I> _ g) ,

which implies that the field acquires a vacuum expectation value, or vev, (¢) = v/ V2
for at least one direction of @, for example in the real direction of the down component:

0

The Higgs vev breaks the SU(2) ® U(1) symmetry down to a U(1) subgroup and,
writing the doublet fields out explicitly

i “lL
QL_(CFL) )

P o
Lumass.q= mi;dydy +miugury. (1.2)

gives mass terms of the form

The mass matrices are related to the Yukawa couplings and the Higgs vev (¢) = v/v/2
by
a _ Y q
mg; = ﬁyij :
In general the m? matrices are not diagonal; one can move to the mass basis and
have the m?’s diagonal through a unitary transformation

mi; = (V) ik (mD) (VA

with the notation mgj indicating the diagonalized matrix. In principle, the above L, R
indices are distinct from the L, R of the previous notation (Eq. 1.2), but the i index
is associated with the left-chiral quark while the j index with the right-chiral quark
(see Eq. 1.2). One can thus rotate the left-chiral and right-chiral fields by V7, and Vg
accordingly:

having on the left the interaction-basis field and the linear combination of mass-basis
fields on the right. From here on, the mass basis is used and the prime is dropped.
In the mass basis the Yukawa interactions are diagonal since mass matrices are pro-
portional to the Yukawa matrices but now the coupling of the W bosons contains
off-diagonal terms. Indeed this change of the basis leads to:

g _ . g _ .
Lwqq X ﬁuLz'yudLW“ — EULZ’YH(VULVJL)CZLWM . (1.3)
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The element (V, LVdTL) indicates the Cabibbo-Kobayashi-Maskawa (CKM) unitary ma-
trix:

Vud Vus Vub
Verkm = | Ve Ves Vo |
Via Vis Vi

where the quarks are ordered by increasing mass and the mass eigenstates are named
after their dominant flavor. As an N x N unitary matrix, Vogy has N? real parame-
ters, 2IN — 1 of which can be reabsorbed by the quark fields on the right and left sides
of the matrix in Eq. 1.3 by globally redefining the arbitrary phases. Of the remaining
(N —1)? free parameters, N(N — 1)/2 are the Euler mixing angles while the others
%(N — 3) + 1 are unremovable complex phases — just one, for N = 3. The standard
way to parametrize the matrix in terms of mixing angles and the irreducible phase is

the following

c12€13 512€13 s13e”"
_ i i
VoM = | —s12¢23 — c12523513€" C12C23 — S12523513€" sazciz |, (1.4)
i 6
512523 — C12C23513€" —C12823 — S12C23513¢€" €23C13

given that c;; = cos);; and s;; = sin 0;;.
The measured values of the modules of the elements are reported below [26]:

0.97446 + 0.00010  0.22452 4+ 0.00044  0.00365 = 0.00012
Vorm = | 0.22438 + 0.00044 0.97359 755001 0.04214 + 0.00076
0.009610 00033 0.04133 +0.00074  0.999105 + 0.000032

At the price of loosing unitarity, Wolfenstein introduced a different parametrization
guided by the fact that the matrix elements can be expressed in terms of the four
parameters A\, A, p, n, defined as:

VUS
A= S12 = ’ ’
\ |Vud’2 + ‘Vus‘Q
Ve
AN = 555 = A Vuz

5o AN+ in)V1 — A2\
ST T 21— A2MA(p + i)

AN (p +in) = s13€"

which leads to:

1—)%/2 A AX3(p — in)
Vokm = -\ 1—A2/2 AN? + 0. (1.5)
AN3(1 — p —in) —AN? 1

Experimental values of the four parameters are [26]:
A =0.2245340.00044, A =0.836+£0.015,  p=0.12270615, 7 =0.355T0011.

The power of the Wolfenstein representation is that it captures the relevant physics
of CKM matrix: the upper left 2 x 2 matrix is the Taylor expansion in 012 of the
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Cabibbo matrix®. Furthermore, at the first order in A (which is < 1) the first two
generations are decoupled from the third one and only at third order in A the complex
phase shows up. The relations of Eq. 1.5 ensure that p + i = —(V, ,V.%)/(V., V) is
phase convention independent and the CKM matrix written in terms of A\, A, p and
7] is unitary to all orders in A.

A theory can be CP violating if and only if it has some set of couplings for which
rephasing of all fields cannot remove all the phases, while CP conservation is auto-
matic for any theory for which the most general form of the Lagrangian allows all
complex phases to be removed. If the Lagrangian involves a sufficient number of
fields, either fermions or scalars, so that there are more couplings than the possible
phase redefinitions, not all couplings can be made real by rephasing the fields. The
three generation SM with a single Higgs doublet has only one CP-violating (CPV)
parameter.

1.2 b — stl': a window onto the New Physics

1.2.1 Lepton flavor and B-anomalies

The expression ‘B-anomalies’ is commonly referred to the tensions with the SM ob-
served in B meson semileptonic decays. They started to appear almost ten years ago
and since then the number of observables showing discrepancies has grown, especially
in the b — sff sector, increasing the overall significance.

Recent measurements performed at B-factories but mainly at LHCb [29-32] have
provided experimental indications of lepton flavor universality (LFU) violation - devi-
ations from p/e universality in loop-induced, neutral-current (NC) transitions b — s#¢
and 7 /¢ universality in tree-level, charged-current (CC) transitions b — c¢fv. The LFU
is an accidental symmetry of the SM, implying that the three lepton families inter-
act with the same strengths with the fields (except for the Higgs, where the different
couplings are responsible for the mass hierarchy m, > m, > me).

The b — sff transitions are studied via the decays B — H/{¢, where H is a hadron
with a strange quark. The BFs of those decays are difficult to compute because of
the strong forces among the quarks composing the hadrons. These local contributions
related to the B — H transitions are encoded in the form factors. However, the QCD
effects do not involve the two leptons £’s and are identical between different ¢ species.
This makes the prediction on the ratio

R ['(B— He"e)
H " T(B— Hutp) le2e(@,, a2

(1.6)

very precise and allows to directly test the LFU. In fact the ratio is predicted to be
1+0(1%) [33], the uncertainty being due to electromagnetic corrections and effects
related to the mass of the e, (small compared to the hadrons). The ¢* = m?K of
Eq. 1.6 is chosen in a range (g2, ¢2ax) to exclude the B — XK resonant states.
For example, when Xz = J/9 and ¢> = 9.59 GeV?/c* the B — K.J/¢(— £T{7) cross
section is much larger because of the favored b — ccs transition.

Turning to the CC anomalies, the discrepancies are found in the ratios

0 T(B—=DWr i)

— _ (= , 1.7
D) T (B N D(*)g_ljz) ( 67/") ( )

3The first form in which the matrix was postulated took into account only the first two genera-
tions. This proposal, made by Gell-Mann and Levy and later Cabibbo [27,28], was the basis of the
anticipation of the existence of the charm quark.
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where a deviation of 3.40 from the most recent calculations is observed [34], and
also in [35]

T T (Bc — J/wT_DT)
I T (B, — J/yt~1)

(E = 6,,LL).

It is assumed that the BSM mediator mainly alters the b — ¢7~ v, rate and could
be due to the tree-level exchange of a W’ boson (the partner of Z’ in the vector-boson
model), a leptoquark or a charged Higgs. In any case, a large tree-level contribution
is needed - of the order of O(10%) at amplitude level. When combining the NC and
CC anomalies, decay rates like b — s7t7~ are expected to be much higher than the
SM prediction [36]. Fig. 1.2 summarizes the experimental results for the LFU tests,
comparing them with the theoretical expectations.
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FIGURE 1.2: LFU tests. A: Ry (H = {K®*" K* K3 pK}) measurements from LHCb. B:
R(D) — R(D*) [34] with the recent measurements from BABAR, Belle and LHCb.
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1.2.2 Theoretical interpretation

The low-energy effective Hamiltonian for the semileptonic b — s transitions (allowing
for LFV) can be written in the form*:

. 4G * ! !
Hegt (b — sty ly) = *T;th‘és > (03 (1) O (1) + Ci12(u)0i12(ﬂ)> +h.c.
i=7,9,10,S,P

(1.8)
where the operator product expansion allows to separate the short-distance and long-
distance contributions [12]. The C;(p) functions are called Wilson coefficients (WCs)
and are scale-dependent couplings (u denotes the renormalization scale) to the vertices
described by the O;’s, local operators governing the interaction. In particular, those
relevant for the b — s¢¢ decays are”:

(’)g) = e/(47f)2mb(§‘7uVPR/Lb)FW

/ e _ / o _

05" = (P ('), O™ = (57 Puyrb) (17 1),
/ o, _ / o, _

o(s)12 = E(SPR/Lb)wlfQ)v oL = E(SPR/Lb)(ﬁwsfz),

respectively describing the electromagnetic O(/), the (axial)vector 05/1)0)9 and the
(

(pseudo)scalar (’)(2) ¢ interactions. In particular, for

c by =y = L(C}? = CF), all the C’ coefficients are zero in the SM — except Ch
which has a small SM contribution of O(ms/my) [37|. Furthermore, the non-
vanishing WCs are lepton-flavor universal but BSM mediators can contribute
differently to each flavor: C’f = CfSM + C’fBSM, where CfBSM is responsible for
the LFU-breaking.

- 01 # {y all the WCs are zero in the SM. A specific model needs to be set in
order to produce non-zero values and allow for LFV. In the case where only
scalar operators generate LFV, C’g,);2 #0, C’égéz = 0 and the opposite situation
holds with only vector operators.

There are two ways of inferring the properties of the possible BSM model from
the measurements collectively forming the B-anomalies. In the model-independent
approach, a fit to the experimental data is performed to find the best values of the
WCs related to the effective Hamiltonian with all the operators describing the process
(either b — sl or b — crv). The fit is 1D, 2D or nD if one, two or all the parameters
— the Wilson Coefficients — are allowed to vary according to a given BSM hypothesis.
For example, in the 1D fit a single WC (or a constrained combination of WCs) is tested
to explain the anomalies. In the other approach called model-dependent, the theorist
builds models that are compatible with the constraints from the measurements.

Usually these two approaches can provide complementary information that can be
combined to get the best interpretation given the current experimental status.

*Gp =1.1663787 x 107> GeV .
Sa = /4w and Py g are the left-handed (LH) and right-handed (RH) projection operators. m
is the running b-quark mass.
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Model-independent approach

In addition to the LFU tests (Rx, Ri~), which are the most valuable because of the
small theoretical uncertainties and high sensitivity to short-distance contributions, the
b — sll transitions provide many other observables. To this category belong B(Bs —
), which is particularly interesting due to its reduced hadronic sensitivity and
its dependence on a reduced subset of WCs. Other less reliably predicted (clean)
quantities are the differential BFs of B — K™ ptpu=, Ay — ApTp~, By — ¢utp~ and
the observables parametrizing their four-body angular distributions (e.g. Pf [38] or Q4
[39]). In fact, they are affected by larger theoretical uncertainties due to charm-quark
loop contributions that are difficult to disentangle from possible BSM effects [40].

A few observables commonly used as input for the model-independent procedure
are listed in Tab. 1.1, where the experimental values and the theoretical expectations
are compared.

Observable Measurement SM exp. References
RILTST] 0.8461004240013 1 50+ 0.01 [29], [33]
R[Il(.*l,(i.()] 0.6979-41 +0.05 1.00 4 0.01 [30], [33]
B(Bs = ptp”)  (3.0140.35)x10™° (3.66+0.14)x 107  [13], [41]
(Rp, Rp~) (0.337(30),0.298(14)) (0.299(3),0.258(5)) [42], [43]
B(B — ;) 1.09(24)x 10~ 0.812(54)x 10~ [13], [44]

TABLE 1.1: Low-energy observables: measurements and SM predictions. The upper part
collects the most clean observables. Table adapted from Ref. [20].

Several groups provide regular updates — the so-called global fits, each time incor-
porating to their calculations the newly available experimental results. Recent global
fits of the anomalies have been performed after the 2021 LHCb results [37,45,46] and
show the best-fit values in 1D, 2D or 6D scenarios. For example, Figure 1.3 shows
one of the possible outputs of the fit performed for Ref. [37]: 2D contours for pairs of
WCs, given a set of input data.

CMS
LHCb
—— All Data

LHCb /
—— All Data N 5 —— All Data

S ATLAS B ATLAS B
Belle 53 : Balls 7

ACDMN‘21 ACDMN‘21 > % ACDMN‘21

1 2 ; -3 =2 =1 1 2 3 3 22 ) 1

- Np NP P
Cou Cou Cop

FIGURE 1.3: 2D-Fits to 2021 b — sf¢ data. Each plot corresponds to a pair of WCs that is
allowed to float in the process of fitting 254 b — sf¢ observables. Picture from Ref. [37].

Model-dependent approach

Numerous extensions to the SM have been proposed to explain the discrepancies
observed in B-decays [1-4| and leptoquarks (LQs) represent one of the most pop-
ular options nowadays. One of the main reasons is that they can contribute to the
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semileptonic transitions at tree-level (Fig. 1.4), thus showing sizeable anomalies, while
entering only at the loop level into four-quark or four-lepton interactions, in which no
deviation from the SM has been found so far [5|. Furthermore, the predicted masses for
the LQs are ~O(TeV), well above the electroweak scale, and this is compatible with
the fact that no new particles have been directly observed at the LHC experiments
since the confirmation of the Higgs boson.

NN N

4o Iy 2
I U; 1%

FIGURE 1.4: b — sup, b — ctv, b — st transitions with a LQ mediator.

LQs are colored states [47| that can mediate interactions between quarks and
leptons. In general, a LQ can be a scalar or a vector field® and can behave as singlet,
doublet or triplet under SU(2)r. LQs are designated by their quantum numbers
with respect to the SM gauge group: (SU(3)., SU(2)1)y, where the electric charge,
() = Y +1T3 is the sum of the hyper charge Y and the third weak isospin component T3
and can assume the values Q = +5/3,+4/3,+2/3,+1/3. They also have a well-defined
fermion number F' = 3B + L € {—2,0} depending if the coupling is quark-lepton or
antiquark-lepton while the single lepton L and baryon B numbers are defined only for
states without di-quark couplings (i.e. with F=0)".

When considering single L(Q) solutions, the Uy ~ (3,1,2/3) is currently the pre-
ferred one [20], as it can explain both sets of anomalies®, surviving the low-energy
constraints and the direct searches at LHC.

In fact the pp collisions can provide complementary information via the searches of:

i qiq; — Ealﬁﬁ processes. The right-edge of the my, spectrum (‘high pr’-tails) can
show an excess due to the exchange of BSM mediators in t-channel in bb/5b/5s-
initiated processes [48].

ii pp — LQLQ* — llqq (LQ pair production) or pp — LQI — llq (single-LQ
production), like the brtv search at CMS [49].

The appealing scenario offered by the U; needs an ultraviolet completion, i.e. the
model generating the new particles must be provided. In fact the U is a vector LQ
and it is not renormalizable without a Higgs sector, making impossible to compute
the loop-level contributions - which might not be negligible. This problem can be
fixed within models where the gauge group is broken at the TeV scale and U; is
a gauge boson [6]. In a two-LQ scenario, the two scalars S; (or Rg) and S3 can
provide explanation of the B-anomalies and also be compatible with the constraints
from b — svv [7]. More details on how the model and the experimental constraints
translate into actual couplings are given in Appendix A.

It is important to stress that in most of the models proposed to explain the anoma-
lies, the lepton flavor conservation is no longer guaranteed, predicting significantly

SThere are six spin-0 and as many spin-1 states.
"Such coupling should be strongly suppressed as they can mediate the proton decay.
80wing to the absence of tree-level constraint from B(B — Kvp) [4].
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enhanced decay rates in processes like b — SMI, especially the B — K7 modes [4],
which we aim to search for. The observation of lepton flavor violation in the charged
lepton sector would be a univocal sign of physics beyond the SM and would provide
strong constraints to those models. In fact, even in an extended SM including non-
zero neutrino masses generated by the Higgs mechanism, the charged lepton flavor
violation (cLVF) is an extremely rare phenomenon — suppressed by m2?

v -

1.2.3 Experimental status on LFV b — sf/

Many searches of LEV decays involving b — s¢¢ transitions have been performed over
the last ten years, providing stringent results for the b — sey modes. The obtained
sensitivities at LHCb for the BT — K pe, B® — K*%ue and BY — épue [50,51] decays
are in the range (6+16) x 10~ and they rely on the possibility of fully reconstructing
the B meson. Concerning the modes with 7’s, the limits are not as constraining
due to presence of missing energy: among the 7 decay products there is at least
one neutrino, which escapes the detection as it does not interact with the detector
materials. In addition, 7’s lack distinctive signatures, making the measurement of
their decays experimentally more challenging. This can be easily explained from the
terms used when deriving an upper limit (UL) on the BF:

N UD)
(L) _ sig
B v o (1.9)

The reconstruction (and selection) efficiency for signal events at the denominator
(¢) determines the attainable sensitivity for a given measured Ny, and available data
(Np). In fact, the higher the efficiency, the more stringent the limit is. At B-factories,
the exclusive reconstruction of B — K/T/¢~ has an efficiency of the order of 30%. In
contrast, it goes down to O(0.1%) for tagged analyses, i.e., when the full reconstruction
of the companion B is required. However, unlike other SM processes involving 7’s (e.g.
B — 1v, B — D*71v), the K7¢ channels have the unique property of having the (one
or two) neutrino(s) coming from the 7 itself, thus allowing to extract the signal yield
using the recoil mass'?, which should peak at the mass of the 7 lepton. Such variable
is easily obtained at B-factories, because of the well-known initial kinematics and
the full reconstruction of the other B in the event, while at LHCb [22] a different
strategy was adopted. The analysis consists in tagging the BT candidates by looking
for BYY — BTK~ decays (see Fig. 1.5); such mode is responsible for only ~ 1% of
BT production but provides useful constraints. In fact the prompt kaon allows to
determine the flavor of the companion B (using the K charge sign) and to compute
the direction of the BT and its energy up to a quadratic ambiguity. For that the
momentum of the K~ is needed, as well as the decay vertex of the B* (from the
K*u~ pair). Such method does not only provide the missing-mass discriminating
variable!!, but also a control sample (obtained with the wrong combinations B+ K ™)
which the selection can be optimised on.

BABAR provided the first result on eight BT — h*75¢T (h = 7, K) modes with
the usage of hadronic B-tagging [21], while LHCb obtained an independent UL for
the BT — KT7u~ mode only using the B -tagging described above. The current
experimental status is summarized in Tab. 1.2.

9For example, BFs for 4 — ey and 7 — uvy are expected to be lower than 107°* and 10753,
respectively.
OTnvariant mass of the system recoiling against the Biag K¢ system.
1, 2  _ 2
Mmiss = (pB _pKN) .
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*0 -~
BsQ S~ 4+

FIGURE 1.5: Decay chain reconstructed (LHCb [22]). B* candidates are tagged by the
presence of a K, which is compatible with a BX§ decay. The KTu~ vertex and the BZJ
vertex provide the direction of the B meson. Picture adapted from Ref. [52].

Mode BABAR (433fb~1)  LHCb (9fb~1)
Had. B-tag B},-tag

Ktrtu~ 2.8 x 107° 3.9 x 107°

Ktr—ut 4.5 x 107

Ktrtes 1.5 x 107

Ktr=et 4.3 x 107°

TABLE 1.2: Summary of the experimental limits for the BT — K7/ modes at 90% confi-
dence level [21,22].

It must be stressed that, even once the flavor of the light lepton is fixed, there is
still a charge ambiguity, depending if the charge of the heavier lepton (the 7) is the
same as the B (or the kaon) - in this case we refer to an OS; mode - or opposite,
leading to an SSy; mode. In fact the differential decay rate expression (Eq. 9 in
Ref. [12]) is not symmetric between the processes B — K(; (5 and B — K({ (5, thus
making of more difficult interpretation the average of two measurements related to
the (lepton) charge-conjugated modes.

Recently the LHCbH collaboration has shown preliminary results on the two B —
K*97% 47 modes, providing the first UL measurement. The reconstruction exploits
the kinematic constraints given by the K*® — K7~ resonance and the usage of the
vertexing information from the 7= — 7F7 -7~ (7%)v, decay mode. The observed ULs
at 90% confidence level (C.L.) are 1.0 x 1075 for the OS, mode and 0.8 x 107° for
the SS,,.

1.3 Theory on b — ¢ transitions: charged B meson decays

1.3.1 B-tagging at B-factories

A significant part of the B-physics program at Belle and Belle II targets modes in-
volving neutrinos which are produced either ‘directly’ (D(*)EV, K(*)Vﬁ) or indirectly
through 7's (K7¢, K77) . These decays are powerful probes of either crucial SM model
parameters (like |Vgp| and |V,5|) or BSM couplings as they are related to current flavor
anomalies.

At B-factories many different strategies are used and explored to study the modes
with missing energy with the common goal of identifying the B-decays with a de-
sired purity. This is combined with the exploitation of the specific properties of the
channels under study in order to have a handle to control the background level. The
identification of B-decays, or B-tagging, consists of various degrees of reconstruction
of one of the two B’s in order to infer the properties of the second one. On one
side (see Fig. 1.6) of the spectrum there is the full reconstruction of B’s decaying
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hadronically (i.e. without neutrinos) and on the opposite side, the so-called ‘inclusive’
approach and they correspond respectively to high purity and low efficiency and vice
versa. The semileptonic tag, where semileptonic B-decays are reconstructed, can be
seen as an intermediate approach as it allows to get a higher reconstruction efficiency
(compared to hadronic B-tagging) while loosing some information on the B meson’s
kinematic properties due to the presence of neutrinos. The hadronic and semileptonic
tag applied to the search of B — K7/ decays are described in chapter 3 and chapter 5
respectively.

INCLUSIVE EXCLUSIVE

FIGURE 1.6: B-tagging strategies. The adopted method can be seen almost as a continuous
cursor between inclusive tag and full hadronic reconstruction, depending on the desired level
of purity and efficiency.

1.3.2 Knowledge of the charged B hadronic decays

Regardless of the chosen B-tagging approach, machine-learning techniques are com-
monly used to boost the performance of the selections. Such methods require the
training of classifiers and simulated Monte Carlo data are used as inputs for the
learning process. Unfortunately our current modeling of B-decays is non-optimal,
due to the lack of experimental inputs or clear prescriptions from theory. The use of a
wrong MC leads to non-optimal B-tagging performance and thus lower experimental
sensitivities.

The status on the knowledge on hadronic B-decays is presented in this section
while an in-depth study of the interplay between MC simulation and B-tagging per-
formance are presented in chapter 4.

Approximately 1/4 of the BT meson width is coming from b — cfv transitions [13];
consequently, the remaining 75% (I'haq) must be related to hadronic decays (if one ne-
glects the small contribution coming from leptonic decays b — v, which are O(10~%)).
However, most of this large I'yaq has unknown source: only a small fraction of it
has been measured via exclusive decays, mainly comprising D(*)O(mr) (1 <n <3),
DD and J/1 modes and covering only ~20%.

The b-quark predominantly decays via the b — ¢W*™ transition, resulting in a
c-quark and a virtual W~. The weak boson can in turn decay into ud or a ¢s pair and
both decays are Cabibbo-favored (CF) as |V,,4| ~|Vs| ~1 but the second is suppressed
by a phase-space factor. The first process, b — cud, mainly produces D%nm decays
while the b — ccs transitions produces a flavor-anticorrelated ¢ quark, which can either
lead to a second ‘open-charm’ meson, as is it the case for B — D™D K (nx)
decays, or to (cc)X states (which have lower BFs due to color-suppression). As a
result, the inclusive rate B(BT — D°X) is roughly 80% [13,53]; the situation is
less unbalanced for the B? meson, where the inclusive D°X and D~ X rates are
respectively 48% and 37%. This is due to the fact that D*© — D=zt channel is
kinematically forbidden, while the correlated D*~ can decay in both D° and D~
mesons.

There has been quite a large effort in improving the theoretical description of
B-decays; for example, Ref. [15] uses the heavy quark expansion (HQE) to make
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predictions on the inclusive production. The decays rates into 0, 1 and 2 charm
quarks are provided as a function of the most-reliable semileptonic decay rate I'y:
11X Fsl

B = — = BEP 1.10
b—X T, X T, rx X D ( )

which eliminates I';, in favor of I'g; but needs as input the experimental semileptonic
BR'2.

One has 71y, = 2.22 + 0.04 for all the possible semileptonic decays and r.4q =
4.140.4 [54,55] and 7oz = 1.954+0.5 [55-57], which translate into rates of (44.3+4)%
and (21.1 + 2)%, respectively!3.

It is worth noting that the average multiplicity of charged final-state particles
for hadronic BT decays is 5.8 £ 0.1 58|, which contains the contribution from the
decay of the DY meson. Therefore we expect a sizeable decay rate into final states
with multiple pions D(*)(nw)+. For n < 3, the decays are predominantly two-body
ones, where B* — p*(a]") dominates the width for n = 2 (n = 3). They result in a
spectator mechanism where the virtual W decays into a single hadron: «, p* or
af. In this context, the corresponding rates can be explained within a factorization
model: they are obtained by the product of the currents between the B and the D
mesons, and the other associated to the W** decaying into the hadronic system X.
The corrections to this simple model, due to perturbative QCD effects, are expected
to grow with mx /Ex'* since this ratio characterizes the deviation of the X system
from the light cone (low ¢? = m3% regime) [59]. In the limit where the pions are not
emitted in the b current (the charmed state is a D™)):

mxc? 2mxmp

Ex mQB er%( — m%(*) )

Given these points, it is clear that an understanding of the B — Dnsw production
beyond n = 3 is fundamental to fill the gap between what has been measured so
far and the expected 44% of the 'y, related to b — cud. The task is hard both
theoretically, because of the reasons explained above, and experimentally, as the size of
combinatorial background grows very rapidly with n, especially when the pion system
does not have any kinematic constraint. There are few exceptions though, for example
the searches of B — D*rtn~m~ 70 performed at CLEO [60] or the measurement of
B — D*nm(n = 4,5) at Belle [61]. A more systematic effort would be needed from
current experiments to shed light on these modes and provide theorists with valuable
inputs.

In order to better understand the composition of the hadronic system coming
from the W** — ud, a parallel can be made with the 7 lepton phenomenology. The 7
is the heaviest lepton and the second heaviest fundamental fermion and provides the
perfect laboratory to study the structure of the weak charged current and the hadrons
produced from the QCD vacuum. The probability of creating hadrons out of the QCD
vacuum is encoded in spectral functions that depend on the ¢ (i.e. on the squared
mass of the hadronic system), on the spin J of the hadronic system X},q4 and on its
vector (V) or axial-vector (A) nature. Due to the V' — A nature of the charged weak
interaction, the allowed states have J¥ = 0%, 1%: furthermore the weak vector and
axial-vector currents produce an even or odd number of pseudoscalars, corresponding

12We will use B(BT — XceTv.) = 10.8% [13].
13When more than one rx prediction is available, we take average of them.
1 Ex denotes the energy of the system X in the B-rest frame.
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to a G-parity’® G = 1 and G = —1, respectively. Weak hadronic currents with
spin-parity J are defined as of first or second class depending on their properties
under G parity. The first-class decays, corresponding to JX¢ = 0T+, 0-—, 17—, 1+
dominate hadronic 7 decays whereas the combinations JF¢ = 0t—, 0=+, 1+ 1-~
refer to the second class and are suppressed (BFs of O(107%)) as their matrix element
is proportional to m, — mg, which vanishes in the limit where the up- and the down-
quark have the same mass (perfect isospin symmetry). The decay 7= — nm v
belongs to the second-class family, the possible JPE values for the nm system being
0T=,17~. This mode has never been observed and BABAR set an UL on its BR:
Bt~ = nrvy) < 9.9 x 1077 [62].
Depending on the number of pions n, in the Xy,q we have:

- ny = 2. The 70 spectral function is dominated by the broad p resonance.

+ ny = 3. The decay 7 — 37y, is the cleanest mode to study axial-vector reso-
nance structure. The spectrum is dominated by the JP = 17 a; state, known
to decay essentially through pm.

Concerning n, = 4, there has been an attempt [59] to compare the 47~ invariant
mass spectrum of B — D(4r) decays with 7 — 777~ 7~ 7% data (see Fig. 1.7). In
fact, a large BF of (1.72 £ 0.14 £ 0.24)% was measured by CLEO [60] for the decay
BY — D**rta~n~ 7Y Using a model based on factorization, Ref. [59] shows that
the two 47 spectra data agree up to a mass-squared of 2.9 GeV/c?, within a precision
of about 15%. This can be explained by the fact that in both cases the simplest
diagram has the four-pions emitted from the virtual W. Despite the good agreement,
the authors are cautious about describing it as a success success of factorization.
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FIGURE 1.7: d‘]i&;? (B — D*nrrr), where M? is the squared invariant mass of the 4r-system,

normalized to the semileptonic width F(BE) — D*¢~v). The triangles are the CLEO data
for B — D**rtatr— 70 the circles for B° — D*%7t7+t7~ 7~ and the squares the model
prediction of Ref. [59].

The 7 sector is not the only laboratory where spectral functions can be studied in
detail: the eTe™ data provide a complementary source owing to the fact that in the
limit of isospin invariance the vector current is conserved (CVC). This implies that

15 A combination of charge conjugation and isospin rotation.
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the spectral function of a vector 7 decay mode in a given isospin state for the Xj.q
is related to the eTe™ annihilation cross section of the corresponding isovector final
state X |63]. The advantage of ete™ data compared to 7’s is that in the first case
larger invariant masses for the Xj,q can be explored,

The problem of finding the contributions to B — DX is not only related to the
hadronic system coming from the W*: there are D** states that contribute to the
Dnm system and are not always well modeled. With D** we denote the ensemble
of cu states, or Dj mesons, where the charm quark and the light quark are in a P-
wave state (L = 1). They are called D, D}, D; and D3; the first two correspond to
a j = 1/2'6 and, because of parity and angular momentum conservation in strong
interactions is conserved, they can decay to S-wave D7 and D*7 states. Dy and Dy,
instead, have j = 3/2 and decay through a D-wave (D; — Dr and Dj — D®)7) and
have much narrower widths (O(10 MeV /c?)) with respect to the other two.

The properties of these states, as well as the ansatz on the possible decay modes
and their BFs are listed in Tab. 1.3. The BFs, based on the conservation of quantum
numbers, phase-space constraints and isospin considerations do not include possible
states involving p’s or n’s; such possibility is instead explored in Ref. [64] and repre-
sented in Fig. 1.8.

D** Mass (MeV/c?) JP T (MeV/c?) Dec. channel  BF
DOx0 0.3333
D(2300)° 2343 + 10 0t 222+16
0(2300) Dtn— 0.6667
D*tr— 0.6667
D;(2430)° 241249 1t 314429
1(2430) D070 0.3333
D*070 0.1997
D*tr— 0.3994
D1(2420)° 24221406 1t 313419 DOrtg- 0.1719
DO7070 0.1145
Dtr—x0 0.1145
D*070 0.1334
D*tr— 0.2669
DX(2460)°  2461.14+0.8 2t  47.3+0.8
2 ) DO70 0.1999
Dtr— 0.3998

TABLE 1.3: Decay channels of D**. Masses and widths are taken from Ref. [13].

The problem of determining the precise BFs for these resonances and their decay
modes has also been studied with the aim to find a the source of the gap between the
measured inclusive B — X.fv rate and the sum of exclusive B — D{()*)y modes [64].

The elements presented in this chapter will be invoked several times throughout this
manuscript. In particular, the theory on b — s/’ transitions will be further explored
in Appendix A, in conclusion to the results obtained in chapter 3, while the theory
on B-decays will be extensively exploited in chapter 4.

16 is the sum of the light quark spin and the orbital angular momentum L.
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FIGURE 1.8: Strong decays of D** mesons (25 and 1P states). The bands correspond to the
measured widths. Picture from Ref. [64].
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Chapter 2

The Belle and Belle 11 experiments

In this chapter we describe the main features of the Belle experiment and of the
accelerator KEKB that delivered the dataset used for the present work. From 2019,
the new experiment Belle II at the upgraded accelerator, SuperKEKB, aims to collect
a 50 times larger dataset in order to give a significant contribution to flavor physics.
The key elements behind such upgrades will also be outlined, in order to prepare the
reader to a discussion on the prospects of our analysis, mainly discussed in chapter 5.

2.1 The KEKB and SuperKEKB accelerators

The KEKB B-Factory was a double-ring e*e™ collider at KEK, Japan, in operation
from December 1998 to June 2010. It consisted of a low-energy ring (LER) for the
3.5 GeV-positrons, a high-energy electron ring (HER) for the 8.0 GeV-electrons, and
an injector Linac, as sketched in Fig. 2.1. The two beams collided at interaction point
(IP) around which the Belle detector was installed. In the same period (from 1999 to
2008) the BABAR experiment took place at the PEP-II accelerator (SLAC), providing
a vital complementarity and competition with Belle in the common search for CP
violation in B mesons.

The luminosity of 2.10 x 103 cm™2s™!, reached by KEKB in June 2009, has been
the highest ever recorded until 2021, when the upgraded machine SuperKEKB ob-
tained the same result. A new record has been reached by SuperKEKB on 22 June
2022: 4.71 x 103* cm =251,

The luminosity of a collider is approximated by the following formula:

Y+ o\ 18y Ry, N=p,
L= 14+ —= —_—= 2.1
2ere ( * Jj,‘}) < By Re,, ’ St T20y (2.1)

where the subscript (+) is for positrons and (—) for electrons and r., e and 7 are
respectively the classical electron radius, its charge and the Lorentz factor. The main
parameters entering the expression are briefly described as follows (more details are
given in Ref. [66]). 04y denote the beam sizes at the TP in the horizontal (vertical)

plane, and I the total beam current. The vertical beam-beam parameter (&) describes
the focusing force exerted on a bunch by the electromagnetic field of the opposite
bunch and depends on Ny, the number of particles (e~ /e') in a bunch. B, is the
vertical beta function at the IP; 5(s) measuring the beam cross section, which depends
on the beam focusing and varies with the position s along the ring due to the betatron
oscillations [67]. Finally, Rr and Rg , arerespectively the geometrical reduction factor
for the luminosity and the beam-beam parameter.

From Eq. 2.1 one can see that the luminosity is directly proportional to the beam-
beam parameter &, and the beam current I, and inversely to the vertical 8 function
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FIGURE 2.1: Pictorial representation of the KEKB facility complex, mainly composed of a
linear accelerator (Linac) and the two main storage rings [65].

at the IP. The luminosity can be increased by rising the I and lowering the beam
sizes. Indeed, at SuperKEKB the design currents are increased from 1.6A/1.2 A
to 3.6/2.6 A, while the vertical size of the bunch o, is reduced for a factor 20 —
from 1.1 ym to ~60nm (nano-beam scheme). However, these manipulations lead to
instabilities due to the increase of the non-linear beam-beam interactions. Besides, the
transverse beam size varies along the bunch length: the minimum is at the collision
focal point and this value is kept only over a short distance, of the order of 3, then
it rapidly grows towards the tails. Since the bunch length (o, of the order of mm)
is longer than g, the actual luminosity is usually smaller than the nominal one; this
effect is known as the hourglass effect.

At KEKB, the achieved peak luminosity was twice as high as the design value,
despite the LER beam current was lower than the design (the HER beam current
was higher, though). The daily integrated luminosity was also twice as high as the
design because of the continuous injection mode and the usage of two bunches per
radio-frequency (RF) pulse at the Linac [68|. In addition, chromatic corrections of
the IP 8 functions were applied by means of skew-sextupole magnets installed in the
winter of 2009 and contributed to the great performance summarized in Tab. 2.1, in
comparison to the expected values for SuperKEKB.

At an electron-positron collider it is possible to produce B mesons by tuning the
center-of-mass energy to the 7°(4S), the lightest strong resonance - the third among the
radial excitations of the 7! - with a mass sufficient to decay in b-flavored mesons (BOE0
and BT B~ pairs). Indeed the beauty mesons’ threshold is at 2mp ~10.56 GeV and

1pb states with JFC =17,
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KEKB SuperKEKB
Achieved Design
Energy (GeV) 3.5/8.0 4.0/7.0
&y 0.129/0.090  0.090/0.088
3 (mm) 5.9/5.9 0.27/0.41
I(A) 1.64/1.19  3.60/2.62
Luminosity (103 cm=2s71) 2.11 80

TABLE 2.1: Fundamental design parameters (LER/HER) of SuperKEKB and the values
achieved by KEKB.

myus) ~10.58 GeV; this also explains the fact that this resonance has larger width

than those of lower mass (see Fig. 2.2).
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FIGURE 2.2: Hadronic cross section as a function of the center-of-mass energy in the region
of the first four S-wave 1" resonances.

However, ete™ collisions at the 7'(4S) energy do not produce only BB pairs, but

also a large amount of QED processes (Bhabha, di-gamma events), di-muon and di-

tau events, as well as ¢g pairs. The cross sections of the main processes are listed in
Tab. 2.2.

ete” — Cross Section (nb)
T(15 1.1
ut (%) 1.6
dd () 0.4
s5 () 0.4
cc () 1.3
T () 0.9
e () 1.1
ete™ (O, > 17°) 447
¥y (Orar, > 17°) 2.4

TABLE 2.2: Cross sections of various physics processes generated from e™e™ collisions at the
7' (4S5) resonance. The superscript T indicates that the values are prescaled by a factor 1/100.
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The two storage rings must have different energies so that the 7°(4S5), and therefore
the pair of B’s to which it decays, are produced with a significant relativistic boost
B~ along the beam axis, allowing precision measurements of lifetimes, mixing and
decay-time-dependent CP violation parameters, the latter being the initial goal of
B-factories. The boost vector is defined as

1 Ey — Ey,
ﬂ—m(PHJrPL), |ﬁ|2m
while the CM energy can be computed from the energy of the two beams, neglecting
the crossing angle between them, 2¢,.

Vs = ,/p‘;lp% = \/(EH + EL)2 — (py +pL)2

=\2EgEL(1+ cos(2¢,)) ~2v/ExgEr ~ 10.58 GeV .

The resulting boost, considering KEKB parameters

By = lpu +PLlc  En—Ep ~ 0.49
"= s T VAR, E.
leads to a separation between the two B mesons of about 200 um. At SuperKEKB,
the boost factor has decreased to 0.28 and hence the separation is of only ~ 130 um.
The KEKB operations, visually summarized in Fig. 2.3, not only allowed to collect
the largest 7°(4S) data sample to date, but also significantly large samples at others
bb resonances like 7'(2S) and 7' (5S). The total recorded samples are listed in Tab. 2.3.
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Resonance On-resonance Off-resonance 7Y number
Luminosity (fb~!) Luminosity (fb~1) (105)
T (5S) 121.4 1.7 -
T(45) 711.0 73.8 779
T (35) 2.9 0.2 11
r(25) 24.9 1.7 158
r(1s) 9.7 1.8 102

TABLE 2.3: Samples collected during Belle operation at different center-of-mass energies.
From Ref. [69]

2.2 The Belle and Belle II detectors

Detectors at B-factories must provide a large acceptance and a high efficiency for
B-decays to maximise the number of collected events, good momentum and energy
resolutions to separate the small signal from the backgrounds, very good vertex po-
sition resolution, efficient and robust particle identification capabilities for hadrons.
Since the average charged particle momentum is below 1GeV /¢, the minimization
of the amount of material producing multiple scattering is vital. The same neces-
sity holds for the amount of uninstrumented material in front of the electromagnetic
calorimeter, which has to detect showers with energy as low as 20 MeV. The detector
has an asymmetric polar geometry reflecting the boost and comprises: silicon vertex
detectors close to the beam pipe for secondary vertex measurement and to provide
additional tracking points, drift chamber with helium-based gas for charged particle
tracking and particle identification through ionisation and energy loss, Cerenkov detec-
tors for particle identification and the CsI(T1) crystal calorimeter for the measurement
of neutral particles. The high light yield and small Moliére radius of CsI crystals allow
excellent energy and angular resolutions; moreover the high yield permits the use of
silicon photodiodes, which can work in magnetic fields; all the above detectors are
inside a 1.5 T cryogenic superconducting solenoid at a temperature of 4.5K. The
magnetic flux return yokes are used to absorb hadrons and contain scintillator bars
and resistive plate chambers (RPCs) to perform muon and neutral hadron detectors.
The Belle IT detector (shown in Fig. 2.4) reuses the structure, the solenoid, the CsI(T1)
crystals and part of the barrel RPCs from Belle, while most other components of the
sub-detectors are new.

2.2.1 Coordinate system

The coordinate system is defined as follows:

(i) The x axis lies in the horizontal plan and points towards the outside part of the
ring tunnel

(ii) The y axis is vertical and points upwards

(iii) The z axis coincides with the Belle solenoid axis? and the bisector of the two
beams. Given the small crossing-angle between them, it almost coincides with
the direction of the electron beam (Nikko—Oho, see Fig. 2.1).

In polar coordinates:

2The magnetic field lines go from -z to z.
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FIGURE 2.4: Belle detector: longitudinal (A) and side (B) views. From Ref. [70].

(i) p=+/x?+ y? as the radius in the x — y plane

(ii) ¢ (azimuthal) angle € [0°,360°], with ¢ = 0 corresponding to the point with
coordinates (z,y, z) = (1,0,0)

(iii) 0 (zenith) angle € [—180°,180°], with § = 0 corresponding to the point with
coordinates (z,y, z) = (0,0,1)

We refer to longitudinal for the direction parallel to the z axis while transverse
means lying in the z — y (or p — ¢) plane. Furthermore, we will refer to forward as
the direction towards positive z coordinates, backward, otherwise.
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2.2.2 Tracking system

A superconducting solenoid provides the magnetic field of 1.5T in a cylindrical volume
of 3.4m in diameter and 4.4m in length. The coil is surrounded by a multilayer
structure consisting of iron plates and calorimeters, which is integrated into a magnetic
return circuit. The iron structure of the Belle detector serves as the return path of
magnetic flux and an absorber material for KLM. It also provides the overall support
for the sub-detectors.

Silicon Vertex Detector

The main goal of the Belle vertex detector was to ensure a resolution on the B-decay
lengths shorter than 200 ym. In fact many CPV studies rely on the measurement
of time-dependent decay rate asymmetries of the two B mesons, where the decay
time difference At is inferred from the decay length difference Az = [vycAt. The
first version of the vertex detector, called SVD1 and in operation from 1999 to 2003,
consisted of three layers of double-sided silicon strip detectors (DSSDs), covering 86%
of the full solid angle. The radii of the three layers were 30, 45.5 and 60.5 mm and
each layer was constructed from independent mechanical units. The main limitations
of this device were given by the poor radiation tolerance of the readout electronics,
the tendency to suffer from the sensor damages and the dead time caused by the
readout system. For this reason, in summer 2003 it was replaced by a four-layer,
second generation silicon vertex detector, the SVD2. At the same time, the beam
pipe was replaced with a narrower one (radius from 40 mm to 30 mm) to enable the
radius of the innermost SVD2 layer to be reduced — as demonstrated by Fig. 2.5.
The main features of the upgraded detector were:

- Increased solid angle coverage (17° < 6 < 150°)3

- The innermost layer closer to the IP (2cm against the 3cm of SVD1) in order
to achieve a better vertex resolution

- Improved charged particle tracking in the low momentum region and higher
resolution for vertexing

- Improved radiation tolerance.

The impact parameter resolution in r-¢ and r-z was measured to be o, = 21.9 @
35.5/ppum and o, = 27.8 ® 31.9/p um?, respectively, where p represents the track
momentum in GeV/c. Given that the outermost SVD layer and the innermost CDC
layer were 88 mm and 110 mm, respectively, the reconstruction of low pr tracks could
be done by the CDC. Thus, the main purpose of the Belle SVD was to extrapolate
the tracks reconstructed in the CDC to the decay vertices inside the beam pipe. The
reconstruction of low pr tracks with the CDC was efficient down to 70 MeV /c.

Upgraded components in Belle II: PXD and SVD

The Belle IT vertex detector (VXD) consists of two devices, the silicon pixel detector
(PXD) and a silicon vertex detector (SVD), with altogether six layers around a 10-mm
radius Beryllium beam pipe. The first 2 layers have radii of respectively 14 mm and
22mm. Such proximity to the IP ensures a better vertex resolution and higher Kg

3Tt corresponds to the total Belle solid-angle coverage, i.e. 91% of 4.
4The @ sign denotes summation in quadrature.
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FIGURE 2.5: Distribution of the reconstructed pK2 vertices in the Belle detector [71], allowing

to distinguish and compare in the transverse plane the main differences between SVD1 and

SVD2 configurations: reduction of the beam pipe diameter, addition of a fourth layer and
larger radius of the outermost layer.

reconstruction efficiency®, but also requires a higher radiation tolerance and acceptable
occupancies, due to the fact that the background increases roughly with the inverse
square of the distance from the IP. The DEPFET (DEPleted Field Effect Transistor)
technology used for the PXD will provide precise vertex reconstruction in the harsh
environment envisaged at the final stages of SuperKEKB. Furthermore, the 50 pm-
thin sensors allow to minimize the multiple-Coulomb scattering and ensure a precise
reconstruction of B-decay vertices.

At radii exceeding 30 mm, strip detectors are safe in terms of occupancy; for this
reason, the SVD inherits from the Belle SVD2 the double-sided silicon strip sensor
design and all the characteristics required at B-factories: low mass, high precision,
immunity to background hits, radiation tolerance and long-term stability. The angular
acceptance is the same as in Belle while the outer layer has larger radius (135 mm).

Central Drift Chamber

The central drift chamber (CDC) was the most crucial sub-detector, as it is required
to:

- enable the reconstruction of charged particles trajectories - full 3D helix track
via tracking in the magnetic field;

- provide information on the energy loss due to specific ionization in its volume
(dE/dx) for the particle identification;

- participate to the global trigger decision (r-¢ and z triggers).

The structure of the Belle CDC is shown in Fig. 2.6: it was an asymmetric volume
in the z direction with an angular coverage of 17° < # < 150° and a maximum wire
length of 2400 mm. The inner radius of the CDC lied at 110 mm and the outer radius
was 880 mm. The chamber had 50 cylindrical layers with 8400 drift cells in total. Some
modifications to the inner part of the CDC were necessary in 2003 to make room for
the new, four-layer SVD layers. The volume was filled with He(50%):C2Hg(50%) gas
mixture which, because of the low Z nature of the gases, provided optimal momentum

5Due to the decrease of the Lorentz factor at Belle II, the smaller radii ensure the same resolution
on Az than in Belle.
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resolution while retaining good energy loss resolution - important for minimizing the
multiple scattering.
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FIGURE 2.6: CDC lateral view. Picture from Ref. [70].

After detailed alignment and calibration, the overall spatial resolution was around
130 pm. The tracking system consisting of the SVD and CDC provided good momen-
tum resolution, especially for low-momentum tracks thanks to the minimization of
material inside the inner radius of the CDC: o(pr)/pr = 0.0019p7 & 0.0030//5 (where
pr is expressed in GeV/c). The resolution on dE/dx, important for PID, was 7% for
minimum-ionizing particles.

Upgraded components in Belle II: CDC

The Belle IT CDC contains 14336 sense wires arranged in 56 layers; the main improve-
ments are the longer lever arm (i.e. larger radius), which yields better momentum
resolution, fast electronics and smaller drift cells. Even though the larger beam back-
ground in Belle II degrades the CDC tracking performance, the new software and the
standalone tracking in the PXD and SVD together improve the overall reconstruction
efficiency so that better performance with respect to Belle should be obtained.

2.2.3 Charged hadron identification

Particle identification for hadrons (in particular kaons and pions) was obtained by
combining the information from three sub-detectors: the time-of-flight detector (TOF),
the aerogel Cerenkov counter (ACC) and the CDC via the dE/dz information, as dis-
cussed in the previous section. Below are summarized the features of the other two.

Time of Flight Counters

The time-of-flight (TOF) system consisted of a barrel of 128 plastic scintillator coun-
ters that helped to distinguish between kaons and pions for tracks with momenta be-
low 1.2 GeV /c. The system was designed to have a time resolution of 100 ps for muon
tracks. The TOF system measured time of flight for charged tracks reconstructed by
the CDC from the beam collision time of each event, ¢t;p. t;p was determined by the
RF clock signal used as a reference, and the time offset was calibrated offline on a
run-by-run basis with high purity. The expected TOF for each charged particle was
calculated taking into account the flight length measured by the CDC and tuning
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the offset to give a zero deviation on average between the calculation and the TOF
measurement for each photomultiplier.

Aerogel Cerenkov Counter
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FIGURE 2.7: ACC lateral view. Picture from Ref. [70].

The Belle aerogel Cerenkov counter (Fig. 2.7) had an azimuthal angle coverage of
33.3° < 0 < 127.9° in the barrel and 13.6° < 0 < 33.4° in the forward end-cap. The
detector was made of aerogel modules of ten types, varying in refractive index and in
the number and size of fine-mesh photomultiplier tubes used to detect Cerenkov light
in an axial magnetic field of 1.5 T, according to their position in polar angle.

The particle identification (PID) at Belle was performed with likelihood-based se-
lectors. For hadron identification, the likelihood for a candidate particle a against
a particle hypothesis 8 was calculated based on dE/dz information from the CDC
(£SPC), time of flight from the TOF (£LIOF) and the number of photons from the
ACC (LACC), respectively. Then, the ratio [70]:

ESDCLEOFﬁgCC

Lla:f) = £CDC £TOF £ACC EgDCEEOFEﬁACC (2.2)

was calculated and used for the identification by analysts. By construction, these
variables returned the value 0.5 in case there was no likelihood available for the given
hypothesis and a factor of 0.5 would appear in the product if any of the involved
sub-detectors could not provide a likelihood. Therefore, pions (kaons) can be selected
by requiring a low (high) value of L(K : 7):

Lk

™ K

,mID=L(r: K)=1- KID.

The performance obtained with the cut KID > 0.6 is shown in Fig 2.8: the
efficiencies and the mis-identification rates for the kaon and pion identification were
measured with the D** — D% — K~7t)xT control sample for kaons in the barrel
region. Discrepancies between data and MC were observed, especially in the mis-
identification rate, but for both data and MC the kaon efficiency exceeded 80%, while
the pion fake rate was kept below 10%.
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FIGURE 2.8: Kaon identification efficiency and mis-identification rate to pions as a function
of the tracks’ momentum. Data and MC are compared. Plot from Ref. [70]

Upgraded components in Belle II: TOP and ARICH

For the Belle II experiment, the particle-ID has gone through a substantial upgrade
in both barrel and end-cap regions, in order to provide good performance over the
full kinematic range of the experiment and minimize the material in front of the
calorimeter. The detectors used for the hadron ID are: the time-of-propagation (TOP)
counter, used in the barrel region, and the ARICH, for the forward end cap region only.
The first is a special kind of Cerenkov detector in which two-dimensional information
about a Cerenkov ring image is given by the time of arrival and impact position of
Cerenkov photons at pixelated photo-detectors at one end of a 2.6 m long quartz bar.

In the forward end-cap, the proximity focusing Cerenkov ring imaging detector
(ARICH) has been designed to separate charged kaons from pions over most of their
momentum spectrum and to provide discrimination between pions, muons and elec-
trons below 1 GeV /c. The ARICH is composed by an aerogel radiator, where Cerenkov
photons are produced by charged particles, an expansion volume to allow the photons
to form rings on the photon detector surface, an array of position-sensitive photon
detectors, that is capable of detecting single photons in a high magnetic field with
high efficiency and with good resolution in two dimensions, and a read-out system for
the photon detectors.

2.2.4 Neutrals: Electromagnetic Calorimeter

Given that around 1/3 of B-decay products are 7°’s or other neutral particles, pro-

ducing photons in a wide energy range (20 MeV to 4 GeV), a high-resolution electro-
magnetic calorimeter was a fundamental part of the Belle experiment. CsI(T1) was
chosen as the scintillation crystal material because of its high light output, relatively
short radiation length, good mechanical properties and moderate price. The main
tasks of the calorimeter were:

- detection of photons with high efficiency,
- precise determination of the photon energy and angular coordinates,

- electron identification (elD),
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- generation of the proper signal for trigger,

- on-line and off-line luminosity measurement obtained from Bhabha events, whose
signature is a geometrical coincidence of high energy deposits in the forward and

backward parts of ECL,
- K7 detection together with the KLM.

The overall configuration of the Belle calorimeter, the ECL, is shown in Fig 2.9.
It consisted of a barrel section and two end-caps of segmented arrays of 8736 CsI(T1)
crystals in total. The former part was 3.0 m long and had an inner radius of 1.25 m.
The end caps were located at z = +2.0m and z = —1.0m. The scintillation light
produced by particles in the crystals was detected with silicon photodiodes.

Backward Endcap Calorimeter Forward Endcap Calorimeter
Barrel Calorimeter
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FIGURE 2.9: Exploded view of the ECL, showing the end-cap (forward and backward) and
barrel regions with the corresponding polar acceptance. Picture from Ref. [72].

Each crystal had a tower-like shape and pointed almost to the IP. The crystals
were tilted by a small angle in the # and ¢ directions to prevent photons escaping
through the gaps between the crystals. The angular coverage of the ECL was 17.0° <
0 < 150.0° . Small gaps were left intentionally between the barrel and end cap
compartments providing the necessary space for cables and supporting parts of the
inner detector; however, these gaps resulted in a loss of acceptance at the level of
3% and induced a low electron identification performance. The ECL ensured an
energy resolution from 4% at 100 MeV to about 1.6% at 8 GeV, while the angular
resolution ranged from 3 to 13mrad. The combination of the two determined a 7%
mass resolution of about 4.5 MeV /c?.

For electron identification, in addition to CDC (dE/dz) and ACC (light yield)
information, the ECL was used to form the ratio of likelihoods. In fact, ECL provided
the matching between the position of the track and the energy cluster, the F/p® and
the information on the transverse shower shapes.

The variable used for electron identification was defined as

I, £¢

D= —
T me

5An electron is expected to release all its energy in the calorimeter, yielding to an E/p ~ 1.
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where all the discriminant variables described above are involved in the products.
The electron identification efficiency obtained with the selections eID> 0.5 is shown
in Fig. 2.10A. It was measured using a sample of radiative Bhabha events where very
forward and backward regions were excluded because of the lower efficiency due to
the larger amount of material budget degrading both CDC and ECL performance.
Nonetheless, for the barrel region the efficiency was very high (over 90% for tracks
with momenta above 1 GeV/c) and in very good agreement with data. The kaon fake
rate at the same cut value reached 0.43(21)% in data (MC) while the pion fake rate
(see Fig. 2.10B), obtained with K¢ — n*7~ events, was (0.25 & 0.02)% for tracks’
momenta between 1.0 and 3.0 GeV /c.
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FIGURE 2.10: eID> 0.5 performance. A: Efficiency in radiative Bhabha events as a function

of the tracks’ momentum. B: Fake rate for 7% as a function of momentum. Data points

are shown in red circles and MC in blue squares. Tracks are selected within the barrel ECL
acceptance. Adapted from Ref. [73].

Upgraded components in Belle II: ECL

For Belle II, the CsI(T1) crystals, preamplifiers and support structures have been
reused, whereas the readout electronics and the reconstruction software have been
upgraded. In absence of backgrounds, a very similar performance is obtained at
Belle I1. However, due to considerably higher background levels, the relatively long
decay time of scintillations in CsI(T1) crystals is expected to increase the overlapping
of pulses from contiguous background events. To mitigate the resulting pile-up noise,
the photo-sensors are equipped with waveform-sampling read-out electronics, allowing
for the storage of ADC samples in FPGA internal buffers and the waveform fitting to
discriminate signal from off-timing hits.
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2.2.5 Muon and K? identification: KLM detector

The KLM was designed to identify K mesons and muons above 600 MeV /¢ with
high efficiency. It consisted of two regions: the barrel-shaped one, covering a polar
angular range of 45° to 125°, and the end-caps, extending the total acceptance from
20° to 155° (See Fig. 2.4).

The detector consisted of alternating layers of double-gap resistive plate counters
(Fig. 2.11) and 4.7 cm thick iron plates. There were 15 detector layers and 14 iron
layers in the octagonal barrel region and 14 detector layers and 14 iron layers in
each end cap. The iron plates provided a total of 3.9 interaction lengths of material
(in addition to the 0.8 Xy in the ECL) for a hadron traveling normal to the detector
planes. The hadronic shower from a K9 interaction determined its direction (assuming
an origin at the IP) but not its energy. The range and transverse deflection of a non-
showering charged particle allowed to discriminate between muons and hadrons. The
double-gap design resulted in a superlayer efficiency of over 98%; the hit position was
resolved to about 1.1 cm when either one or two adjacent strips fire, resulting in an
angular resolution of under 10 mrad from the IP.
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F1GURE 2.11: KLM’s RPC structure. Picture from Ref. [70].

At Belle II, where larger backgrounds occur in both end-caps and the innermost
layers in the barrel region due to neutrons, the RPCs have been replaced by layers of
scintillator strips with wavelength shifting fibers, which are tolerant to higher rates.
Such upgrade is expected to mitigate the long dead time of the RPCs due to the
recovery of the electric field after a discharge, impacting the detection efficiency at
high rates.

For muon identification, reconstructed hits in the KLM were compared to the extrap-
olation of the CDC track, using the difference AR between measured and expected
range of the track, and the statistic x? constructed from the transverse deviations of
all hits associated to the track, normalised by the number of hits. Likelihoods for the
muon, pion and kaon hypotheses were formed based on probability density functions
(PDFs) in AR and x2.
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The normalized ratio:

_ Ly
£M + L+ Lk
was then used as a discriminating variable. The kaon identification efficiency at pID >

0.9 was larger than 80% for tracks’ momenta above 1 GeV/c while the fake rate for
pions reached (1.35 £ 0.07)% in the momentum region 1.0 — 3.0 GeV/c (Fig. 2.12).
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FIGURE 2.12: pID> 0.9 performance measured with two-photon events eTe™ — ete utpu~.

A: Efficiency as a function of the momentum. B: Fake rate of pions. The filled (open) dots

refer to puID > 0.9(0.1). For both plots The full polar region (25° < 6 < 145°) is considered.
Adapted from Ref. [74].

2.2.6 Trigger and Data Acquisition System

The Belle experiment operated with two levels of trigger; the first (hardware) called
L1 and the second (software) called L3 (Fig. 2.13A). The L1 trigger combined the
information from sub-triggers coming from CDC, ECL, TOF and KLM into a Global
Decision Logic (GDL) (Fig. 2.13B). The L3 software trigger ran on an online computer
farm and would receive from L1 the events with charged particles candidates. Other
events, labelled by L1 as Bhabha, di-muon, two-photon or cosmic rays or having large
energy deposits in the ECL would skip the L3 decision. The overall L1 efficiency for
hadronic events was > 99%. The final selection was performed offline by a so-called
L4 trigger which would process the raw data and apply loose cuts as a first step for
physics analyses.

The obtained trigger rate as a function of the operation time” is shown in Fig. 2.14:
after experiencing an initial phase with very high rates, considering the low currents
and luminosity, the GDL was adjusted to reduce the beam background effects. As a
consequence, the normalised trigger rate (i.e. divided by the average luminosity) went
down and was stable around 400 Hz until the end of operation, thanks also to better
vacuum condition at the IP at higher currents. The total current, that reached its
peak ~3 A around experiment 50, was drastically lowered by the introduction of the
crab RF cavities from experiment 575.

"A run is a period of data-taking lasting typically from a few minutes to a few hours, while
experiment indicates a period of data-taking typically lasting for several weeks, during which it is
expected that there will be no major changes in Belle (II) or (Super)KEKB operating conditions.
Each experiment contains many runs.

8Radio-frequency cavities deflecting the beam bunches giving them a rotational kick. This way,
the bunches could go through head-on collision. This setup allowed to reach higher beam-beam
parameter £, and overall better beam-beam performance.
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stage. Figures from Ref. [70].

The Belle data acquisition system (DAQ) was required to read out event fragments
from 8 detector subsystems with a total data size of 40 kbytes/event at a maximum
rate of 500 Hz, and to record the data after event building and data reduction by
real time processing. The initial read-out technology, unified for all the sub-detectors
except for SVD, became very soon difficult to maintain; this and the increasing dead
time due to the FASTBUS based readout system made necessary frequent upgrades
of the DAQ system to cope with the luminosity increase.

The first change was made in 2001 to replace the event builder and the VME-
based online computer farm that was used also for the L3 trigger stage. In 2003,
the real time reconstruction farm (RFARM) was introduced. An improvement to the
back-end system was made in 2005, when a second EFARM and RFARM were added
in order to have sufficient bandwidth and processing power to cope with the expected
increase in luminosity. For further reduction of the readout dead time, an upgrade
of the FASTBUS readout system, to a pipelined version, was started. A new TDC
was developed based on COPPER, a common pipeline readout module developed at
KEK. The upgrade was performed detector by detector during the summer shut-down
periods. The dead time was reduced to less than 1% as a consequence of upgrading
5 sub-detectors. Figure 2.15 shows the Belle DAQ configuration at the end of data-
taking.
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FIGURE 2.14: Hardware (L1) trigger rate as a function of the data-taking ‘experiment’
number. The trigger rate normalized to the luminosity is also shown, as well as the total
average current from the colliding beams. From Ref. [70].

Event
builder

Sequence
control

SVD
Front-end Flash] VME |+
lectronics ADC
C §
Front-end ’Q-to-T TDC ™ Master M|
lec. converter” | Lrs1s77s [« VME
CC
Front-end | Q-to-T TDC  ™Master [ |
elec. converter” | (rs1s77s «<{ VME =~ [«~—
TOE
Front-end |_[Q-to-T TDC  ™|Master
lec. converter” | rsis77s«{ VME  [*7 )
CL
Front-end | Q-to-T TDC ™| Master
elec. converter” | rs1s77s [+ VME
L1
Hit TDC ™| Master
multiplexer LRs1877s [+ VME
FC
Front-end | Q-to-T TDC ™ Master
elec. converter” | Lrs1s77s [+ VME
TDC »|Master ||
LRs1877s [+ VME
TRG
I 1 Global
Subsystem trigger
trigger logics logic

Online

comp.
farm

\ A

Data
storage
system

Tape
library

2km

FIGURE 2.15: Data Acquisition System, final architecture. Picture from Ref. [72].

2.2.7 The High Level Trigger of Belle 11

Two dedicated trigger systems are used at Belle II to reduce the data rate to a sus-
tainable level: the hardware-based Level 1 (L1) trigger, which defines the events and
performs a loose selection, and the software-based High-Level Trigger (HLT) for ad-

ditional filtering [75]
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In the current DAQ system (Fig. 2.16), the signals from the sub-detector front-
ends are read out upon the Level 1 (L1) trigger decision. The data are transferred
through several steps of data processing (like the event builder system) and delivered
to the HLT farm. The task of HLT is to reconstruct the events in real-time using the
regular Belle II software releases.
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FIGURE 2.16: Scheme of the Belle II data flow, from the sub-detectors to the storage.

Shifter DQM

During the online reconstruction, the HLT decision is computed to:

1. Reduce the incoming rate by prescaling processes with high cross sections and
discard background events;

2. Provide to the PXD the ROIs (Regions of interest) from the CDC and SVD-
based tracks: they are used to select PXD hits combined in the second Event-
Builder stage;

3. Flag the events compatible with interesting physics processes;
4. Provide information about data quality through the DQM.

The SoftwareTrigger module is the framework where the trigger results are cal-
culated.
The two stages of HLT are called [76] filter and skim. The filter trigger, used to cal-
culate the HLT decision, defines which events are discarded. On accepted events, an
additional trigger decision called skim is calculated. It is used for the online tagging
of the events; such information can be consulted during the processing of data.
The selection to be applied at the HLT filter stage was studied and refined during the
early phases of Belle II data-taking, and the software trigger was switched on only
for short periods. The IJCLab group contributed to the preparation for the start of
the permanent filtering of data, which happened on March 2021 (or, from Experi-
ment 17 in Belle II jargon, see Fig. 2.17). In this context, we developed a monitoring
framework to get online feedback on the health of HLT and perform offline studies.

The effective cross section passing the HLT filter stage is, at the current stage of
the experiment (Spring 2022), around 40 nb — roughly 1/5 of the incoming rate from
the L1.

In the scheme adopted from the Belle II Data Production group, the HLT skim
information is used to provide the samples for calibrations. In the past, such samples
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FIGURE 2.17: Normalized data size over time, expressed in terms of run and experiment

number. The effect of allowing the HLT to discard events (filter ON) is visible at the edge

between two data-taking periods (Experiment 16 and 17). A short period with filter ON is
also present during experiment 16, around run 900.

were then used as input for the so-called ‘offline skims’, where more specific pro-
cesses were selected through python scripts. Our task is to implement these selections
directly into the HLT. We proceed as follows: we add to the software trigger the re-
construction needed to identify specific physics processes and assign the related flags
to the event passing the selection criteria; consequently, the recorded data can be
skimmed. A skim is a fraction of a given dataset where the purity of the desired signal
channel is enhanced without a drastic loss of efficiency. Many flags are computed and
allow to select processes from low-multiplicity (for example, di-muons, two-photons, or
hadronic events) to specific B-decay channels [77]. Purity is a crucial performance for
the skims, as they are used for calibrating the sub-detectors or monitoring their per-
formance. High purity for a given process allows getting accurate constants out of the
calibration algorithms or a better resolution for a given parameter when monitoring
the data quality.

The effective cross sections of HLT flags have been constantly monitored dur-
ing data-taking via Mirabelle, the data quality monitoring system for Belle 1I°. The
framework was initially developed to check data quality after data (re)processing and
identify the bad-quality runs to be discarded from calibration algorithms and physics
analyses. Over time it has become a tool to check the health of data-taking through
a list of selected summary plots where high-level variables are displayed. We have
added many monitoring plots concerning the filter and skim stage performance; for
example, the one showing the cross sections of selected HLT flags (shown in Fig. 2.18).

The idea is to have flags for single exclusive modes with O(1%)-level retention
rates allowing fast calibration loops right after the data recording. In the last two
years, we have implemented many selections for inclusive production channels that
are useful for performance studies, for example:

- Jhp — €70, The selection does not use any particle-ID information and there-
fore the sample can be used for lepton-ID studies as it provides a clean sample
of di-leptons.

9Website https://mirabelle.belle2.org/.



46 Chapter 2. The Belle and Belle II experiments

Effective Cross Section (skims)

Cross Section [nb]
S

D O 1D (D DO DDA N A A DDA DA O N AD X O AX S A
RN SO NN S SR U RIRN SN PN SN AN SN A i (VN
A AR AR AR B AR A AL AL o 60 Y Y Y Y T Y Y Y es

B A A A A A N A N A AT AT AT AR AR AT AT DN

bhabha off-IP  —+ u*u~(tight) hadron 7y

FIGURE 2.18: Effective cross section o of physics processes selected by the Belle II HLT
during data-taking, The plot, taken from the Mirabelle web page, shows the values for a
selected data-taking period in between two experiments: FExperiment 24, where data were
collected at the 7'(4S) resonance (on-resonance data), Ezperiment 25, with data collected at
~60MeV below the 7°(4S5) energy (off-resonance data). The effect of such energy shift can
be seen in the ohadron because of the missing contribution coming from BB production.

. Kg. The inclusive Kg skim is the ideal source of pions for hadron-ID perfor-
mance measurement over a low-momentum range spectrum. A clean peak of
Kg gives also a valuable feedback during data-taking through the data-quality
monitoring.

. A%, For proton-ID.

- D% We reconstruct D*T-tagged D° candidates in the channels K7, Krn°,
K3m and KQntm™ as clean source of ¥ (7 resolution), soft pions from the D*
(tracking efficiency) and kaon for kaon-ID.

As a last implementation in the HLT, the reconstruction of the clean B-channels
BY<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>