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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 → c⌧⌫ 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±

⌧
±
`
⌥ (` =

{e, µ}) 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 Mrecoil, 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 → K⌧` modes, obtained with hadronic FEI and

the full Belle dataset. The limits are of the order of

a few 10�5 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 B+ 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±

⌧`

search. As opposed to the hadronic tag, the momen-

tum of the B-meson cannot be measured ; hence, the

resolution on the Mrecoil 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(⇤)
`⌫ 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 Mrecoil, especially for hadronic ⌧ 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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Synthèse

Introduction

Depuis plus d’une décennie, de nombreuses déviations par rapport au Modèle Stan-
dard de la physique des particules (SM) ont été observées dans les désintégrations
semileptoniques des mésons B. L’écart par rapport à l’universalité de la saveur des
leptons (LFU) dans les transitions b → sℓℓ (observables RK(∗) , voir Eq. 1.6) et b → cτν
(observables RD(∗) , 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 mêmes 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, même dans un SM
étendu incluant des masses non nulles de neutrinos (mν) générées par le mécanisme de
Higgs, la violation de la saveur leptonique chargée (cLVF) est un phénomène extrême-
ment rare, supprimé par les puissances de mν . La plupart des modèles proposés pour
expliquer les anomalies [1–4] prédit des taux de désintégration considérablement accrus
dans les processus comme b → sℓℓ

′

(ℓ "= ℓ′), en particulier les modes B → Kτµ [4].
Parmi les scénarios au-delà du SM (BSM), celui incluant les leptoquarks (LQs) est

l’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 à quatre quarks ou à quatre
leptons, dans lesquelles aucune déviation du SM n’a été trouvée jusqu’à présent [5].
De plus, les masses prédites pour les LQs sont ∼O(TeV), bien au-dessus de l’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 U1 a besoin d’un complément ultravi-
olet, ce qui signifie que le modèle générant les nouvelles particules doit être fourni. Ce
problème peut être résolu dans des modèles où le groupe de jauge est brisé à l’échelle
du TeV et où U1 est un boson de jauge [6]. Dans un scénario à deux LQ, les deux
scalaires S1 (ou R2) et S3 peuvent fournir une explication aux anomalies B et être
également compatibles avec les contraintes de b → sνν [7]. Plus de détails sur la façon
dont le modèle 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-delà du SM et fournirait des contraintes fortes aux modèles BSM.

Dans ce contexte, nous avons recherché les quatre modes de désintégration B± →
K±τ±ℓ∓ (ℓ = {e, µ}), représentant chacun non seulement un ensemble spécifique de
couplages pour l’interprétation théorique, mais aussi une nature de fond différente.
Nous appelons OSℓ les modes où le lepton léger ℓ a la charge opposée par rapport au
kaon et SSℓ les autres. Nous utilisons l’échantillon de données collecté par l’expérience
Belle au collisionneur KEKB entre 1999 et 2010 et correspondant à 772 millions
de paires de mésons B de saveur opposée, BB. Chez les usines à B, les collisions
e+e− se produisent à l’énergie du centre de masse de 10.58 GeV. À cette énergie,
les processus hadroniques les plus abondants sont la production de paires de quarks
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légers (qq̄, q = {u, d, s, c}) pour une section efficace totale σ de 3.7 nb. La résonance
Υ (4S) est également produite (σ = 1.1 nb) et se désintègre dans presque 100% des
cas en paires de mésons BB (chargés ou neutres). La recherche de désintégrations
de B± → K±τℓ n’a jamais été effectuée à Belle ni à 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 10−5).
Pour les désintégrations avec des particules échappant à la detection – les neutrinos
provenant du τ dans les modes Kτℓ – l’étiquetage du B est couramment utilisé dans
les usines à B.

Recherche des désintégrations B+ → K+τℓ dans l’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 à Belle II. Le tag B de l’événement
(Btag) est reconstruit dans un ensemble de modes hadroniques connus suivant une ap-
proche hiérarchique où les particules intermédiaires sont obtenues en combinant les
particules de l’état final et ainsi de suite jusqu’au candidat Btag. L’algorithme recon-
struit ∼ 35 modes B+ hadroniques et environ 20 modes D0, sélectionnant quelques
milliers de chaînes de désintégration au total. Chaque étape fait référence à un clas-
sificateur BDT entraîné sur des événements simulés (Monte Carlo, MC). PFEI 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 à l’algorithme de Belle, appelé FR [9].

Après la reconstruction hadronique exclusive du méson B, nous sélectionnons deux
traces comme étant le kaon (Ksig) et le lepton (ℓsig) de signal (ou prompt). Comme
nous connaissons le quadri-moment initial de l’événement, et donc ceux du Btag, du
Ksig et du ℓsig, nous pouvons dériver la cinématique du τ et donc la masse de recul
du signal B (Bsig) Mrecoil

1 :

Mrecoil = [m2
B +m2

Kℓ − 2(E∗
beamE

∗
Kℓ/c

4 + p∗Btag
p∗Kℓ cos θ/c

2)]
1
2 (A)

où θ est l’angle entre p∗
Btag

et p∗
Kℓ. Le remplacement E∗

Btag
→ E∗

beam
2 conduit à une

meilleure résolution sur Mrecoil, de l’ordre de 30MeV. La distribution de Mrecoil est
utilisée pour extraire le nombre d’événements de signal (Nsig) : alors qu’ils ont un pic
à la masse du τ , les événements de fond couvrent une région beaucoup plus large.

L’étape finale consiste à sélectionner une trace supplémentaire (tτ ), avec une
charge opposée par rapport à ℓsig. Cette trace doit être 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 l’événement (ROE). À ce stade, la sélection couvre
toutes les désintégrations du τ ‘1-prong ’ (∼ 80% de la largeur). La nature du fond
obtenu dépend de la configuration de la charge. Dans les deux cas, les désintégrations
B+ → D

0
(→ K+X−)X+ favorisées par Cabibbo sont les sources dominantes du bruit

de fond BB, qui est réduit à l’aide d’une analyse multivariée sous forme de boosted
decision trees (BDT). Pour les modes OS, les désintégrations semileptoniques D0 imi-
tent le côté signal, tandis que pour les modes SS, les désintégrations semileptoniques

1Toutes les observations marquées d’un astérisque sont mesurées dans le référentiel du centre de
masse.

2E∗

beam est l’énergie 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 :

OS : M(K−X+) ≡ M(K−

sigℓ
+
sig)

SS : M(K−X+) ≡ M(K−

sigt
+
τ )

(1)

est très importante pour l’entraînement du BDT car le système KX 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 D0 → K−π+.

Nous entraînons d’abord un BDT basé sur certaines caractéristiques utilisant les
propriétés de B+ → K+τℓ contre les événements BB génériques. Celles-ci incluent
notamment la variable M(K−X+), les propriétés du ROE (par exemple l’énergie dé-
posée dans le calorimètre), les variables liées à la topologie de désintégration de Bsig

et la qualité du Btag. Bien que les variables soient choisies pour supprimer le fond
BB, une bonne séparation est également obtenue pour les événements qq. Après une
coupure sur le score du BDT, qui se traduit par une efficacité du signal à 40-50% et
un rejet global du bruit de fond à 90-95%, la composante qq devient non négligeable
et devons donc procéder à une suppression ultérieure. Pour cela, nous entraînons
un second classificateur BDT et exploitons des variables communes pour la suppres-
sion du continuum en fonction de la forme de l’événement. En effet, les événements
BB sont plus sphériques et les particules sont uniformément distribuées alors que les
événements qq ont deux jets avec des impulsions larges. Les propriétés utilisées pour
l’apprentissage ne montrent pas de séparation entre le signal et les événements BB.
En appliquant une coupure assez lâche sur la sortie du BDT (efficacité du signal :
80-90%, rejet du fond qq: 90%) nous nous débarrassons efficacement du fond qq 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 l’efficacité du signal
final obtenu sur MC, qui doit être corrigé pour les différences possibles par rapport
aux données de collision. Nous exploitons différents échantillons de contrôle pour
évaluer ces différences et en déduire les erreurs systématiques. Certains termes sont
définis comme multiplicatif car ils affectent l’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 l’échantillon B+ → D−π+π+

en raison de ses propriétés similaires à celles de B+ → K+τℓ. Le méson D−

est reconstruit dans le canal K+π−π− ; un pion est traité comme tτ tandis que
le reste est considéré comme énergie manquante. Étant donné que l’état final
D−π+π+ est produit par des désintégrations D

∗∗0
π+, les deux pions prompts

ont des gammes d’impulsions différentes. Par conséquent, les rôles de Ksig et
de ℓsig sont randomisés afin d’obtenir un M(Ktτ ) aussi proche que possible du

signal. De bons accords entre le signal et le modèle MC (D
∗∗0

π+) et entre les
données et le MC sont obtenus.

· Efficacité de la suppression qq. Comme les caractéristiques utilisées pour en-
traîner le second classificateur BDT ne permettent pas de séparer le signal des
événements BB, nous utilisons l’échantillon plus pur B+ → J/ψ(→ ℓ+ℓ−)K+,
qui présente le même nombre de traces de Kτℓ.

· Efficacité de la reconstruction du Btag. Un autre terme à prendre en compte est
la divergence données/MC liée à la reconstruction du FEI, principalement due
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à une mauvaise modélisation MC des désintégrations des mésons B+. Pour y
remédier, nous utilisons les facteurs de calibration officiels dépendant du mode
FEI obtenus avec les événements B+ → D0(→ K+π−)ℓ+νℓ [11]. En repondérant
les facteurs en fonction de la composition du signal MC, nous obtenons une
correction sur l’efficacité moyenne de 85% avec une erreur de 6%.

Nous considérons ensuite les erreurs additives, qui affectent l’estimation de Nsig

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 être calibrée car elle est fixée à partir du MC lors de l’ajustement
des données. Nous utilisons un échantillon obtenu en associant un pion au Btag,
et le recul du système permet d’extraire les événements D(∗)π. Cette méthode a
l’avantage de fournir des statistiques beaucoup plus élevées, car les mésons D et D∗

ne sont pas reconstruits. L’écart en Nsig dérivé des différences données/MC est utilisé
pour estimer l’erreur systématique. Pour la fraction pondérant les deux composantes
du signal, nous faisons varier la valeur estimée à partir de MC pour établir l’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 où le fond a la forme ajustée
aux données et le Nsig varie dans une gamme pour trouver la valeur correspondant à
90% des pseudo-expériences ayant un Nsig obtenu inférieur aux données.

La sélection des événements et la suppression du bruit de fond sont optimisées à
l’aide du modèle d’espace de phase à trois corps pour le signal MC. Cependant, les
interactions violant la saveur des leptons et entrant dans les transitions de b → sℓℓ
peuvent produire différentes distributions de q2 = M(ℓτ), et ainsi différentes efficacités
finales du signal. En suivant la paramétrisation de la Réf. [12], nous considérons
le scénario conduisant à la plus basse efficacité et obtenons les limites supérieures
suivantes sur les BFs :

B(B+ → K+τ+µ−) < 0, 65× 10−5

B(B+ → K+τ+e−) < 1.71× 10−5

B(B+ → K+τ−µ+) < 2.97× 10−5

B(B+ → K+τ−e+) < 2.08× 10−5

qui intègrent les erreurs systématiques.
La limitation actuelle de la mesure provient de l’efficacité, considérablement ré-

duite par l’étiquetage 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 à point nommé puisque le premier long shutdown de
Belle II est en cours : nous avons l’opportunité de mieux comprendre notre algorithme
d’étiquetage avant l’arrivée de nouvelles données.

Amélioration de l’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 première étape consiste alors à 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 entraînées sur le MC, ce qui, en cas d’erreur, peut conduire à des
performances non optimales. L’une des conséquences est l’écart important entre les
données et le MC pour l’efficacité du FEI.

Si l’on considère les transitions b → c, 1/4 des désintégrations B+ sont semilep-
toniques et FEI en couvre une grande fraction en raison des larges BFs pour les

modes D
(∗)0

ℓ+νℓ. Les désintégrations hadroniques, qui couvrent les 3/4 restants3,
sont générées avec :

· EvtGen En utilisant les mesures collectées par PDG et les principes de symétrie.
Les mesures sont souvent très 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
à quel point leur connaissance est limitée.

Les contributions dominantes à la largeur hadronique proviennent des transitions
b → cud̄ et b → ccs̄. En particulier, les premières couvrent plus de 60% des désintégra-
tions hadroniques dont une grande fraction est générée par PYTHIA. Cette composante
est difficile à accorder et peut produire des états finaux erronés. Nous avons étudié ce
phénomène de manière plus approfondie à l’aide d’un échantillon pur.

L’échantillon le plus propre dont nous disposons est le B+ → J/ψK+, 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 l’autres B de l’événement, dont on connaît
la saveur. L’inconvénient de cet échantillon est le faible BF, conduisant à seulement
∼35k événements pour l’ensemble des données Belle.

Nous appliquons l’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 : l’efficacité de recon-
struction et le BF effective pour chaque état final. Les modes D

(∗)0
nπ 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 chaînes de désintégration
qui y contribuent selon la simulation. En particulier, les modes à trois et quatre pions
présentent les écarts les plus importants et ont un impact fort sur l’étiquetage. Les
données expérimentales disponibles sont rares et révèlent le manque de résultats des
usines à 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 τ . 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 à PYTHIA de générer
certaines désintégrations qui devraient être supprimées.

En plus de réduire la divergence MC/données en termes d’efficacité, ce travail
sur le MC devrait être 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 l’état final composant les B est utilisée pour
l’entraînement du FEI. Un nouvel entraînement basé sur le MC mis à jour montrera
bientôt les améliorations attendues.

3Seulement ∼30% d’entre elles sont reconstruites par FEI.
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La principale faiblesse de l’échantillon J/ψK – la faible puissance statistique
pour confirmer nos modifications – peut être surmontée en utilisant l’échantillon in-

clusif D
(∗)0

π+. Ce manuscrit propose d’autres directions pour améliorer l’efficacité
d’étiquetage, notamment l’ajout de nouveaux modes de désintégration à FEI et la
récupération de candidats partiellement reconstruits.

Recherche des désintégrations B+ → K+τℓ avec étiquetage

semileptonique des mésons B

L’étiquetage semileptonique des B n’a jamais été essayé pour la recherche des désinté-
grations B → Kτℓ et présente deux avantages principaux. Le premier est l’efficacité
de reconstruction plus élevée due aux larges BFs des désintégrations de B → D(∗)ℓν.
Deuxièmement, 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 l’étiquetage semileptonique, une plus grande efficacité peut être atteinte mais
au prix d’une résolution dégradée sur la variable d’extraction Mrecoil. En effet, la direc-
tion du Btag ne peut pas être récupérée en raison de la présence d’un neutrino. Dans
l’expression de la masse de recul (Éq. A), deux termes doivent être remplacés. L’un

est la norme de l’impulsion, p∗Btag
, qui peut être approximée par

√

E∗2
beam/c

2 −m2
Bc

2.

L’information de direction, encodée dans le terme cos θ 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 l’étude est d’avoir une
estimation réaliste du fond pour extraire la sensibilité basée sur la nouvelle résolution
et l’efficacité pour le signal.

Le processus de sélection commence par l’utilisation de l’étiquetage semileptonique,
disponible dans le package FEI. Nous utilisons la variable cos θBY et sélectionnons
également les bons candidats B en fonction de PFEI. La signature des désintégra-
tions semileptoniques correctes de B est la variable cos θBY car elle définit l’ouverture
du cône (autour de la direction du système visible Dℓ) où le pB 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 où deux leptons de même saveur et de charge opposée sont sélectionnés.
Enfin, nous coupons la variable M(K−X+) plutôt que de l’utiliser pour l’entraînement
BDT, car le résultat de la coupe BDT serait d’écarter la région sélectionnée.

Nous entraînons ensuite un classificateur BDT avec les caractéristiques du Btag,
du signal B, de la forme de l’événement et du ROE, dans le but d’éliminer en une
seule étape les deux composantes de fond. Le score du BDT sépare très efficacement
le fond qq grâce aux variables de suppression du continuum, tandis que la composante
BB avec un Btag semileptonique survit à notre coupe plutôt drastique.

Le résultat au niveau de confiance 90% est prometteur car il se situe à la même
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 l’approche semileptonique peut être encore améliorée.

L’idée est d’appliquer au secteur B une étude déjà publiée concernant les désinté-
grations du τ à Belle II [17]. Dans cette référence, la masse de recul est vue comme
le résultat d’une minimisation contrainte ‘M2’ et l’événement est caractérisé par une
certaine énergie manquante sur les deux côtés B. La minimisation utilise le fait qu’aux
usines à B, le quadri-momentum initial est connu ; par conséquent, la somme des im-
pulsions ‘invisibles’ est nécessairement égale à l’impulsion manquante de l’événement.
Nous appliquons ensuite deux contraintes cinématiques supplémentaires : l’une est
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liée à la connaissance de la masse invariante du système, s, et l’autre au fait que de
chaque côté nous connaissons la masse des parents, puisque l’événement n’a que deux
B (Éq. 5.6). Pour la minimisation, les k21 et k22 sont requis. Le k21 correspond à la
masse élevée au carré du neutrino, qui est nulle. Par ailleurs, il faut distinguer les dés-
intégrations hadroniques et leptoniques du τ . Dans le premier cas k21 = 0, mais dans
le second, une approximation de la masse invariante du système 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 k21 dans le contexte
du laboratoire.

Des contraintes supplémentaires peuvent être imposées sur la base des informations
de vertexing et de différentes conditions de résolution liées à Belle II et au collisionneur
amélioré SuperKEKB, en exploitant la taille réduite des faisceaux et les excellentes
performances de vertexing dues à PXD. Cependant, dans l’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 (M2sB) uniquement pour les
désintégrations hadroniques du τ en raison de la contrainte précise sur k21. En ce qui
concerne les informations de vertexing, pour la configuration testée pour l’article, où
seul le vertex Bsig est utilisé, il faudrait une résolution d’environ 5µm pour atteindre
les performances obtenues avec M2sB (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 même sensibilité est très encourageant car cela permettrait d’exploiter un échan-
tillon indépendant pour élargir les données disponibles ou pour confirmer la présence
du signal à tout niveau de signification.

Conclusion et perspectives

Nous avons cherché les désintégrations B+ → K+τℓ, motivées par les indices de viola-
tion du LFU dans les désintégrations B. Nous avons utilisé l’algorithme d’étiquetage
B de Belle II sur l’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 premières
établies avec les données de Belle et les plus strictes à ce jour.

En examinant de plus près les performances de l’étiquetage B hadronique, nous
nous rendons compte qu’elles sont étroitement liées à la modélisation MC. Nous util-
isons l’échantillon B+ → J/ψ(→ ℓ+ℓ−)K+ comme le moyen le plus efficace de sonder
le Btag 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 l’étiquetage semileptoniques des B et
il s’est avéré être une alternative viable à Belle II, en particulier si des contraintes
cinématiques sont appliquées pour améliorer la résolution de Mrecoil. Pour l’avenir,
les orientations sont claires. Nous pouvons effectuer la mesure avec plus de données
et une stratégie améliorée incorporant les connaissances accumulées jusqu’à présent ;
l’expérience Belle II ayant déjà accumulé un échantillon de plus de la moitié de celui
de Belle et devrait atteindre 5 ab−1 dans approximativement cinq ans. Du côté de la
simulation, nous devons clarifier certains modes de désintégration B et obtenir une
mesure plus précise du BF. Du côté du FEI, il est impératif d’effectuer un nouvel
entraînement et d’améliorer l’algorithme, par exemple en révisant la sélection et en
ajoutant de nouveaux états finaux. Un travail similaire est en cours sur les mésons



8 Contents

neutres B, ce qui profitera à la recherche de modes comme B0 → K0
Sτℓ. Pour en venir

à l’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 système. En conclusion, en supposant que les anomalies ne soient pas réfutées
d’ici quelques années, l’ensemble de données plus important combiné à une stratégie
d’étiquetage du B optimisée pourrait permettre d’observer les désintégrations LFV
ou de contraindre fortement les modèles de nouvelle physique qui leur sont associés.



9

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 gµ − 2 with 4.2σ 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 4.6σ for some specific fits [20].

In b → sℓℓ 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 → Kτℓ (ℓ = e, µ) 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 B+ → K+τℓ

decays with the data collected by the Belle experiment at the KEKB collider between
1999 and 2010 and corresponding to 772× 106 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 II 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 B+ →K+τℓ (ℓ = {e, µ}) decays

using the hadronic B-tagging and the Belle data sample corresponding to 711 fb−1.
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 II 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 LFV 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 q2 = mℓτ 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 numbers1 – 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 → Kτℓ 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 L, 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 L 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)c ⊗ SU(2)L ⊗ U(1)Y

2. 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,

1Electric charge, weak isospin, baryon and lepton number.
2Here c denotes the colour, L the chiral component and Y the hyper-charge.
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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

LYuk = ydijQ̄
i
ΦDj + yuijQ̄

i
Φ
†U j + lepton term + h.c. .

Choosing µ2 < 0 and λ > 0 and defining v2 = −µ2

λ
, the scalar potential of Eq. 1.1

is (up to a constant term)

LHiggs = −λ
(

Φ
†
Φ− v

2

)2
,

which implies that the field acquires a vacuum expectation value, or vev, 〈φ〉 = v/
√
2

for at least one direction of Φ, for example in the real direction of the down component:

〈φ〉 =
(

0

v/
√
2

)

.

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

Qi
L =

(

uiL
diL

)

,

gives mass terms of the form

Lmass,q= md
ij d̄

i
Ld

j
R +mu

ij ū
i
Lu

j
R. (1.2)

The mass matrices are related to the Yukawa couplings and the Higgs vev 〈φ〉 = v/
√
2

by

mq
ij =

v√
2
yqij .

In general the mq matrices are not diagonal; one can move to the mass basis and
have the mq’s diagonal through a unitary transformation

m̂q
ij = (V q

L)ik(m
q)kl(V

q†
R )lj ,

with the notation m̂q
ij 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 VL and VR

accordingly:

qiL =(V q
L)

i
jq

′j
L

qiR =(V q
R)

i
jq

′j
R ,

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:

LWqq ∝
g√
2
ūLiγµdLW

µ → g√
2
ūLiγµ(VuLV

†
dL)dLW

µ . (1.3)
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The element (VuLV
†
dL) indicates the Cabibbo-Kobayashi-Maskawa (CKM) unitary ma-

trix:

VCKM =







Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb






,

where the quarks are ordered by increasing mass and the mass eigenstates are named
after their dominant flavor. As an N ×N unitary matrix, VCKM has N2 real parame-
ters, 2N − 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)2 free parameters, N(N − 1)/2 are the Euler mixing angles while the others
N
2 (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

VCKM =







c12c13 s12c13 s13e
−iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13
s12s23 − c12c23s13e

iδ −c12s23 − s12c23s13e
iδ c23c13






, (1.4)

given that cij = cos θij and sij = sin θij .
The measured values of the modules of the elements are reported below [26]:

VCKM =







0.97446± 0.00010 0.22452± 0.00044 0.00365± 0.00012

0.22438± 0.00044 0.97359+0.00010
−0.00011 0.04214± 0.00076

0.0096+0.00024
−0.00023 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 λ, A, ρ, η, defined as:

λ ≡ s12 =
|Vus|

√

|Vud|2 + |Vus|2

Aλ2 ≡ s23 = λ

∣

∣

∣

∣

Vcb

Vus

∣

∣

∣

∣

Aλ3(ρ+ iη) ≡ s13e
iδ = V ∗

ub =
Aλ3(ρ̄+ iη̄)

√
1−A2λ4

√
1− λ2[1−A2λ4(ρ̄+ iη̄)]

which leads to:

VCKM =







1− λ2/2 λ Aλ3(ρ− iη)

−λ 1− λ2/2 Aλ2

Aλ3(1− ρ− iη) −Aλ2 1






+O(λ4) . (1.5)

Experimental values of the four parameters are [26]:

λ = 0.22453±0.00044, A = 0.836±0.015, ρ̄ = 0.122+0.018
−0.017, η̄ = 0.355+0.012

−0.011.

The power of the Wolfenstein representation is that it captures the relevant physics
of CKM matrix: the upper left 2 × 2 matrix is the Taylor expansion in θ12 of the
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Cabibbo matrix3. Furthermore, at the first order in λ (which is < 1) the first two
generations are decoupled from the third one and only at third order in λ the complex
phase shows up. The relations of Eq. 1.5 ensure that ρ̄+ iη̄ = −(VudV

∗
ub)/(VcdV

∗
cb) is

phase convention independent and the CKM matrix written in terms of λ, A, ρ̄ and
η̄ is unitary to all orders in λ.

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 → sℓℓ′: 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 → sℓℓ 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 µ/e universality in loop-induced, neutral-current (NC) transitions b → sℓℓ
and τ/ℓ universality in tree-level, charged-current (CC) transitions b → cℓν. 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 mτ > mµ > me).

The b → sℓℓ transitions are studied via the decays B → Hℓℓ, 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 ℓ’s and are identical between different ℓ species.
This makes the prediction on the ratio

R
e/µ
H =

Γ (B → He+e−)

Γ (B → Hµ+µ−)

∣

∣

∣

q2∈(q2min,q
2
max)

(1.6)

very precise and allows to directly test the LFU. In fact the ratio is predicted to be
1±O(1%) [33], the uncertainty being due to electromagnetic corrections and effects
related to the mass of the e, µ (small compared to the hadrons). The q2 = m2

ℓℓ of
Eq. 1.6 is chosen in a range (q2min, q

2
max) to exclude the B → Xqq̄K resonant states.

For example, when Xcc̄ ≡ J/ψ and q2 = 9.59GeV2/c4 the B → KJ/ψ(→ ℓ+ℓ−) cross
section is much larger because of the favored b → cc̄s transition.

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

R
τ/ℓ

D(∗) =
Γ
(

B̄ → D(∗)τ−ν̄τ
)

Γ
(

B̄ → D(∗)ℓ−ν̄ℓ
) (ℓ = e, µ) , (1.7)

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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1.2.2 Theoretical interpretation

The low-energy effective Hamiltonian for the semileptonic b → s transitions (allowing
for LFV) can be written in the form4:

Heff(b → sℓ−1 ℓ
+
2 ) = −4GF√

2
VtbV

∗
ts

∑

i=7,9,10,S,P

(

C12
i (µ)O12

i (µ) + C
′12
i (µ)O

′12
i (µ)

)

+ h.c.

(1.8)
where the operator product expansion allows to separate the short-distance and long-
distance contributions [12]. The Ci(µ) functions are called Wilson coefficients (WCs)
and are scale-dependent couplings (µ denotes the renormalization scale) to the vertices
described by the Oi’s, local operators governing the interaction. In particular, those
relevant for the b → sℓℓ decays are5:

O
(′)
7 = e/(4π)2mb(s̄σµνPR/Lb)F

µν

O
(′)12
9 =

α

4π
(s̄γµPL/Rb)(ℓ̄1γ

µℓ2), O
(′)12
10 =

α

4π
(s̄γµPL/Rb)(ℓ̄1γ

µγ5ℓ2),

O
(′)12
S =

α

4π
(s̄PR/Lb)(ℓ̄1ℓ2), O

(′)12
P =

α

4π
(s̄PR/Lb)(ℓ̄1γ

5ℓ2),

respectively describing the electromagnetic O
(′)
7 , the (axial)vector O

(′)
(10)9 and the

(pseudo)scalar O
(′)
(P )S interactions. In particular, for

· ℓ1 = ℓ2 = ℓ (C12
i ≡ Cℓ

i ), all the C ′ coefficients are zero in the SM – except C ′
7

which has a small SM contribution of O(ms/mb) [37]. Furthermore, the non-
vanishing WCs are lepton-flavor universal but BSM mediators can contribute
differently to each flavor: Cℓ

i = Cℓ
iSM + Cℓ

iBSM, where Cℓ
iBSM is responsible for

the LFU-breaking.

· ℓ1 "= ℓ2 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(′)12

S,P "= 0, C
(′)12
9,10 = 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 → sℓℓ or b → cτν). 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.

4GF = 1.166 378 7× 10−5 GeV−2.
5α = e2/4π and PL,R are the left-handed (LH) and right-handed (RH) projection operators. mb

is the running b-quark mass.
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enhanced decay rates in processes like b → sℓℓ
′

, especially the B → Kτµ 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 m4

ν
9.

1.2.3 Experimental status on LFV b → sℓℓ′

Many searches of LFV decays involving b → sℓℓ
′

transitions have been performed over
the last ten years, providing stringent results for the b → seµ modes. The obtained
sensitivities at LHCb for the B+ → K+µe, B0 → K∗0µe and B0

s → φµe [50,51] decays
are in the range (6÷16)×10−9 and they rely on the possibility of fully reconstructing
the B meson. Concerning the modes with τ ’s, the limits are not as constraining
due to presence of missing energy: among the τ decay products there is at least
one neutrino, which escapes the detection as it does not interact with the detector
materials. In addition, τ ’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:

B(UL) =
N

(UL)
sig

ε×NB
. (1.9)

The reconstruction (and selection) efficiency for signal events at the denominator
(ε) determines the attainable sensitivity for a given measured Nsig and available data
(NB). In fact, the higher the efficiency, the more stringent the limit is. At B-factories,
the exclusive reconstruction of B → Kℓ+ℓ− 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 τ ’s (e.g.
B → τν, B → D∗τν), the Kτℓ channels have the unique property of having the (one
or two) neutrino(s) coming from the τ itself, thus allowing to extract the signal yield
using the recoil mass10, which should peak at the mass of the τ 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 B+ candidates by looking
for B∗0

s2 → B+K− decays (see Fig. 1.5); such mode is responsible for only ∼ 1% of
B+ 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 B+ 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+µ− pair). Such method does not only provide the missing-mass discriminating
variable11, 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 B+ → h+τ±ℓ∓, (h = π,K) modes with
the usage of hadronic B-tagging [21], while LHCb obtained an independent UL for
the B+ → K+τ+µ− mode only using the B∗

s2-tagging described above. The current
experimental status is summarized in Tab. 1.2.

9For example, BFs for µ → eγ and τ → µγ are expected to be lower than 10−54 and 10−53,
respectively.

10Invariant mass of the system recoiling against the BtagKℓ system.
11m2

miss = (pB − pKµ)
2.
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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 Γsl:

Bb→X =
ΓX

Γsl
× Γsl

Γtot
= rX × Bexp

sl (1.10)

which eliminates Γtot in favor of Γsl but needs as input the experimental semileptonic
BR12.

One has rcℓν = 2.22 ± 0.04 for all the possible semileptonic decays and rcūd =
4.1±0.4 [54,55] and rcc̄s = 1.95±0.5 [55–57], which translate into rates of (44.3±4)%
and (21.1± 2)%, respectively13.

It is worth noting that the average multiplicity of charged final-state particles
for hadronic B+ decays is 5.8 ± 0.1 [58], which contains the contribution from the
decay of the D0 meson. Therefore we expect a sizeable decay rate into final states
with multiple pions D̄(∗)(nπ)+. For n ≤ 3, the decays are predominantly two-body
ones, where B+ → ρ+(a+1 ) dominates the width for n = 2 (n = 3). They result in a
spectator mechanism where the virtual W+ decays into a single hadron: π+, ρ+ or
a+1 . 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

14 since this ratio characterizes the deviation of the X system
from the light cone (low q2 = m2

X regime) [59]. In the limit where the pions are not
emitted in the cb̄ current (the charmed state is a D(∗)):

mXc2

EX
=

2mXmB

m2
B +m2

X −m2
D(∗)

.

Given these points, it is clear that an understanding of the B → Dnπ production
beyond n = 3 is fundamental to fill the gap between what has been measured so
far and the expected 44% of the Γtot related to b → cūd. 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∗π+π−π−π0 performed at CLEO [60] or the measurement of
B → D∗nπ (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 ∗+ → ud̄, a parallel can be made with the τ lepton phenomenology. The τ

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 q2 (i.e. on the squared
mass of the hadronic system), on the spin J of the hadronic system Xhad 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 JP = 0±, 1±; furthermore the weak vector and
axial-vector currents produce an even or odd number of pseudoscalars, corresponding

12We will use B(B+ → Xce
+νe) = 10.8% [13].

13When more than one rX prediction is available, we take average of them.
14EX denotes the energy of the system X in the B-rest frame.
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to a G-parity15 G = 1 and G = −1, respectively. Weak hadronic currents with
spin-parity JP are defined as of first or second class depending on their properties
under G parity. The first-class decays, corresponding to JPG = 0++, 0−−, 1+−, 1−+

dominate hadronic τ decays whereas the combinations JPG = 0+−, 0−+, 1++, 1−−

refer to the second class and are suppressed (BFs of O(10−5)) as their matrix element
is proportional to mu −md, which vanishes in the limit where the up- and the down-
quark have the same mass (perfect isospin symmetry). The decay τ− → ηπ−ντ
belongs to the second-class family, the possible JPG values for the ηπ system being
0+−, 1−−. This mode has never been observed and BABAR set an UL on its BR:
B(τ− → ηπ−ντ ) < 9.9× 10−5 [62].

Depending on the number of pions nπ in the Xhad we have:

· nπ = 2. The ππ0 spectral function is dominated by the broad ρ resonance.

· nπ = 3. The decay τ → 3πντ is the cleanest mode to study axial-vector reso-
nance structure. The spectrum is dominated by the JP = 1+ a1 state, known
to decay essentially through ρπ.

Concerning nπ = 4, there has been an attempt [59] to compare the 4π− invariant
mass spectrum of B → D(4π) decays with τ → π+π−π−π0ν 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
B0 → D∗+π+π−π−π0. Using a model based on factorization, Ref. [59] shows that
the two 4π spectra data agree up to a mass-squared of 2.9GeV/c2, 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:
dΓ

dM2 (B̄
0 → D∗ππππ), where M2 is the squared invariant mass of the 4π-system,

normalized to the semileptonic width Γ(B̄0 → D∗ℓ−ν̄). The triangles are the CLEO data
for B̄0 → D∗+π+π+π−π0, the circles for B̄0 → D∗0π+π+π−π− and the squares the model

prediction of Ref. [59].

The τ sector is not the only laboratory where spectral functions can be studied in
detail: the e+e− 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

15A combination of charge conjugation and isospin rotation.
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the spectral function of a vector τ decay mode in a given isospin state for the Xhad

is related to the e+e− annihilation cross section of the corresponding isovector final
state X0 [63]. The advantage of e+e− data compared to τ ’s is that in the first case
larger invariant masses for the Xhad 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
Dnπ system and are not always well modeled. With D∗∗ we denote the ensemble
of cū states, or DJ mesons, where the charm quark and the light quark are in a P -
wave state (L = 1). They are called D∗

0, D
′
1, D1 and D∗

2; the first two correspond to
a j = 1/216 and, because of parity and angular momentum conservation in strong
interactions is conserved, they can decay to S-wave Dπ and D∗π states. D1 and D∗

2,
instead, have j = 3/2 and decay through a D-wave (D1 → Dπ and D∗

2 → D(∗)π) and
have much narrower widths (O(10MeV/c2)) 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 ρ’s or η’s; such possibility is instead explored in Ref. [64] and repre-
sented in Fig. 1.8.

D∗∗ Mass (MeV/c2) JP Γ (MeV/c2) Dec. channel BF

D0(2300)
0 2343± 10 0+ 222± 16

D0π0 0.3333
D+π− 0.6667

D1(2430)
0 2412± 9 1+ 314± 29

D∗+π− 0.6667
D∗0π0 0.3333

D1(2420)
0 2422.1± 0.6 1+ 31.3± 1.9

D∗0π0 0.1997
D∗+π− 0.3994
D0π+π− 0.1719
D0π0π0 0.1145
D+π−π0 0.1145

D∗
2(2460)

0 2461.1± 0.8 2+ 47.3± 0.8

D∗0π0 0.1334
D∗+π− 0.2669
D0π0 0.1999
D+π− 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 → Xcℓν rate and the sum of exclusive B → D((∗)∗)ℓν modes [64].

The elements presented in this chapter will be invoked several times throughout this
manuscript. In particular, the theory on b → sℓℓ′ 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.

16j is the sum of the light quark spin and the orbital angular momentum 'L.
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Chapter 2

The Belle and Belle II 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
3.5GeV-positrons, a high-energy electron ring (HER) for the 8.0GeV-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× 1034 cm−2s−1, 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× 1034 cm−2s−1.

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

L =
γ±

2ere

(

1 +
σ∗
y

σ∗
x

)(

I±ξy±
β∗
y

)

(

RL

Rξy±

)

, ξy± ∝
N∓β

∗
y

σxσy
(2.1)

where the subscript (+) is for positrons and (−) for electrons and re, e and γ 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]). σ∗

x(y) denote the beam sizes at the IP in the horizontal (vertical)
plane, and I the total beam current. The vertical beam-beam parameter (ξy) describes
the focusing force exerted on a bunch by the electromagnetic field of the opposite
bunch and depends on N∓, the number of particles (e−/e+) in a bunch. β∗

y is the
vertical beta function at the IP; β(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, RL and Rξy± are respectively 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 ξy and the beam current I, and inversely to the vertical β function
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Resonance
On-resonance Off-resonance Υ number

Luminosity (fb−1) Luminosity (fb−1) (106)

Υ (5S) 121.4 1.7 7
Υ (4S) 711.0 73.8 772
Υ (3S) 2.9 0.2 11
Υ (2S) 24.9 1.7 158
Υ (1S) 5.7 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/c, 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, Čerenkov detec-
tors for particle identification and the CsI(Tl) crystal calorimeter for the measurement
of neutral particles. The high light yield and small Molière 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 II detector (shown in Fig. 2.4) reuses the structure, the solenoid, the CsI(Tl)
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 axis2 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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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 200µm. 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 ∆t is inferred from the decay length difference ∆z = βγc∆t. 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 40mm to 30mm) 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◦ < θ < 150◦)3

· The innermost layer closer to the IP (2 cm against the 3 cm 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-φ and r-z was measured to be σr = 21.9⊕
35.5/p µm and σz = 27.8 ⊕ 31.9/p µm4, respectively, where p represents the track
momentum in GeV/c. Given that the outermost SVD layer and the innermost CDC
layer were 88mm and 110mm, respectively, the reconstruction of low pT 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 pT tracks with the CDC was efficient down to 70MeV/c.

Upgraded components in Belle II: PXD and SVD

The Belle II 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 14mm and
22mm. Such proximity to the IP ensures a better vertex resolution and higher K0

S

3It corresponds to the total Belle solid-angle coverage, i.e. 91% of 4π.
4The ⊕ sign denotes summation in quadrature.



34 Chapter 2. The Belle and Belle II experiments

Figure 2.5: Distribution of the reconstructed pK0
S 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 efficiency5, 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 50µm-
thin sensors allow to minimize the multiple-Coulomb scattering and ensure a precise
reconstruction of B-decay vertices.

At radii exceeding 30mm, 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 (135mm).

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-φ 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◦ < θ < 150◦ and a maximum wire
length of 2400mm. The inner radius of the CDC lied at 110mm and the outer radius
was 880mm. 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%):C2H6(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 ∆z than in Belle.
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Chapter 3

B+ → K+τℓ search with Belle data

and hadronic B-tagging

The present chapter describes the strategy in place for the search of the four LFV
B+ → K+τℓ modes at Belle. We use the full dataset collected at the Υ (4S) resonance
and a hadronic B-tagging approach to select the B+B− events. The workflow consists
of many steps: the selection of signal events, the background characterization and
suppression, the signal extraction and UL derivation in case of no observed signal. All
these procedures are performed and optimised on simulated MC samples and are quite
standard, aiming for a robust result, the first with the Belle data on these modes. For
this reason, the performance obtained on MC (B-tagging efficiency, selection efficiency,
fitting model etc.) is carefully checked and calibrated on data employing three control
samples. In the last part, we show the results obtained on data and the extracted ULs
on the BFs of the four modes, which are the most stringent to date. We conclude with
a brief discussion of the current experimental scene. The achieved sensitivity is the
indispensable baseline allowing us to develop on the improvement directions described
in chapters 4 and 5.

3.1 MC samples

Signal MC is generated via the EvtGen [78] package1 with a generic phase-space model
(PHSP) to 3-bodies, i.e. the PHSP is uniformly populated, independently of whether
it can be reached by an intermediate resonance (as illustrated in the Dalitz plot
in Fig. 3.1A). An important kinematic variable is the q2, which corresponds to the
invariant mass of the di-lepton system:

q2 = (pB − pK)2 = (pℓ + pτ )
2 = m2

ℓτ (3.1)

where p is the four-momentum of the particle. The q2 has a span range given by the
4−momentum conservation (mℓ +mτ )

2 ≤ q2 ≤ (mB −mK)2 and the shape obtained
with the PHSP model is shown in Fig 3.1B.

The quark-level diagram showing the semileptonic b̄ → s̄τℓ transition is repre-
sented in Fig. 3.2 for the two charge configurations; in both cases the kaon has the
same charge of the parent B and the τ final-state, f , can be any of the allowed states,
either leptonic (f ≡ ℓν) or hadronic (f ≡ h).

An equivalent variable to q2 is M(K−X+), defined as the invariant mass of the
kaon and the oppositely-charged particle, that can be the prompt lepton or the particle
from the τ (called tτ ) depending on the charge configuration - OSℓ or SSℓ (respectively

1The final state radiation (FSR) is simulated with the PHOTOS package [79].
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on the physics model should be tested in order to measure the impact on the recon-
struction efficiency. At LHCb [22], different effective operators (O(′)

9,10 or O
(′)
S,P ) are

introduced and the UL provided for each of them. A worse sensitivity is obtained
with the scalar operators O

(′)
S,P (4.4 × 10−5) with respect to the vector ones O

(′)
9,10

(3.9× 10−5, the same as for the PHSP case) though, at the end, the PHSP is chosen
as final result.
To perform a similar study at Belle two ways are possible:

(i) Generate the signal MC events via EvtGen. This is possible at present for
B → K∗ℓℓ decays [80] but the corresponding EvtGen module has not yet been
adapted to be used for B → Kℓℓ(′) decays.

(ii) Re-weight the PHSP q2 distribution according to the current set of best-fit
(model-independent) parameters.

The second approach has been chosen because it did not require to write any new
EvtGen model. The re-weighting has been performed according to the correct form
factor [81] and the dΓ/dq2 shown in Ref. [12]. More details are given in Appendix A.

To produce the signal samples, the mcproduzh package has been used. It allows
to perform the generation (via EvtGen), the simulation of the detector response via
Geant3 [82] and the reconstruction of Belle data. The beam energy, IP profile, and
detector configurations are experiment-dependent, but not run-dependent2. Also, the
experiment-dependent background files are made of background events from all the
runs of the experiment. The beam background, obtained from the random-triggered
data, is overlaid to the simulated MC events.

For the background studies, the official generic samples with run-dependent beam
background were used:

· BB: charged (B+B−) and mixed (B0B0);

· qq: uds (q = {u, d, s}) and charm (q = c).

Multiple streams of these samples are available, each of them corresponding to the
size of the Belle dataset. This is very useful to make more in-depth studies of the
background nature but also to have independent samples of the same size to validate
ML techniques. It is worth mentioning that the generic B samples only contain
decay modes with b → c quark transitions. The suppressed charmless B-decays are
simulated in specific MC samples, including the b → s/d (penguins) as well as the
b → uℓν transitions. Because of their small rates, these samples are generated with a
much larger luminosity:

· b → uℓν: 20×;

· rare (electroweak and radiative penguins, charmless): 50×.

Two more MC datasets are used as control samples:

i. A privately-produced B+ → D−π+π+ sample to assess the data-MC difference
related to the BB background suppression. More details on the generation of
such sample and the studies performed with it are provided in Sec. 3.10.1.

ii. A centrally-produced B+ → J/ψK+ sample for the checks related to the qq
background suppression. It corresponds to 100 times the Belle dataset size.

2The same holds for the boost vector components. The definitions of ‘experiment’ and ‘run’ are
given in Sec. 2.2.6.
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BASF (Belle AnalysiS Framework) [83] is the software developed by the Belle col-
laboration providing the code for data-taking and ‘offline’ analyses. Major changes
were needed to match the upgrades for the Belle II detector and a completely new
software framework called basf2 (Belle II Analysis Software Framework) was written.
It blends the features of other HEP experiments while preserving the experience and
good algorithms of Belle. The basf2 core is written in C++ and provides a Python
interface allowing for an easy access to different modules and their configuration for
any tasks related to the experiment activities (generation of simulated data, unpack-
ing of ‘raw’ data, reconstruction, calculation of high-level variables for the physics
analyses).

In order to exploit the basf2 software [84], [85] and use the Belle II hadronic B-
tagging package, the workflow requires the usage of the b2bii framework [86], which
converts the Belle mdst (mini-data summary tapes) files from the PANTHER [87]
format (used in BASF) into ROOT-objects [88], used in basf2. After the conversion,
all the Belle II analysis tools can be used and the same scripts can be used for studies
on Belle II samples and possibly perform combined (Belle+Belle II) measurements.
The b2bii conversion is performed by three main modules: B2BIIMdstInput, which
opens and reads Belle mdst files, B2BIIFixMdst, which corrects the read-in mdst files
and B2BIIConverMdst module, responsible for the actual conversion. Afterwards,
Belle II-type objects (Tracks, ECLClusters, PIDLikelihoods...) are available in the
framework.

3.2 Data samples

The analysis is performed on the full Belle data sample collected at the Υ (4S) reso-
nance between 1999 and 2010, corresponding to an integrated luminosity of 711 fb−1

or 772 × 106 BB pairs [89]. Data were collected with two vertex detector configura-
tions (called SVD1 and SVD2, see Sec. 2.2.2). Due to the fact that the instantaneous
luminosity delivered by KEKB had increased after the SVD2 installation, the SVD1
run period corresponds to only 152× 106 BB pairs (∼20% of the total on-resonance
data).

The reconstruction is performed on skimmed data, i.e. on a sub-set where minimal
requirements are applied. In fact, at the same time of the b2bii conversion, the
HadronBJ skim is applied [90]. Events are discarded based on track multiplicity and
visible energy: the event must have at least three charged tracks with pt > 0.1 GeV/c
and the visible energy (sum of the energy of charged tracks and reconstructed photons)
must be greater than 20% of

√
s. Further selection criteria remove the majority of

beam-gas background and two-photon events; the first being reduced by requiring
that the primary vertex position of the event to be close to the IP. Background events
from QED and tau-pairs are suppressed by cutting on the total energy measured in
the ECL and on the HJM variable3. Such combined cuts do not remove light quark
pair production events (e+e− → qq̄ with q = u, d, s, c) but are not very efficient for
inclusive ψ events. Therefore, the events with J/ψ and ψ(2S) candidates are explicitly
added to HadronBJ.

In summary, by using the pre-selection, or skim, described above we expect our MC
data samples to be almost free from low-multiplicity processes (QED and τ+τ−). Even
though the exclusive reconstruction of hadronic B-decays would naturally discard

3The Heavy Jet Mass is the invariant mass of particles found in hemispheres perpendicular to the
event thrust axis.
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3.4 Btag reconstruction

The Btag reconstruction is performed via the Full Event Interpretation (FEI) [8], a
ML-based algorithm developed for Belle II. The FEI follows a hierarchical approach
with six stages, as schematically rendered in Fig. 3.6. All the candidates available
at each stage are combined to intermediate particle candidates in the subsequent
stages, until the candidates for the B meson are created. Each intermediate particle
has multiple possible decay-channels, which can be used to create valid candidates.
The FEI reconstructs more than O(100) explicit decay-channels, leading to more than
O(104) distinct decay-chains.

Figure 3.6: Hierarchical reconstruction of B candidates in the FEI. Figure from Ref. [8].

For each B meson, a value of the final multi-variate classifier output, called
SignalProbability (or Σ, or PFEI), is assigned. This variable is distributed be-
tween zero and one, representing candidates identified as being background-like and
signal-like, respectively.

For our study we configure the FEI in order to reconstruct only charged B hadronic
decays not allowing for modes with K0

L as they are poorly measured. With such
configuration, the four-momentum of the reconstructed Btag is well-known and the
tagged sample is pure. However, due to the fact that a typical hadronic B-decay has
a BF of O(10−3) and that the intermediate states are explicitly reconstructed in a
finite number of modes, only a very small fraction of events contains good B FEI tags.
To quantify this, we recall the definition of three key-parameters used to establish the
FEI performance:

· tagging efficiency: the fraction of Υ (4S) events that can be tagged

· tag-side efficiency: the fraction of Υ (4S) events with a correct tag

· purity: the fraction of tagged Υ (4S) events with a correct tag side.

In the case of hadronic B+ FEI, the typical purity in MC is 10% for a 0.5% tag-side
efficiency. The FEI performance is summarized in Fig. 3.7 and compared to that of the
Belle exclusive B-tagging algorithm called Full Reconstruction (FR) [9]. The tag-side
efficiency is higher in FEI compared to FR, but it drops very quickly as the purity
grows. This behaviour seems to suggest that FEI is not very robust in background
rejection.
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Particle
List

FEI cuts pre-cut post-cut

e±, µ± dr < 2 cm, |dz| < 4 cm, Σ > 10−2 10 hi ℓID 5 hi Σ, Σ >
10−2

K±, π±, p± dr < 2 cm, |dz| < 4 cm, Σ > 10−2 20 hi pID 10 hi Σ,
Σ > 10−2

γ goodBelleGamma=1 40 hi E 20 hi Σ,
Σ > 10−2

clusterBelleQuality=0

π0 0.08 < M(GeV/c2) < 0.18, Σ > 10−2 20 lo |dM | 10 hi Σ,
Σ > 10−2

J/ψ 2.6 < M(GeV/c2) < 3.7, Σ > 10−3 20 lo |dM | 10 hi Σ,
Σ > 10−3

K0
S 0.4 < M(GeV/c2) < 0.6, Σ > 10−2 10 lo |dM | 10 hi Σ,

Σ > 10−2

D0, D+ 1.7 < M(GeV/c2) < 1.95, Σ > 10−3 20 lo |dM | 10 hi Σ,
Σ > 10−3

D+
s 1.68 < M(GeV/c2) < 2.1, Σ > 10−3 10 lo |dM | 10 hi Σ,

Σ > 10−2

D∗0, D∗+
(s) 0.0 < Q(GeV/c2) < 0.3, Σ > 10−2 20 lo |dQ| 10 hi Σ,

Σ > 10−3

B+ |∆E| < 0.5GeV, Mbc > 5.2GeV/c2

Table 3.1: FEI selection, pre-cuts and post-cuts applied to each particle lists [8]. ℓID stands
for electron-ID or muon-ID for electrons and muons, respectively. pID stands for binary ratio
of kaon vs. pion (K±), pion vs. kaon (π±), proton vs. kaon atcPID(4,3) (p±) – see Eq. 2.2.

‘hi’ stands for ‘highest’ and ‘lo’ stands for lowest’.

and the energy difference ∆E are applied to the Btag mesons to select the typical
signal regions associated with B mesons. A total of 29 hadronic B+ decay modes are
reconstructed by the FEI package. They are listed in Table 3.2, along with all the
reconstructed modes for the D mesons used to obtain the B+ candidates (shown in
Tab. 3.3).

The following intermediate states are also reconstructed:

1. π0 → γγ;

2. K0
S → π+π−,π0π0 ;

3. J/ψ → ℓℓ (ℓ = {e, µ}).

The FEI is trained on Belle MC events with a Υ (4S) decaying into charged or neutral
B mesons (all the allowed decay channels). Hence, for the training no specific signal
side is taken into account. The advantage is that the training can be done only once
and be used for every analysis (i.e. every Bsig). It is worth mentioning that continuum
events are not used for the training, as this background source is considered as easier
to suppress by means of well-established techniques utilised at B-factories.
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ID Decay Mode

0. B+ → D0π+

1. B+ → D0π+π0

2. B+ → D0π+π0π0

3. B+ → D0π+π+π−

4. B+ → D0π+π+π−π0

5. B+ → D0D+

6. B+ → D0D+K0
S

7. B+ → D∗0D+K0
S

8. B+ → D0D∗+K0
S

9. B+ → D∗0D∗+K0
S

10. B+ → D0D0K+

11. B+ → D∗0D0K+

12. B+ → D0D∗0K+

13. B+ → D∗0D∗0K+

14. B+ → D+
s D

0

15. B+ → D∗0π+

16. B+ → D∗0π+π0

17. B+ → D∗0π+π0π0

18. B+ → D∗0π+π+π−

19. B+ → D∗0π+π+π−π0

20. B+ → D∗+
s D0

21. B+ → D+
s D

∗0

22. B+ → D0K+

23. B+ → D−π+π+

24. B+ → D−π+π+π0

25. B+ → J/ψK+

26. B+ → J/ψK+π+π−

27. B+ → J/ψK+π0

28. B+ → J/ψK0
Sπ

+

Table 3.2: FEI B+ decay modes.

ID Decay Mode

0. D0 → K−π+ D∗0 → D0π0

1. D0 → K−π+π0 D∗0 → D0γ

2. D0 → K−π+π0π0

3. D0 → K−π+π+π−

4. D0 → K−π+π+π−π0

5. D0 → π−π+

6. D0 → π−π+π+π−

7. D0 → π−π+π0

8. D0 → π−π+π0π0

9. D0 → K0
Sπ

0

10. D0 → K0
Sπ

+π−

11. D0 → K0
Sπ

+π−π0

12. D0 → K−K+

13. D0 → K−K+π0

14. D0 → K−K+K0
S

0. D+ → K−π+π+ D∗+ → D0π+

1. D+ → K−π+π+π0 D∗+ → D+π0

2. D+ → K−K+π+ D∗+ → D+γ

3. D+ → K−K+π+π0

4. D+ → π+π0

5. D+ → π+π+π−

6. D+ → π+π+π−π0

7. D+ → K0
Sπ

+

8. D+ → K0
Sπ

+π0

9. D+ → K0
Sπ

+π+π−

10. D+ → K+K0
SK

0
S

0. D+
s → K+K0

S D∗+
s → D+

s γ

1. D+
s → K+π+π− D∗+

s → D+
s π

0

2. D+
s → K+K−π+

3. D+
s → K+K−π+π0

4. D+
s → K+K0

Sπ
+π−

5. D+
s → K−K0

Sπ
+π+

6. D+
s → K+K−π+π+π−

7. D+
s → π+π+π−

8. D+
s → K0

Sπ
+

9. D+
s → K0

Sπ
+π0

Table 3.3: FEI D mesons decay modes.

The number of Btag candidates per event6is reduced by taking only the candidate
with the highest SignalProbability; such ranking is performed after having applied
tighter cuts on Mbc and ∆E. The final selection of the Btag candidates is:

· Mbc ≥ 5.27GeV/c2

6For BB events, when applying a minimal cut on SignalProbability of 10−5, the average mul-
tiplicity is 4 candidates per event.





60 Chapter 3. B+ → K+τℓ search with Belle data and hadronic B-tagging

· p > 0.5 GeV/c (only for the π mode, to reduce the fake π rate)

· pt > 0.2 GeV/c

· πID > 0.6 (π mode), ℓID > 0.9 (ℓ = {e, µ}).

The particle-ID variables used throughout this work have been defined in Sec. 2.2;
we recall here that, for µID> 0.9 the average muon detection efficiency of 89%, with
a pion mis-identification rate of 1.5%. For the e± candidates, the eID> 0.9 gives an
average electron detection efficiency of 92% and a pion mis-identification rate below
1%. For the pion, the cut πID> 0.6 is used, which corresponds to an efficiency of
83% with a kaon mis-identification of 6%. The kaon is selected with the criterion
kID> 0.6, which has an efficiency of 92% and a pion mis-identification rate of 5%.
The cuts performed on the signal-side particles are summarized in Tab. 3.4.

Particle Selection Cut

K±
sig |dr| < 0.5 cm, |dz| < 5 cm, kID > 0.6

e± |dr| < 0.5 cm, |dz| < 5 cm, eID > 0.9

Bremss. recovery
µ± |dr| < 0.5 cm, |dz| < 5 cm, µID > 0.9

tτ |dr| < 4 cm, |dz| < 20 cm

All tracks pt > 0.2 GeV/c

πτ p > 0.5 GeV/c

Table 3.4: Signal side FSP selection criteria.

A vertex fit is performed with the two prompt tracks of the Bsig side: the informa-
tion on the quality of the fit has double scope: perform a Bsig best candidate selection
and also use the probability associated to the χ2 of the fit as a training feature for
the background suppression, as will be explained in section 3.7.

3.6 Event and best candidate selection

To each combination of Btag and Bsig candidates (i.e. a Υ (4S) candidate) corresponds
a Rest Of the Event (ROE), defined as the set of unused tracks and ECL clusters. The
neutral ECL clusters which are allowed in the ROE have region-dependent threshold
energies defined with the cut goodBelleGamma= 1.
The tracks in the ROE are selected within a region compatible with the IP: |dr| <
10.0 cm and |dz| < 20.0 cm. With the above ROE definition, we reject events with
ROE having more than zero tracks. No further cuts are applied on the neutral activity
in the ROE, i.e. the number of clusters in the ECL or their energy; instead, these
variables are later exploited as training features for the background suppression via
BDT. The requirement of having no tracks in the ROE enhances the presence of 1-
prong τ decays and helps reducing the multiplicity coming from the reconstruction of
the tτ . If more than one candidate is present for the tτ the following priority is set:
µ > e > π. The priority is given to the leptons in order to avoid them, especially
the muons, to be counted as pions. This cut is historical and was decided with the
goal of exploiting the information coming from the different τ modes. In the end,
we opted for not having a different selection for the three modes and treat all the
event in an inclusive τ approach. This point could be a direction of improvement for
a future measurement with Belle II data, as the τ → ℓνν candidates have a different
background nature. We will return to this point in Sec. 5.5.1.
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larger cross section, the continuum background (qq) is usually under control for anal-
yses where a B is fully reconstructed. Besides, those events have distinct signatures
opposed to BB events and therefore can be efficiently reduced. At the reconstruction
level, the continuum events account for roughly 40% (20%) of the total background
for OSℓ (SSℓ) modes.

A possible way to classify the BB background sources consists in dividing the B-
decays into two main categories: hadronic (HAD) and semileptonic (SL). They have dif-
ferent properties in terms of missing energy, topology and presence of high-momentum
lepton. Under the approximation Bsl = B(B+ → Xcℓ

+νℓ) = 25% (with ℓ being now
any charged lepton) and Bhad = 1− Bsl = 75% one gets

· SL×SL: 6%

· SL×HAD: 38 %

· HAD×HAD: 56 %

i.e., the events where both B’s decay hadronically are the most abundant at the
generator level. The BB combinatorial background arises from a random combination
of particles, or, in the case of B+B− events, a good Btag candidate can be associated
to other tracks that are compatible with our signal side (same final state). The main
source of background in this last case is in the form of

· B+ → D
(∗)0

(→ K+X−)ℓ+νℓ for SSℓ modes;

· B+ → D
(∗)0

(→ K+ℓ−ν̄ℓ)X
+ for OSℓ modes.

with the X+ containing at least the t−τ (e−, µ− or π−). One can already notice that
while for the SSℓ case the SL×HAD dominates merely because of the sign charges of
the signal kaon and lepton, for the OSℓ the X can either contain a lepton or hadrons
and both combinations SL×HAD and HAD×HAD are possible. More precisely:

· For SSℓ modes, the SL×HAD component reaches 90% and hadronic D decays are
preferred.

· For OSℓ modes, around 70% of BB background events is of the type SL×HAD

while the rest consists of double-hadronic events8. Semileptonic Bsig decays
are still favored because of the lower multiplicity and are compatible with the
requirement of having two leptons on the signal side (for the τ → ℓ modes). The
ℓsig originates from a D meson for 70% of the time because of the charge signs.

These sources of background coming from charged B-decays are the most difficult
to suppress because of their abundant production of kaons9 and leptons. However,
the different topology of the decay can be exploited. In fact, while for the signal
candidates the kaon and the lepton are prompt, i.e. both coming directly from the
B, for the background the kaon mostly comes from a D0 and thus has larger impact
parameter. In the OSℓ configuration, the Kℓ pair is expected to come from the D and
the two tracks make a good vertex but separated from IP because of the D-lifetime
while for the SSℓ case, only the ℓsig is prompt and the vertex fit has a lower vertex
fit χ2.

8The case where the tag side decays semileptonically is almost negligible, due to the tight cuts on
Mbc and ∆E.

9The inclusive BFs B(B+ → D0X) = (79± 4)% and B(D0 → K+X) = (54.7± 2.8)% [13], while
the anti-correlated charmed production is suppressed B(B+ → DX) = (8.6± 0.7)% [53].
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decays). Therefore the number of ECL clusters (nROE(ECL)) and the related
energy (EROE(ECL)) are expected to be smaller than for the background. For
the same reason, the squared missing mass of the event, defined as

mm2 ≡ |pΥ (4S) −
∑

pvisible|
2

should be peaking at 0 for signal events when only the ντ escapes the recon-
struction while being larger for the leptonic τ modes. Larger tails are observed
for the background.

3. Vertex-related variables. The Btag vertex is reconstructed from all the tracks in
the tag side, while the Bsig vertex is fitted using the primary tracks: Ksig and ℓsig.
As anticipated in Sec. 3.7.1 the origin of K− in the combinatorial background
is mainly from a D0 decay, hence the distance of the Bsig vertex from the IP
position (denoted as dr(Bsig)) tends to have a longer tail. The distance of closest
approach between the two primary tracks, dist(Ksig, ℓsig), is also used for the
training. Other vertex-related variables are: dist(Ksig,tτ ), dist(Bsig tτ ). All
these variables are computed with the basf2 DistanceCalculator module.

4. KSFW-related variables [95]. KSFW is a Fisher discriminant developed at Belle
for continuum suppression. The building blocks are the Fox-Wolfram (FW)
moments, used to describe the distribution of momentum and energy flow in
an event: for a collection of N particles with momenta pi the k-th order FW
moment Hk is defined as Hk =

∑n
i,j |6pi||6pj |Pk(cos θij) where θij is the angle

between 6pi and 6pj , and Pk is the k-th order Legendre polynomial. The modified
FW moments are divided into three parts depending on the origin of the particle:
Hss

k , Hoo
k , Hso

k if the sum runs over Btag particles (label s), ROE particles
(label o) or both (label so). The KFSW is a linear combination of the modified
FW moments and further divides particles into charged, neutral and missing
components.

Some of the training features can be seen in Fig. 3.22 for the OSe mode, where
the two background components (BB and qq) are separated in order to show that,
although targeting BB background suppression, the BDT classifier will also be able
to reduce the qq components as many of the used variables show a good separation
with the signal. The variables used for each mode and a short definition for each
of them (as well as the aliases we will use throughout the manuscript) are listed in
Table 3.6. Fig. 3.23 shows the linear correlations among the ten training variables,
in addition to the mτ : on the upper (lower) side of the diagonal the values refer to
the background (signal) events. For background events the correlation with mτ is not
larger than 20% and is expected to be related to the M(Kℓ) variable as it enters the
very definition of mτ . This point will be further developed in chapter 5.

As mentioned before, the hyper-parameters for the BDT training are tuned in
order to get a similar performance for the training and the test sample (as shown in
Fig. 3.24).

For the optimal point attained, we check the ranking of the used variables in terms
of their importance for the training (see Fig. 3.25). The importance is computed by the
FastBDT method itself and uses the information gain of each applied cut by summing
up the separation gain of each feature by looping over all trees and nodes. Except
for the most important features, such metrics gives only a rough estimate because
of the many correlations between the variables. Other importance types, evaluated
in a method-agnostic way, are more accurate but require longer computing time. As
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3.8.3 qq background

The BDT classifier optimised for BB background suppression also removes a large
amount of continuum background. However, a non-negligible qq component still re-
mains, especially in the τ → πν modes. For this reason, a second BDT classifier is
trained on variables that are commonly used for continuum background suppression,
based on the event topology.
In a BB event, both B mesons are produced almost at rest in the Υ (4S) frame, as the
mΥ (4S) is just above the BB production threshold; therefore the B-decay products
are distributed isotropically, as opposed to qq events, where the quarks are produced
with higher momentum, providing a back-to-back fragmentation into two jets of light
hadrons. In this context, the usage of the thrust axis becomes crucial (it is defined
as the direction that maximizes the sum of the longitudinal momenta of the consid-
ered particles). Furthermore, in BB events the angular distributions of the decay are
uncorrelated, while for continuum there is a sizeable correlation because the particles
from each B candidate tend to align with the direction of the jets.

The features used for the training are listed below, along with a short description
(which is also summarized in Tab. 3.7):

- θT : the angle between the thrust axis obtained from final-state particles for the
Btag and for the rest of the event in the CM frame. For signal events, the cos θT
is flat, whereas for continuum events it peaks towards 1.

- R2: Defined as the ratio of the 2-nd to the 0-th order FW moments. In the limit
of vanishing particle masses, H0 = 1 and the normalized ratio R2 has values
close to one for events with strongly collimated jets.

- Sphericity S: Scalar, event-based variable defined as the linear combination of
the sphericity tensor eigenvalues λi: S = (3/2)(λ2 + λ3). The distributions for
background and signal events after BB background suppression of this variable
and the previous two are shown in Fig. 3.29.

- CLEO Cones [96]: A set of nine variables corresponding to the momentum flow
around the thrust axis of the B candidate, binned in nine cones of 10◦ around
the thrust axis.

Var. name Definition

R2 Reduced Fox-Wolfram R2 = H2/H0

cos θT Cosine of angle between thrust axis of the Btag

and thrust axis of the Bsig

sphericity Event sphericity
cleoConeThrust_i i-th Cleo cone calculated with respect to the

thrust axis

Table 3.7: List of the variables used for the BDT(qq) training and their definitions.

Figure 3.30 shows that cos θT and the sphericity of the event are the most effective
variables for the continuum suppression, while the cleoCones do not provide significant
information gain.

As one can see from Fig. 3.31, this second classifier only separates the qq back-
ground as the topology of signal and BB events is very similar.
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3.9 Signal extraction

In order to measure the signal yield of the B → Kτℓ modes the following strategy is
adopted. The signal MC distribution is fitted to determine all the probability density
function (PDF) parameters except the yield. The background shape is also modeled
from the MC but the values of PDF parameters are not fixed. A toy MC study follows
to assess the fit strategy and verify its stability and the absence of biases.
All the performed fits consist of unbinned extended maximum likelihood fits computed
with the RooFit package [97]. In an extended fit the likelihood has a term proportional
to the observed total number of events, which is the parameter we aim to measure, as
well as its uncertainty.

A PDF is a function (normalized to one) of a set of observables x and parameters
p f(x;p). The likelihood of the PDF with respect to an observed data point x0 is
defined as f(x;p) and is a function of the parameters p.

The likelihood can be extended to a set of data points by combining the single
likelihoods as follows:

L(p) =

n
∏

i

f(xi;p)

The best values for the p parameters are estimated by maximising the likelihood
function or, equivalently, minimizing the function:

− lnL(p) =
n
∑

i=1

ln f(xi;p)

If the number of observations n itself is a random variable with mean ν – n ∼Pois(n; ν)
– then the likelihood is called extended and writes as:

L(p) =
νne−ν

n!

n
∏

i

f(xi;p)

where in general ν = ν(p). Furthermore we opt for an unbinned maximum likeli-
hood (UML) fit because it is more robust for small sample sizes. UML fittings is
obtained via minimization of the calculated likelihood function by the ROOT imple-
mentation of MINUIT. The fits are configured to execute the MIGRAD, HESSE and
MINOS function in succession: the first finds the function minimum by iterative cal-
culations of the gradient and following the local minimum, the second calculates the
error matrix from the 2nd-order derivatives at the minimum. This method provides
symmetric uncertainties, which is exact under the assumption that the likelihood is
locally parabolic. On the contrary, MINOS calculates the uncertainties by explicitly
finding the contours for which where ∆ logL = 0.5 and they can thus be asymmetric.

3.9.1 Signal PDF

The signal mτ distribution, defined in Eq. 3.6, is modeled with a PDF consisting of
two components: a Crystal Ball PDF (CB), intended to fit the TM candidates and
the right-hand tail of the distribution, and a Gaussian. As described in Sec. 3.6,
we consider (self) cross-feed events as signal events because of their peaking nature.
However, the resolution of partially mis-reconstructed candidates entails a larger res-
olution, that is encoded in the Gaussian component. The means of the CB and the
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Gaussian are fixed to be equal to the current PDG value of the τ mass11 while the
rest of the parameters (n,α,σ1 for the CB and σ2 for the Gaussian), as well as the
normalization of one component with respect to the other, are kept floated. The PDF
describing the signal can be written as:

S(m|n,α,σ1,σ2, f) = f · CB(m|n,α,σ1) + (1− f) ·G(m|σ2) (3.11)

where the definition of the Crystal Ball is:

CB(m|µ,σ,α, n) =
1

N

{

exp
[

−(m− µ)2/(2σ2)
]

, m > µ− ασ
(n/α)n exp(−α2/2)
[(µ−m)/σ+n/α−α]n

, m ≤ µ− ασ .
(3.12)

The parameters (µ and σ) are respectively the mean and the standard deviation of
the Gaussian component of the CB, α is the parameter encoding the location of the
switch from the Gaussian to the power-tail and n is the exponent of the power-tail.

The result of the fit to the signal mτ distribution is shown in Fig. 3.34 and the
values of the fitted parameters (as well as their uncertainties) are summarized in
Tab. 3.10. The width associated with the CB component is used to define the signal
window in which the cuts are optimised: for a σ1 ∼ 0.3GeV/c2, the 3-σ range is
(1.68, 1.87)GeV/c2.
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Figure 3.34: Fit to the mτ for B+ → K+τ+e−

events passing the selection.

Parameter Fit result

fCB 0.84± 0.01

σCB (MeV/c2) 24.5± 0.7

α −1.352± 0.06

n 1.45± 0.09

σGauss (MeV/c2) 150± 7

Table 3.10: Fit parameters for
the OSe signal candidates.

3.9.2 Background PDF

A second-order polynomial PDF is used to fit the total background (BB and qq com-
bined) surviving the whole selection process. The Chebychev polynomials are chosen
as they are usually more stable due to milder correlations between the coefficients. In
Roofit the Chebychev polynomials are defined as:

T (m|c1, ...ck) =
1

N
·

(

T0(m) +
k

∑

i=1

ciTi(m)

)

. (3.13)

11PDG τ mass value: (1776.86± 0.12)MeV/c2 [92].
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Such polynomials are naturally defined and normalised in the domain [−1, 1] and
the range defined for the fit is mapped onto this range. An example of fit to background
events is presented in Fig. 3.35, with the corresponding fit values in Tab. 3.11.
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Figure 3.35: Fit to the mτ for background
events passing the selection.

Parameter Fit result

c1 (GeV/c2) −0.10± 0.1

c2 (GeV/c2) 0.08± 0.1

Table 3.11: Fit parameters for
the OSe background candidates.

3.9.3 Toy MC studies of fit stability

The stability of the fit is checked via two MC studies performed with Roofit. The
first consists in generating 104 pseudo-data experiments (with a Poisson fluctuation
on the total number of events) according to the following PDF:

F (m|Nsig, Nbg, c1, c2) = NsigS(m) +NbgB(m|c1, c2) , (3.14)

and obtaining the pull distributions for the four fitted parameters (Nsig, Nbg, c1, c2)
obtained using the same PDF for the generation. A correct fit should lead to four
normal distributions, i,.e. centered in zero (no biases) and with a standard deviation
compatible with unity (correct uncertainty estimation). The distributions are shown
in Fig. 3.36 for the OSe mode, while an example of fit to the pseudo-data is given in
Fig. 3.37.

The BF is calculated using the formula:

B(UL) =
N

(UL)
sig

ε×NBB̄ × f±/00
(3.15)

where

- NBB̄ is the number of BB pairs produced at KEKB: (772± 11)× 106 [98];

- ε is the final efficiency of signal MC;

- f±/00 = f±/f00 is the ratio of BFs between charged and neutral B pairs in
Υ (4S) decays12.

12This ratio is equal to 1.058 ± 0.024 [13] and is the result of the combination of f±/f00 mea-
surements, obtained considering the isospin invariance in B0 and B+ decays, and of the direct
measurements of f00 (assuming f00 + f± = 1). B(Υ (4S) → BB) = (51.4 ± 0.6)%, B(Υ (4S) →
B0B0) = (48.6± 0.6)%.
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Figure 3.36: Pull distributions of the fitted parameters for pseudo data with an assumed
BF on the K+τ+e− signal equal to 5× 10−5.
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Figure 3.37: Fitted pseudo-experiment where the number of background events is compat-
ible with the Belle data size and the injected BF for the signal B+ → K+τ+e− is 5× 10−5.

The second check consists in measuring a possible bias in the BF estimation. A
10-point scan in the signal yield Nsig(gen) with a mode-dependent range is performed,
and the related measured yields (Nsig(meas)) are shown in Fig. 3.38, with the linear
fit proving the good agreement between the two sets. When significant, the differences
between measured and injected Nsig are taken into account for the evaluation of the
systematic uncertainty, otherwise only the statistical uncertainties on the linear fits
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are taken; this point will be resumed in Sec. 3.11.
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Figure 3.38: Linearity test: measured BF as a function of the BF assumption of the signal.
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3.10 Control samples

Before looking at data, one must demonstrate that the developed analysis is mature
enough and that a strategy is in place to measure the possible discrepancies between
the MC simulation and the data. For this purpose, one needs to find one or more
control samples, i.e., channels with similar properties to the signal, to perform the
needed comparison between data and MC. We use the B+ → D−π+π+ and B+ →
J/ψK+ to measure on data the cut efficiencies related to the BDT selections. We
also want to calibrate the signal PDF, which is fixed from MC simulation, to take into
account possible differences with data and evaluate the related systematic effects. In

this case, the so-called inclusive B+ → D
(∗)0

π+ sample is exploited.
The three calibration steps (BB and qq background suppression and signal PDF)

are described in the next paragraphs.

3.10.1 B+ → D−π+π+

The BB background suppression procedure might not perform on data the same way
as on MC as a result of possible differences in the distributions of the input variables
and the correlations among them. In order to take this effect into account, a control
channel with similar kinematics to B → Kτℓ with sufficient data is needed. With
this in mind, we choose the mode B+ → D−(→ K+π−π−)π+π+: a three-body decay
allowing to study the recoil mass in the same region as mτ

13.
The total BF of this mode has been measured at Belle [99] and BABAR [100] and
is equal to (1.07 ± 0.05) × 10−3; in both measurements the resonant nature of the
decay was observed coming from D∗∗ decays (see Tab. 1.3) were measured. As will be
discussed in sections 4.1 and 4.3, the Dπ+π− modeling in Belle MC is not reflecting
the current experimental indications. In order to have a more realistic model for a
better agreement between data and MC and also to have a high statistic sample, we
generate a Dπ+π− sample following the Dalitz analysis performed by BABAR with the
contributions below:

· B+ → D
∗0
0 (→ D−π+)π+: 65%

· B+ → D
∗0
2 (→ D−π+)π+: 35%

· B+ → D−π+π+ non-resonant: 0%,

while the three-body D− → K+π−π− decay is generated with a Dalitz model taking
into account of the measured K0π− amplitude components [78].
The reconstruction procedure starts with the Btag selection as described in section 3.4,
with a veto on B+ → D−π+π+ FEI mode to avoid the contamination from the signal
side. Subsequently, the tracks that are not related with Btag are combined to form
the B+ → D−(→ K+π−π−)π+π+ with the cut MKππ ∈ (1.81, 1.95)GeV/c2. If more
than one Bsig candidate passing the selection Mbc ≥ 5.24GeV/c2 and |∆E| ≤ 0.1GeV
is obtained, the one with lowest ∆E is selected. Finally the request of having no tracks
in the ROE is applied.
When forming the variables for the BDT training, the two prompt tracks from the
Bsig are used as the primary kaon and lepton, while one of the pions from the D
has the role of the τ prong, tτ . The other two tracks from the D are considered as
missing energy. It should be stressed that the Dππ system is far from having a PHSP-
like kinematics: in general the prompt pion (π1) has higher momentum than the one

13The PDG average of the D− meson mass is (1869.66±0.05)MeV/c2 while the τ mass is (1776.86±
0.12)MeV/c2 [13].
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coming from the D∗∗ decay (π2). As a consequence, the M(Ktτ ) distribution, which
is very important for background suppression, tends to have lower (higher) values
when the assignment K ≡ π2 (K ≡ π1) is made. Such bias would entail a different
BDT response with respect to Kτℓ for SSℓ modes, where the M(Ktτ ). To avoid
that, the Ksig is randomly assigned to π1 or π2. This problem does not arise for the
OSℓ modes, where the M(Kℓ) variable does not depend on the chosen assignment
for the two prompt pions. In Fig. 3.39 we show the M(K−X+) distributions for
the B+ → D−π+π+ control samples in both data and MC and compare them with
the Kτℓ distributions. As we can see, the random assignment for the SSℓ mode
(Fig. 3.39B) provides a acceptable agreement between Dπ+π− and Kτℓ; furthermore,
the used D∗∗ model leads to good consistency with data for both OSℓ and SSℓ modes.
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Figure 3.39: M(K−X+) distributions for data (red dots) compared to B → D−π+π+ MC
sub-components and signal MC. M(Ksigℓsig) for OSℓ (A) and M(Ksigtτ ) for SSℓ (B).

The response of the MC-trained classifier on the control sample thus composed
is displayed in Figure 3.40. The obtained agreement is satisfactory and allows us to
calibrate the efficiency of the BB rejection step.
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Figure 3.40: Data and MC comparison for BDT(BB) response for the B+ → D−π+π+

sample obtained for the OSe mode.

3.10.2 B+ → J/ψK+

Unlike the calibration of BDT(BB), for qq we do not need the control sample to be
kinematically close to B → Kτℓ. The process B+ → J/ψ(→ ℓℓ)K+ is good enough
to establish the agreement between data and MC for the classifier based on variables
describing the event shape and thrust information based on the ROE of the Btag
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candidates.
The reconstruction is performed as follows:

1. Btag candidate are reconstructed as before;

2. Kaon and leptons are identified as detailed in Sec. 3.5;

3. J/ψ(ℓℓ) candidates must satisfy Mℓℓ ∈ (3.0, 3.2)GeV/c2;

4. Bsig candidates should have |∆E| < 100MeV.

As it will be described in detail in the next chapter, the B+ → J/ψ(→ ℓℓ)K+ channels
provides a very high purity because of the presence of the two high-momentum leptons
with the constraint on their invariant mass to be compatible with a narrow resonance.
The purity is even enhanced by the full reconstruction of the second B but at cost of
very low final reconstruction efficiency: the total available yield on data is around 400
events. Conversely, for the MC study a much larger sample is available (100 times the
size of the Belle on-resonance dataset). Figure 3.41 shows the agreement between data
and MC of the BDT response for the OSe mode, which is taken here for illustration.
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Figure 3.41: Data and MC comparison for BDT(qq) response, OSe mode.

3.10.3 B+ → D
(∗)0

π+

A third control sample given by B+ → D
(∗)

π+ events is used to calibrate the signal
PDF in data. It is preferred over the B → Dππ described above because of the
substantial gain in sample size: ∼ 36k against ∼ 100 events. Such gain is due to the

fact that the D
(∗)

mesons are not reconstructed and also to the relatively high BF of

B+ → D
(∗)

π+ (roughly 0.5% for each modes).

Specifically, the Mrecoil of B−
tag + π+ system shows clear D

(∗)
peaks that can be

easily fitted as they appear at the lower side of the allowed PHSP region where the
- exponentially growing - combinatorial background is still under control. The signal
events in the MC sample are fitted with the same model described in Eq. 3.11 and all
the parameters are the same for the D and the D∗ events, except for the two means,
which are fixed to the PDG average values. Fig. 3.42 shows the fit to MC D

0
π+ events

and Tab. 3.43 summarizes the fitted values for all the floated parameters.
The data and generic MC are fitted using the sum of the two signal PDFs for the

D and D∗ components, and the exponential function for the background:

M(m|Nsig, Nbg, µshift, cσ) = Nsig(fSD(m|µshift, cσ)+(1−f)SD∗(m|µshift,cσ))+Nbge
Am .
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Figure 3.42: Fit to Mrecoil corresponding to

B+ → D
0
π+ MC events.

Parameter Fit result

fCB 0.71±0.02
σCB (MeV/c2) 45.7±1.4

α −1.33±0.07
n 0.97±0.09

σGauss (MeV/c2) 170±5

Figure 3.43: Fit parameters for
the Mrecoil of B → Dπ events.

All the signal shape parameters are fixed but a shift on the mean (µshift) and a cor-
rection on the width of the CB (cσ) are introduced. The exponential shape parameter
is also left floated, as well as the total signal and background yields (while the D/D∗

yield ratio is fixed).
The fits to MC and data show that the two µshift values are consistent within ±1MeV/c2,
which is used to evaluate the associated systematics. Concerning the width, the cor-
rection factor is obtained with the ratio cdataσ /cMC

σ = (1.06± 0.02) and its uncertainty
is taken to estimate the systematic on the signal PDF width. Concerning the pa-
rameter fCB, describing the weight of the Crystal Ball in the total signal PDF, we
decide to assign as systematic a 10% variation. This choice is conservative considering

that fCB is large (∼80%) and that the fit to D
(∗)0

π+ data shows a good agreement.
Furthermore, the chosen sample does not allow to simply extract the correction on
fCB because of the more difficult modeling of the tails due to the high background
level. As will be demonstrated in Sec. 3.12 and Tab. 3.12, the effect on the estimated
BRs due to the PDF corrections are small compared to other systematics sources.
It is worth stressing that same results are obtained with different cut selections on the
Btag candidates; two configurations, called Loose and Tight and corresponding to the
cuts

· |∆E| < 100MeV and PFEI > 10−3

· |∆E| < 50MeV and PFEI > 10−2

are shown in Fig. 3.44.
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Figure 3.44: Fit to the recoil mass of the Btag +π system for MC (left column) and data
(right column). Two cuts on SignalProbability of Btag candidates are considered: the

Loose cut (A-B) and the Tight one (C-D).
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3.11 Systematic uncertainties

The systematic uncertainties can be divided into two categories: to the first belong the
uncertainties related to the NUL

sig and they are therefore called ‘additive’. They affect
the fit yield and thus the significance of the measurement. In the second category
all the effects that can give a bias to the terms at the denominator of Eq. 3.15 are
regrouped and collectively called ‘multiplicative’. They affect the central value of the
measured BF but not its significance.

We provide below a review of the multiplicative systematic uncertainties:

FEI Calibration. As mentioned already, the tag-side efficiency for the hadronic
FEI algorithm is rather different in simulated events and ‘real’ data. This is due
to mis-modelings in our MC related to the poor knowledge of hadronic B-decays
which has a non-trivial effect in the selection process of FEI, especially when
training of the classifiers. To measure such discrepancy between data and MC
with an acceptable accuracy, the full Υ (4S) dataset recorded at Belle is used and
five semileptonic B+ decays are reconstructed, in addition to the Btag, which

is reconstructed via FEI [11]. In fact the semileptonic B+ → D
(∗)0

ℓν chan-
nels have relatively high BFs, which are also known with good precision from
independent measurements. When comparing the total yields between simula-
tion and data, all the known differences in terms of reconstruction efficiency are
taken into account and the remaining disagreement is assumed to be caused by
the different tag-side efficiency. Therefore, the ratio εdata/εMC is the calibration
factor that must be considered as correction. The global factor used for this
analysis is 0.863 ± 0.014 ± 0.050, where the second uncertainty has a system-
atic nature and arises from the tracking, PID and BF corrections on the signal
side, but most notably from the modeling of background for signal extraction.
The above number is the result of an average of all the Btag modes and is re-
lated to a specific channel on the signal side. Among the five chains studied
in Ref. [11] (with different combinations of D/D∗ hadronic decay modes), we
consider B− → D0(K−π+)ℓ−ν̄ℓ because it has the same track multiplicity of
Kτℓ14. Furthermore, the tag-side selection performed for the calibration is very
close to ours: no minimum cut on SignalProbability is applied but the candi-
date with highest SignalProbability is chosen as best one, while the selection
on the Mbc and ∆E variables depends on the D(∗) mode. The study in Ref. [11]
also provides the correction factors for each FEI modes εi: our average correction
factor is the result of the linear combination:

∑

i

fiεi

where fi is the fraction of signal events labelled as belonging to the i-th FEI

mode. We obtain a calibration factor equal to (85± 5)%15 and the uncertainty
is taken as a systematic uncertainty.

Tracking. The systematic uncertainty due to the charged track reconstruc-
tion is evaluated using D∗+ → D0π+ with D0 → K0

Sπ
+π−, resulting in an

uncertainty of 0.35% for each signal-side track with pT ≥ 200MeV/c.

14The FEI performance can depend from the signal-side multiplicity as it introduces different
possible combinatorial backgrounds.

15Statistical and systematic uncertainty are summed in quadrature
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Lepton ID. The uncertainty due to the lepton identification is evaluated using a
tag-and-probe method on J/ψ → ℓ+ℓ− events [101], resulting in an uncertainty
of 0.3% for muons and 0.4% for electrons. The lepton identification efficiency
does not only involve the ℓsig, but also tτ .

K/π identification. The K/π separation can also be a source of systematic un-
certainty. In fact the efficiency related to the kaon selection for Ksig (kID> 0.6)
and pion selection for tτ (πID> 0.6) do differ between data and MC. The study
presented in Ref. [102] provides the efficiency corrections in bins of momen-
tum and cos θ of the track. The uncertainty on the efficiency factors is used to
estimate the amount of systematic uncertainty on the final BF measurement.

BDT. The BDT to suppress background is trained with MC events. Differences
in the input variable distributions between MC and experimental data might
introduce a bias in the calculation of the signal efficiency. To estimate the
associated uncertainty, the BDT output is calculated for the appropriate control
modes. For the BB suppression, the Dππ sample described in Sec. 3.10.1 is used.
The total signal yields before and after BB background suppression are obtained
with a fit to the Mbc distributions and the ratios between the two provide the
correction factors. The uncertainties on the said factors, obtained from the Mbc

fit, are the source of systematic uncertainty. Similarly, the corrections to the
efficiencies related to the qq suppression are estimated from the Mbc fitting –
this time using the B → J/ψK data, see Sec. 3.10.2.

MC statistics The signal efficiency εsig is computed from a MC signal sample
with a large but finite number of events Ntot. The uncertainty on εsig is σ(εsig) =
√

ε(1−ε)
Ntot

and is considered as a source of systematic uncertainty.

N
BB

and f±/f00. The total number of available B+B− at Belle is obtained by
subtracting the off-resonance hadronic contributions retained by the HadronBJ
skim, from the total number of on-resonance hadronic events [70]. The uncer-
tainties on NBB̄ and also the one on f+−/f00 are propagated to estimate the
effect on the measured BF.

The additive systematic uncertainties are related to the possible bias induced by
the model used to fit the signal component and differences in MC with respect to
data. The effects we take into account for are related to the signal PDF parameters
µ,σCB, fCB (Eq. 3.11). Uncertainties in the shape of the PDFs used for the signal
are evaluated by varying the first two parameters above by the uncertainty on the

correction factors obtained from the B+ → D
(∗)0

π+ control samples (using Mrecoil

procedure with a pion and the Btag – Sec. 3.10.3). Concerning fCB, it is varied in
a ±10% range. The resulting change in the signal yield is taken as the systematic
uncertainty. Another possible source of bias related to the fitting process has already
been examined in Sec. 3.9.3: the linearity between measured and generated signal
yields is checked and the uncertainties on the fits shown in Fig. 3.38 are taken into
account as a systematic source. The systematic uncertainties described above are
evaluated for the four B+ → K+τℓ mode and collected in Tab. 3.12, expressing them
in terms of number (fraction) of signal events for the additive (multiplicative) terms.

A special remark needs to be made for the choice of the model for the B → Kτℓ

MC generation. As presented in Sec. 3.1, the analysis is performed and optimised
with signal events generated according to the PHSP model. However, LFV in b → sℓℓ
decays can in principle be associated to BSM mediators which can be encoded in
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the Heff with either scalar or vector operators (or a combination of the two). These
operators would entail very different q2 distributions and, consequently, different signal
efficiencies. In case LFV is produced by scalar operators only, the q2 is as far from
PHSP as possible; for this reason, weight factors assuming the extreme scenario with
scalar-mediator only are applied to the PHSP-q2 distributions in order to obtain a
lower bound on εsig, which correspond to the most conservative BF. The numerical
details of how the re-weighting is performed are given in Appendix A.
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3.12 Results on data

The analysis on collision data consists in performing all the steps described in sec-
tions 3.4-3.8: reconstruction, best candidate selection and background suppression by
applying the BDT classifiers trained on MC.

Fig. 3.45 shows the the BDT outputs and Mrecoil distributions – after best candi-
date selection but before any cuts – for OSe candidates. Black dots represent data
and the MC distributions (colored histograms) are stacked and overlaid in the same
plot.

The Mrecoil is then fitted with the PDF defined in Eq. 3.14 to extract number of
signal events Nsig and calculate the BF. Figure 3.46 collects the four plots with the
fitted distributions of the events surviving all the cuts. The fitted Nsig, corrected for
all the calibration factors described in Sec. 3.11, are listed in Tab. 3.13.

As we find no significant excess in the signal window for any of the four studied
modes16, we proceed with the derivation of the ULs on their BFs.

The last needed ingredient for the UL estimation is the systematic uncertainty.
The total additive systematic uncertainty, expressed in number of events, and multi-
plicative one (shown as a fraction in percent) are obtained by summing in quadrature
all systematic uncertainties of the same type and are summarized in Tab. 3.12. One
can see that the largest contributions to the systematic uncertainty are given by the
BDT background suppression efficiency corrections (between 6 and 13%). This is due
to the small data size available for both control samples (Dππ and J/ψK); however
one should bear in mind that this does not alter the sensitivity of our search, which
is anyway statistically limited. It is worth mentioning that while the contributions
for the BDT selection could be reduced by choosing different samples with higher
BRs, the one corresponding to the Btag correction (6%) is limited by the systematic
uncertainty on the FEI calibration factor. In chapter 4 we propose a new sample to
obtain the calibration with a smaller systematic uncertainty.

Given the measured Nsig, the ULs at 90% C.L. are calculated following a fre-
quentist method. We generate sets of pseudo-events, with each set being statistically
equivalent to our data sample of 711 fb−1. Signal and background events are gener-
ated according to their respective PDFs obtained from data. The number of generated
background events is picked for each toy from a Poisson distribution with mean equal
to the Nbg measured in data. The number of input Nsig is varied, and for each value
we generate an ensemble of 50k data sets. We fit these data sets and calculate the frac-
tion f̂ with fitted signal yield less than that obtained on data. The 90% C.L. UL on
the number of signal events (NUL

sig ) is the number of input signal events corresponding

to f̂ = 0.1.
We include the systematic in our procedure by correcting the Nsig obtained from

the MC fits with the fractional systematic uncertainty and adjusting it by a value
sampled from a Gaussian distribution centered on zero and having a width equal to
the total additive uncertainty.

The scan in Nsig used to derive NUL
sig is shown in the four plots of Fig. 3.47.

Table 3.13 summarizes the obtained signal yields Nsig and the corresponding BUL

(90% C.L.), computed according the Eq. 3.15. The expected limits for zero signal are
also reported for comparison.

Fig. 3.48 combines the results shown in the table 3.13, adding the result from
LHCb (B∗0

s2 -tagged analysis with 9 fb−1) for the OSµ mode, as well as the expected

16It was established that, in case of a signal yield significantly larger than zero, the significance
would be given by −2 ln(L0/Lmax). Here Lmax(0) denotes the value of the likelihood corresponding
to the fit to the Mrecoil when the signal yield is allowed to vary (fixed at zero).
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Source K+τ+µ− K+τ+e− K+τ−µ+ K+τ−e+

PDF shape (mean) 0.09 0.01 0.08 0.08

PDF shape (width) 0.02 0.08 0.04 0.07

PDF shape (fsig) 0.28 0.16 0.11 0.16

Linearity 0.03 0.04 0.02 0.04

Total (evts) 0.30 0.18 0.14 0.20

Btag 6.1 6.1 6.1 6.4

Track reconstruction 1.1 1.1 1.1 1.1

Kaon identification 1.3 1.4 1.3 1.3

Lepton identification 0.3 0.4 0.3 0.4

hτ identification 0.7 0.7 0.6 0.6

MC statistics 1.0 1.5 1.2 1.0

Number of BB̄ pairs 1.4 1.4 1.4 1.4

BDT BB̄ selection 10.6 10.0 12.7 12.6

BDT qq̄ selection 8.8 8.6 9.2 6.6

f+− 1.2 1.2 1.2 1.2

Total (%) 15.4 14.9 17.1 15.8

Table 3.12: Contributions to the systematic uncertainties of the measurements.

Mode εPHSP(%) εBSM(%) Nsig BUL × 10−5 BUL
exp × 10−5 PDG×105

K+τ+µ− 0.064 0.058 −2.1± 2.9 0.65 1.18 2.8
K+τ−µ+ 0.046 0.038 2.3± 4.1 2.97 1.81 4.5

K+τ+e− 0.084 0.074 1.5± 5.5 1.71 1.34 1.5
K+τ−e+ 0.079 0.058 −1.1± 7.4 2.08 2.29 4.3

Table 3.13: ULs for the four LFV B+ → K+τℓ modes. The results quoted by PDG [13]
refer to the BABAR results.

sensitivities at Belle and LHCb. As can be seen, the expected limits are significantly
better than the previous results and so are the measured ones, despite the positive
fluctuations for the SSµ and OSe modes. Except for OSe, the obtained ULs are the
most stringent to date.
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Figure 3.46: Observed Mrecoil distributions for the four LFV B → Kτℓ modes and fit
projections. The black dots represent the data points while the dashed blue and solid red
curves show respectively the background components and the overall fit results. The dash-
dotted green curves represent the signal PDFs with yields corresponding to the obtained limits

on the BFs at the 90% C.L. .
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Figure 3.47: Scan in the injected Nsig as the way to estimate, with a frequentist approach,
the ULs on the BFs. The 90% threshold is indicated with the red dashed line and provides

the NUL
sig used for the BF calculation (Eq.3.15).
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Chapter 4

Improving the hadronic B-tagging

In this chapter, we examine the performance of the FEI algorithm in the context of the
B+ → K+τℓ search and explore its possible improvements. Besides ours, many other
analyses performed at Belle and Belle II [103] involving missing-energy modes would
significantly benefit from in-depth studies of B-tagging and a better understanding of
B-decays in general. Compared to other algorithms (SER at BABAR [70] and FR at
Belle [9]), the FEI provides a higher efficiency because of the addition of more exclusive
decay chains and loose selection cuts (see section 3.4). However, the tag-side efficiency
has to be associated with its purity, which is a function of the SignalProbability.
As shown in the previous chapter, we observe a quick drop in efficiency for high purity.
Another crucial element regards the very different FEI efficiency between data and MC.
To take this discrepancy into account, a global calibration factor has to be derived
using a control sample (for example Dℓν) and applied to the final signal efficiency –
as we do for the B → Kτℓ BF ULs extraction in Sec. 3.11. The overall calibration
factor for B+ FEI at Belle is 0.85, but a closer look shows that the calibration strongly
depends on the FEI mode: some modes have correction factors as low as ∼0.5, which
is uncomfortable. The two aspects above can be explained by the fact that many B+-
modes have a wrong or incomplete description in our simulation. As FEI is based on
BDT classifiers trained on MC, making sure that the MC is well modeled is essential
for optimal performance (for any ML-based B-tagging).

In the first part of the chapter, we study the decay chains contributing the most
to the total FEI efficiency and propose the necessary fixes to our MC. In order to
isolate the FEI Btag candidates and study their properties in MC and data, we use
a ∼100%-pure sample of B+ → J/ψK+. This strategy, combined with the in-depth
literature reading, improves the agreement with data not only regarding the FEI mode-
dependent efficiency but also the kinematic distributions. Secondly, we suggest some
improvements inspired by the research in the chapter’s first part. The FEI could better
exploit the knowledge of the intermediate states (for example, the presence of narrow
intermediate resonances), producing a given final state; furthermore, a few B-modes
encountered in our readings and the recovery of partially-reconstructed tags, could
easily increase the total efficiency.
Most of the results presented in this chapter have been documented in an internal
Belle II note [104].

4.1 Modeling of B+ meson decays: current status at Belle

and Belle II

Unlike semileptonic B-decays, where the MC modeling is easier due to the smaller
total BF B(B+ → Xcℓ

+νℓ) ∼25% and the higher BF of the single modes O(10−2), for
hadronic decays the task is much more complex, with vast number of possible decay
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modes of typical rates of O(10−3) or less. Even if we consider the b → c transition,
or better the B+ → D̄(∗)0nπ modes, the description becomes highly non-trivial as
soon as more than two pions are involved. This is due to the increasing number of
possible intermediate states and the fact that theoretical predictions become scarce
(in many cases, the factorization does not hold anymore), and the experimental results
are lacking.

Even interpreting or correcting our decay table1 is not easy, given that measure-
ments are often old and with large uncertainties, and PDG listings require some careful
interpretation from the reader. For example, BFs of multi-body decays are often re-
ported for the resonant sub-modes and can be mistaken for total ones. Regarding
the maintenance of the decay table, the history of the changes applied is also hard to
track.

The poor modeling also comes from the fact that PYTHIA produces more than
half of the hadronic decay, requiring special care when tuning its parameters. B-
decays are generated by EvtGen, the framework collecting modules describing the
decay amplitudes to simulate the entire decay chains with all the angular properties.
It has an interface to PYTHIA, which takes over not only for the modeling of qq events
but also the fragmentation into all the possible B-final states which are not explicitly
mentioned in the decay table. The PYTHIA algorithm checks whether the obtained
final state coincides with any of those explicitly listed (having a known BR), in which
case, it performs the fragmentation again to produce an alternative one. Except for
tuning some global properties of the samples, like the known inclusive productions
of notable mesons, this generation process via PYTHIA is basically blind as the final
states are produced with uncontrolled BF.

As an illustration, the line below shows how EvtGen invokes PYTHIA for the gen-
eration of B+ decays with a given quark content (in this case, b̄ → c̄ud current and u
is the spectator quark), BF and physics model described via the modeID:

0.31234 u anti-d anti-c u PHOTOS PYTHIA 48 .

Some of the modeID’s in Belle MC, corresponding to the PYTHIA version 6, are:

· 48: n ≥ 3-body weak decays with PHSP model2,

· 13: Decays of n ≥ 2 bodies. The multiplicity is decided based on a Poisson
distribution (turn partons into a random number of hadrons),

· 23,24: Color suppressed baryonic decays (PHSP model with fixed multiplicity).

As illustrated later, the BFs obtained with PYTHIA are difficult to tune, and
PYTHIA’s interplay with EvtGen can easily lead to double counting when different
intermediate modes can produce the same final state.

A representation of how the B+ width is shared between hadronic and semileptonic
decays, and between EvtGen and PYTHIA in the Belle official MC is shown in Fig. 4.1.

The MC description is much simpler if we look at other particles, for example the τ
lepton or the D mesons. In the first case, almost 90% of the total width is reached by

1The decay tables used by EvtGen contains the list of known decay channels and their BFs for
particles up to the bb̄ resonances. It is regularly updated with the available experimental and some
guidance from theory.

2According to the PYTHIA manual [105], the charmed meson decay products are distributed ac-
cording to the V−A matrix element, whereas the rest of the system is assumed isotropic in its rest
frame.
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Our decay table contains about 300 hadronic exclusive modes8 that can overwhelm
whoever tries to get a hand on it. Instead, focusing only on the B-decays contributing
to hadronic B-tagging not only makes the task relatively easier but also optimizes
the effort on the main goal: improving B-tagging for our searches for channels with
missing energy.

8Only for b → c transitions; to be compared with the 8 lines for the PYTHIA contributions and the
O(30) lines for semileptonic decays.



108 Chapter 4. Improving the hadronic B-tagging

4.3 Corrections to the Belle MC B+ simulation

The two main concerns about the MC description of B+ hadronic decays are the
normalisation discrepancies (mode-dependent FEI yields) and the kinematic informa-
tion resulting from the wrong simulation which is directly and indirectly used for the
training of the FEI classifiers9 giving as output the SignalProbability. While the
first effect is usually corrected for in our analyses, we do not generally account for the
second discrepancy.

The reasons above motivate an in-depth study of the main contributions, accord-
ing to the official Belle simulation, to the FEI modes. A parallel study of the Belle II
decay table has been performed, in order to track the main changes and the contri-
butions of PYTHIA (which, over time, moved from v6 [107] to v8 [108]). The situation
in Belle II was, surprisingly, not very much improved with respect to Belle: although
some decay modes had been corrected, new errors and misinterpretations were intro-
duced, resulting in an overall calibration factor that is further from 1: 0.65± 0.02 for
a loose selection on the Btag quality [109].

Despite the parallel work on both Belle and Belle II, we decide for clarity to only
show the critical aspects found in Belle simulation and the proposed modifications.
Only a few elements of the Belle II decay table will be highlighted when important.

The fundamental guidelines we follow are:

· The Dnπ final states reconstructed by FEI can be considered as the result
of two separate currents (ūd and bc) producing the X and Y systems (see
Fig. 4.10). They include some ‘narrow’ states like the D0, D∗0, D1, D

∗
2,ω, η

and some broader resonances (ρ(
′), a+1 , D

∗
0, D

∗
1). Regardless of the intermediate

states, the final products are of the form Dnπn0π
0 with D = {D0, D∗0, D∗∗0},

n = {1, 3} and n0 = {0, 1, 2}.

· When experimental results are available, update according to PDG and rely on
a more critical interpretation of the PDG tables.

· If not, the few prescriptions provided by the theory (for example, what has been
discussed in Sec. 1.3) can be used to adjust the inclusive productions. Further
guidance is provided by the following principles:

D0X : D∗0X : D∗∗0X ≃ 1 : 1 : 1 , (4.1)

Y π : Y ρ : Y a1 ≃ 1 : 2.5 : 2.5 . (4.2)

The first relation is based on the observation of D0π− : D∗0π− : D∗∗0π−

and D0ρ− : D∗0ρ− and confirmed by [14], while the second comes from the
theoretical predictions and the parallel with τ− → h−ντ decays [13].

· For D∗∗ decays, use the Belle II model and D2X : D1X ∼0.4 (Eq. 36 of [16]).

· A general principle is to prefer the resonant modes over the non-resonant (NR)
ones. In this scheme modes like D(∗)ρρ are considered as negligible as there is
no known resonant production for them (and also there is no counterpart in the
τ decays).

· No fine-tuning is performed at this stage for two reasons: the available data are
not enough to draw conclusion and also because sometimes the measured BF

9The momenta of all the daughter particles as well as particle-ID and vertexing information for
FSPs selection are exploited.
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· B+ → D
(∗)0

π+π0

The total B(B+ → D0π+π0) is, according to PDG [13], equal to 1.7% and it is
known that its dominant contribution is the D0ρ+ channel. With a data sample
corresponding to 0.9 fb−1, CLEO [112] measured the BF of B+ → D0ρ+ to be
(1.34± 0.18)% and this result was correctly propagated to the Belle simulation.

The rest of the D
0
π+π0 production is mostly due to D

∗0
π+ via D∗0 → D0π0

decay (0.5%× 0.66 ∼0.32%).
With a larger dataset of 9 fb−1, CLEO [113] updated in 2003 the measurement on
B(B+ → D∗0ρ+), obtaining (0.98± 0.17)%. This latest result was not updated
in Belle simulation and is therefore corrected now (see Tab. 4.2). For the same
final state, there are modest contributions from the NR mode, and B → D∗∗π

decays; we decide to set the first to zero and leave the rest as it is.

· B+ → D−π+π+(π0)
Belle [99] and BABAR [100] have measured B(B+ → D−π+π+) ∼ 10−3, domi-
nated by B+ → D̄∗0

2 (→ D−π+)π+ (0.6 × 10−3) and B+ → D̄∗0
0 (→ D−π+)π+

(0.4× 10−3). Correspondingly, in Belle MC, the D−π+π+ final state should be
only attributed to the D∗∗π component rather than the NR part. Except for
the needed removal, no further correction is required until a clearer picture of
the D∗∗ contributions is obtained. Tab. 4.2 summarizes the status of official MC
and the proposed modifications concerning the modes with two pions.

B+ FEI mode Contribution Boff(%) Bupd(%) References

D0π+π0 D0ρ+ 1.34 1.34 (1.34± 0.18)% [13]( [112])
D∗0π+ 0.32 0.30 (0.490± 0.017)% [13]×0.67

D0π+π0 (NR) 0.05 0.00

D
∗0
0 π+ 0.03 0.03

D
∗0
2 π+ 0.02 0.02

1.76 1.69

D∗0π+π0 D∗0ρ+ 1.55 0.98 (0.98± 0.17)% [113]
D∗0π+π0 (NR) 0.05 0.00

D
0
1π

+ 0.02 0.04

D
′0
1 π

+ 0.02 0.02

D
∗0
2 π+ 0.01 0.01

1.65 1.05

D−π+π+ D−π+π+ (NR) 0.17 0.03

D
∗0
0 π+ 0.06 0.06 6.8× 10−4 [99], [100]

D
∗0
2 π+ 0.03 0.03 3.5× 10−4 [99], [100]

0.26 0.12 (1.07± 0.05)× 10−3 [13]

Table 4.2: Update of BFs based on the studies summarized in chapter 4. The contributions
to each of the D(∗)nπ (n = 2) FEI modes are shown in the second column with the respective

official (updated) rates in the third (fourth) column.

Turning to the D−π+π+π0 final state (and hence to the modes with three pions,
summarized in Tab. 4.3), the only input is given by the D

∗∗
π+ discussed above;

instead, it is not clear how other components, like D−ρ+π+ or D
∗∗
ρ+, were

decided. The D∗∗ candidates have been looked for through the invariant masses
of D−π+ and D−π+π0 combinations by choosing for each event the combination
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B+ FEI mode Contribution Boff(%) Bupd(%) References

D−π+π+π0 D−π+π+π0 (NR) 0.20 0.00
D−ρ+π+ 0.20 0.00

D
∗∗0

ρ+ 0.09 0.18

D
∗∗0

π+ 0.04 0.06 [99]

D
∗∗0

π+π0 0.11 0.00
0.64 0.24

D0π+π−π+ D0π+π−π+ (NR) 0.46 0.00
D0ρ0π+ 0.39 0.00
D0a+1 0.18 0.58 (1.24± 0.13)%× 0.48 [115]

D
0
1π

+ 0.04 0.08 [99], [115]

D
′0
1 π

+ 0.03 0.03 [99], [115]

D
∗0
2 π+ 0.02 0.02 [99], [115]

D0ωπ+ 0.01 0.01 (0.41± 0.09)%× 0.015 [60]
1.11 0.71 (5.6± 2.1)× 10−3 [13]

D∗0π+π−π+ D∗0π+π−π+ (NR) 1.03 0.00 [112], [61]
D∗0a+1 0.91 0.91 (1.9± 0.5)%× 0.48 [112]
D∗0ωπ+ 0.01 0.01 (0.45± 0.12)%× 0.015 [60]
D∗0f0π

+ 0.07 0.00
2.01 0.92 (1.03± 0.12)% [13]

D0π+π0π0 D∗0ρ+ 0.96 0.61 (0.98± 0.17)%× 0.67 [116], [113]
D0a+1 0.15 0.50 (1.24± 0.13)%× 0.42 [13, 115]
D∗0π+π0 0.03 0.00
D0ρ+π0 0.30 0.00
D0π+π0π0 (NR) 0.10 0.00

D
∗∗0

ρ+ 0.04 0.09

D
∗∗0

π+ 0.02 0.02 [99]

D
∗∗0

π+π0 0.05 0.00
1.68 1.26

D∗0π+π0π0 D∗0a+1 0.79 0.79 (1.9± 0.5)%× 0.42 [112]
D∗0ρ+π0 0.05 0.00
D∗0π+π0π0 (NR) 0.05 0.00

D
∗∗0

ρ+ 0.05 0.14

D
∗∗0

π+π0 0.04 0.00
D∗0f0π

+ 0.03 0.00
1.02 0.93

Table 4.3: Update of BFs based on the studies summarized in chapter 4. The contributions
to each of the D(∗)nπ (n = 3) FEI modes are shown in the second column with the respective
official (updated) rates in the third (fourth) column. Shaded rows correspond to contributions

generated via PYTHIA in the official MC. Decays with D
∗∗0

denote the sum of the possible
{D1, D0, D

′

1, D2} decays. Contributions to the effective BF smaller than 10−4 are omitted.
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B+ FEI mode Contribution Boff(%) Bupd(%) References

D0π+π−π+π0 D∗−π+π+π0 1.02 0.00 [116]
D∗0π+π−π+ 0.64 0.00
D∗0a+1 0.56 0.56 (1.9± 0.5)%× 0.48× 0.67 [112]
D0ωπ 0.37 0.37 (0.41± 0.09)%× 0.89 [60]
D∗−ρ+π+ 0.14 0.00
D∗0ωπ 0.00 0.00
D0ρ0ρ+ 0.20 0.00
D0ηπ+ 0.05 0.05
D0ωρ+ 0.00 0.00
D0ρ+π+ π− 0.20 0.20
D0ωπ+π0 0.00 0.00
D0ρ−π+π+ 0.10 0.10
D0ρ0π+π0 0.10 0.15

D
∗0
2 ρ0π+ 0.02 0.02

D
∗0
0 ωπ+ 0.00 0.00

D
∗0
0 ρ0π+ 0.03 0.03

D
′0
0 π

+π0 0.05 0.00

D
∗0
2 ωπ+ 0.00 0.00

D
∗0
2 π+π0 0.02 0.00

D
∗0
2 f0π

+ 0.04 0.00
3.53 1.49

D∗0π+π−π+π0 D∗0π+π−π+π0 (NR) 1.80 0.00
D∗0ωπ 0.41 0.41 (0.45± 0.12)%× 0.89 [60]
D∗0ηπ+ 0.14 0.01
D∗0ρ0ρ+ 0.49 0.00
D∗0ωρ+ 0.01 0.01
D∗0ρ0π+π0 0.40 0.44
D∗0ρ+π−π− 0.40 0.56
D∗0ωπ−π0 0.00 0.01
D∗0ρ−π+π+ 0.20 0.26

D
∗0
2 ρ0π+ 0.01 0.01

D
∗0
2 ωπ+ 0.00 0.00

D
′0
1 ωπ

+ 0.00 0.00

D
′0
1 ρ

0π+ 0.03 0.03
3.89 1.73 (1.8± 0.4)% [60]

Table 4.4: Update of BFs based on the studies summarized in chapter 4. The contributions
to each of the D(∗)nπ (n = 4) FEI modes are shown in the second column with the respective
official (updated) rates in the third (fourth) column. Shaded rows correspond to contributions
generated via PYTHIA in the official MC. Contributions to the effective BF smaller than 10−4

are omitted.
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mass M2
miss = m2

ν =
(

pBsig − pℓ − pD0

)2
, respectively. Due to the large semilep-

tonic BFs, these signal samples provide copious data, and the systematic uncertainty
of the measurement, related to the low purity obtained and the consequent diffi-
culty in parametrizing the background16, becomes predominant (it is around 5%, see

Ref. [119]). The D
(∗)0

π+ approach could pave the way to measuring the calibration
factors with hadronic B-modes, despite the smaller sample size. In fact, as these
modes have a smooth background shape that is easier to model and a larger signal-
to-noise ratio, they should lead to better precision.

4.4 Additional improvements

While in the previous section we focused on the dependence of FEI from MC modeling,
we want to discuss here some easier modifications to the FEI package. Although we
expect that the greatest improvement will be achieved by re-training, it is worth elab-
orating more on some aspects already mentioned before that could lead to easy gains
in purity and efficiency. For example, exploiting the knowledge of the intermediate
states and applying dedicated cuts, adding new B-modes and also recover ‘broken’
Btag’s which are localized in kinematics.

Intermediate states

A notable example of an intermediate state which is not explicitly reconstructed by
FEI is D∗−, expected to be produced mainly in D∗∗ decays. Including the ∆M =
M(Dπs)−M(D) criterion for existing FEI modes would improve purity, considerably
restricting the amount of combinatorial background. The effectiveness is enhanced by
the excellent experimental resolution in ∆M (∼ 1MeV/c2) arising from the cancel-
lation of experimental uncertainty in the determination of the momenta of particles
comprising the D. The usage of ∆M is relatively less powerful when D∗ decays into
a π0, because of the larger combinatorial background which reduces the purity. This
can be seen in Fig. 4.22, where D

∗0
and D∗− events are shown in the ∆M dimension

from the backgrounds of the Kτℓ analysis. The D∗0 candidates for D∗0π+π0 show a
worse resolution with respect to the D∗− ones, obtained combining the D0 and the
π− in D0π+π+π−FEI candidates. This effect can be explained if we consider that
∆M is used in FEI selection and therefore wrong D∗0 candidates with ∆M closer to
∼142MeV/c2 are preferred.

Additional modes for FEI

As expressed in Eq. 3.15, the sensitivity reach on the Kτℓ modes depends on the
final reconstruction efficiency, which is below the percent-level for hadronic FEI. A
way to obtain a higher efficiency consists of adding new exclusive modes with sizeable
BFs and acceptable purities to the FEI package. Looking for new exclusive modes is
complicated: as extensively demonstrated, the knowledge of hadronic B+-decays is
not yet satisfactory. However, the studies needed to update the decay table made us
encounter a few possible additions that we believe are worth exploring, for example
the two-body D

∗∗
X decays. The model described in Sec. 4.3 can provide us a direction

to find new exclusive modes for FEI with D
∗∗0

. Experimental results seem to confirm
the relation in Eq. 4.1 for the π+ and from the Eq. 4.2 we expect the modes with
ρ+ and a+1 to be enhanced with respect to the π+ by a factor 2.5. The total D

∗∗0
a+1

16Especially the B → D∗∗ℓν and B → D(∗)nπℓν components, which are not well known.
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represent necessary control samples for many analyses. In addition, the DKK modes
will soon be measured to update the Belle result and clarify the structure of the
KK∗ system. As mentioned before, the cleanest DKK exclusive modes could be
added to FEI, as they have non-negligible BFs and require the reconstruction of only
one D meson. In the context of more inclusive B-tagging approaches, the DKK
decays are of great interest, considering that we predict a large inclusive production
B(B+ → DKKX) ≃ 6%19. The possibility of reconstructing a D and a pair of strange
mesons with given flavors might be constraining enough to tag an event as being BB.
Moving to the cases where no experimental result is available, the B → D(∗)ηπ are
currently under study. This is relevant example of how the measurement would help
correct PYTHIA, in case any signal is observed, or tune it to match the ULs. The
ultimate goal would be to reduce as much as possible the PYTHIA contribution and
enrich the exclusive fraction of the chart of Fig. 4.1.

The same strategy described in this chapter is being applied to neutral B-decays:
a thorough study of B0 MC simulation and available experimental and theoretical
information, as well as the usage of D(∗)−π+ sample, to verify the final states’ kine-
matics and the goodness of the applied corrections. There is room for improvement
for B0’s as well, as the measured calibration factors are 0.85± 0.06 [11] at Belle and
0.83± 0.03 at Belle II [109].

19Where D = D±,0,∗, K = K±,0,∗.



129

Chapter 5

B+ → K+τℓ search with

semileptonic B-tagging

Many analyses of Belle and BABAR experiments have exploited a semileptonic B-
tagging approach to obtain higher efficiencies. In fact, for channels like B → D(∗)τν

(see the R(D)-R(D∗) measurement [31]) or B+ → τ+ντ the signal yield is mea-
sured from the distribution of the ECL energy associated with the rest of the event
(ROE). This variable would peak at zero for signal events independently of the re-
constructed Btag decay modes (hadronic or semileptonic). The BF of B+ → τ+ντ
was measured with the full Belle dataset using the hadronic B-tagging, leading to
a 3.0σ significance [122]; a few years later, the measurement has been done with
an improved strategy and the semileptonic B-tagging, providing a better significance
(3.8σ) [123]. As the two samples are independent, Ref. [123] also provides a combined
significance for the two results, obtaining 4.6σ. This example shows the importance
of the B-tagging strategy and the availability of independent samples when it comes
to observing rare decays.

Other modes with specific topologies allow for even fewer constraints from the
tag side and provide very competitive results with an un-tagged approach. In this
category we can mention the 2-body B → µν decay searched at Belle [124] or the
B+ → K+νν̄ at Belle II [125]; in both cases, the Bsig is characterised by the presence
of a single track. The inclusive approach has also been attempted for the B → Kτℓ

search [126], where only the τ → π mode is used to exploit the additional kinematic
constraint given by the 2-body decay. The analysis was not optimised and did not
lead to a competitive result.

In this chapter, we apply for the first time the semileptonic (SL) B-tagging ap-
proach to the B+ → K+τℓ search (in particular, we focus on the OSµ mode). The
main problem one needs to tackle is the degraded resolution on the Mrecoil due to the
presence of an additional neutrino in the event, this time from the Btag. On the other
hand, we expect the semileptonic FEI B-tagging to be significantly more efficient than
the hadronic (ε is roughly four times higher, see [8]), and this could compensate for
the impact due to the worse resolution. The scope of the first part of this chapter is
to obtain from MC a realistic background estimation for the B+ → K+τ+µ− mode,
as it cannot simply be predicted based on the analysis performed with the hadronic
B-tagging. In the second part, we put in place a strategy to improve the resolution
on Mrecoil, detailing all the constraints that can be exploited.

5.1 Recoil mass properties

The peculiarity of our mode (compared with those conserving the leptonic flavor) lies
in the fact that the only source of missing energy of the Bsig comes from the τ , which
allows – in the case of hadronic B-tagging – to use the Mrecoil to extract the signal. In
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Figure 5.2: Fit to Mrecoil corresponding to
B+ → K+τ+µ− MC events tagged through

semileptonic decay modes.

Parameter Fit result

fCB 0.66± 0.07

σCB (MeV/c2) 160± 10

α −3.4± 1.2

n 0.0± 0.7

µGauss (GeV/c2) 1.64± 0.03

σGauss (MeV/c2) 292± 6

Table 5.1: Fit parameters for the
Mrecoil of B+ → K+τ+µ− events.

Before that, we describe the semileptonic FEI reconstruction and the selection to
obtain a manageable background level and estimate the expected UL on the B+ →
K+τ+µ− BF in case of no signal observed.

5.2 Reconstruction

The Btag is reconstructed using the same BDT-based hierarchical algorithm presented
in chapter 3; the reconstruction of the decay chain starts with the identification of a
charged lepton and is followed by the reconstruction of a D meson (most commonly

a D
0

for B+ decays) via the same channels listed in Tab. 3.3 for the FEI hadronic
B-tagging. The D meson can be combined with a soft pion to form a D∗ which is
compatible with the chosen ∆M = M(D∗)−M(D) window. The full list of B-modes
considered in the semileptonic version of the FEI algorithm is shown in Table 5.2:

in addition to the D
(∗)0

ℓ+νℓ modes, which account for ∼ 70% of Xcℓ
+νℓ decays and

∼90% of the total tagging efficiency, a small contribution is given by the D(∗)−π+ℓ+νℓ
modes.

ID Decay Mode

0. B+ → D0e+

1. B+ → D0µ+

2. B+ → D∗0e+

3. B+ → D∗0µ+

4. B+ → D−π+e+

5. B+ → D−π+µ+

6. B+ → D∗−π+e+

7. B+ → D∗−π+µ+

Table 5.2: Semileptonic FEI B+ decay modes.

In semileptonic B → D(∗)(nπ)ℓν decays, the 4-momentum carried by the neutrino:

p∗ν = p∗B − p∗
D(∗)(nπ)

− p∗ℓ (5.2)
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5.3 Background studies

In order to describe the background composition at the different stages of the selection
we utilise the same classification of chapter 3, i.e. dividing the events in three groups
depending on the number of prompt leptons (0, 1, 2). At the initial stage of the
selection, ∼ 2/3 of the total background is from BB events (see Tab. 5.5) and its
composition depends on the nature of the tτ . In fact, in case of tτ = ℓ the SL×SL

component prevails (∼ 70% of the total) because of the charge configuration of the
OSµ mode, the tτ track has the same charge of the Bsig candidate and thus the lepton

ℓ from B+ → D
(∗)0

ℓ+νℓ decays can be taken as τ prong. For the τ → π mode, the
Bsig components is preferably decaying into a hadronic channel (SL×HAD at ∼ 75%).
For both cases, the K±

sig and the µ∓

sig candidates are predominantly coming from the
D0 mesons.

Only after the cut M(Ksigµsig) > 1.91GeV/c2, the BB background is reduced for
the reasons explained above and the qq component becomes comparable to the BB.

5.3.1 Background suppression via BDT

Similarly to what was done for the hadronic-tagged analysis, a BDT classifier is trained
to get an efficient background suppression. Unlike the previous study, however, we
decide to apply a single-step training and simultaneously reduce qq and BB back-
grounds, motivated by the fact that a large part of the ‘easy’ BB background is
removed with the M(Ksigµsig) cut. The features used for the training can be divided
into four main categories:

· Event shape/continuum suppression
We use variables related to the event shape (sphericity and cos θT ) and those
built from the ROE of the Btag candidates, like the KSFW moments2. As shown
in chapter 3, they provide some separation power not only against qq but also
BB events.

· ROE
The energy deposits in the ECL related to the ROE – nROE(ECL) and EROE(ECL).

· Invariant masses
For the OSµ configuration, ℓtag and ℓsig have the same sign; the following vari-
ables are used in the training after having applied the vetoes described in the
previous section: M(tτ ℓsig), M(tτ ℓtag), M(Ksigℓtag).

· Btag

- m2
ν as defined in Eq. 5.3. The m2

ν distribution would peak at zero for true
semileptonic decays and tend to have larger tails for background events.

- cos θBY as defined in Eq. 5.4. In the basf2 version used for the analysis, the
semileptonic FEI uses the same training variables as the hadronic version.
Some of these variables relate to the angles and the visible products of
the B, which are related to the cos θBY. As a result, the semileptonic-FEI
classifiers learn the signal shape of the cos θBY and sculpt the background
shape. In future versions of the training, this effect will be fixed and most
likely the cos θBY will provide a higher separation power.

2The used ones are hso10, hoo1, hso02, hoo2, hso20, hso01.
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- As mentioned in Sec. 5.2, we do not perform cuts on the lepton momentum
p∗(ℓtag) at the Btag selection stage; hence we exploit it for our BDT training
along with the momentum of the charmed meson, denotes as p∗(Dtag),
which shows some separation for the qq.

- SignalProbability.

A subset of the variables used for the BDT training are shown in Fig. 5.7, where the
shapes for signal events are compared to those for qq and BB events. Some of the
features have already been shown for the analysis in chapter 3 and are omitted here.
The training features are ranked according their importance in Fig. 5.8; one can see
that the ROE information, the continuum suppression variables and those related to
the Btag properties have high score rank. The features are also represented in the
correlation matrix of Fig. 5.9, where below (above) the diagonal the values refer to
signal (background) events. The mτ variable is added to show the linear correlations
with the training variables – all lower than ±20%.

As it can be seen in Fig. 5.10 a better separation of the qq component with signal is
obtained; as a result, after the BDT selection (next paragraph), only the BB survive
while the continuum becomes negligible.

Fig. 5.11A provides the background rejection and the signal efficiency as a function
of the BDT score and the same scan is performed computing the FOM defined in
Eq. 3.10. The maximum significance is found for a BDT score of ≃ 0.9, as shown
in Fig. 5.11B, corresponding to a final efficiency εsig = 0.131% – roughly 60% larger
than the one obtained for the OSµ mode with the hadronic B-tagging3. Such increase
is mainly due to the higher tag-side efficiency obtained with semileptonic decays. We
stress that the adopted cut-flow, summarized in Tab. 5.5, might not be optimal but is
sufficient to get an UL estimation and demonstrate the capabilities of the semileptonic
B-tagging in this search.

Cut Signal BB qq BB+ qq

Reco 217.7± 1.3 11850± 50 6877± 27 18730± 70

M(Kℓ) cut 163.5± 1.1 3822± 27 3310± 24 7130± 50

(−24.9%) (−67.8%) (−51.9%) (−61.9%)

cc̄ vetoes 159± 1.1 3383± 25 3286± 24 6670± 50

(−2.7%) (−11.5%) (−0.7%) (−6.5%)

BDT 43.4± 0.6 107± 7 2.2± 0.1 110± 7

(−72.7%) (−96.8%) (−99.9%) (−98.4%)

Table 5.5: Summary of the cuts for the OSµ reconstruction. The assumption B(B+ →
K+τ+µ−) = 5.0 × 10−5 is made for the signal. For the background components the yields
correspond to 1 stream of generic MC. All the yields are estimated in the signal window

Mrecoil ∈ (1.33, 2.21)GeV/c2.

The background surviving the BDT cut is composed at 30% of B0B̄0 events, while
the rest (B+B−) can be divided as follows:

· D
(∗)−
s π+(π0)K+ : 30%

· D̄(∗(∗))0X+
had, X

+
had = {nπK(∗)+, D

(∗)+
s ,K

(∗)0
K(∗)+} : 40%

· D̄(∗(∗))0ℓ+νℓ : 20%

30.0813% without data-MC corrections.
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Figure 5.13: Scan in Nsig(gen) to check the linearity of the fitting procedure (A) and obtain
the upper limit at 90% C.L. for the zero signal case (B).

sensitivity. Regardless, this result is extremely interesting because of the novelty of
the approach. In fact, not only was the semileptonic B-tagging never tried before
for these LFV modes but also being able to set an UL with the very same procedure
(i.e., employing a fit to the Mrecoil) was not apparent by any means. It should be
mentioned that, like for other measurements at Belle involving modes with missing
energy (B → τν, B → D(∗)τν), we could use the EROE(ECL) as the variable of signal
extraction. In that case, the EROE(ECL) should not be used for the background
suppression, while Mrecoil could be exploited as a selection variable.

In the next section, we explore the possibility of improving the resolution of Mrecoil

and try to estimate the ultimate potential of the semileptonic tag for our search.

5.5 The resolution path: MAOS

M2 belongs to a family of variables that have been extensively used for searches of new
particles at LHC. The initial versions, called MT2 [128,129], or transverse masses, were
developed to find a lower bound on the masses of supersymmetric particles in processes
where two BSM invisible particles would decay into visible (SM) and invisible (BSM)
products. The MT2 variables use the transverse momenta of invisible particles as the
parameters of multidimensional constrained minimization for a bump hunt, while M2

constitutes a Lorentz-invariant extension exploiting both transverse and longitudinal
momenta and making use of on-shell mass relations [130–132]. This reconstruction
method is also called M2-Assisted On-Shell, or MAOS [133,134]. Recently, the usage
of M2 at B-factories has been proposed [17] in the context of searches of LFV τ

decays into a lepton and invisible particles. The concepts exploited in the study are
here adapted and extended for the B decays, where similar kinematic constraints hold.

Since there is generally no analytic form for M2, the calculation requires con-
strained numerical minimization. In the study presented here and documented in
Ref. [18], we use the C++-based library YAM2 [135] which allows us to derive the M2

variables and apply them to our physics case. The package utilizes the sequential
quadratic programming (SQP) method implemented in the NLopt [136] library.
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The idea of using the vertex information for decays with missing energy is not
completely new to B-factories: at BABAR, for example, the B0 lifetime is obtained
by tagging B0 → D∗−ℓ+νℓ decays and then looking at B0’s in the same channel on
the signal side. Both B-decay vertices are measured with a fit to the prompt lepton
and the soft pion coming from the D∗ [137]. At Belle [138] the τ lifetime has been
measured using τ+τ− decays where both leptons decay into 3πντ . The direction pτ is
not known a priori because of the undetected neutrinos but there are a few constraints
that can reduce the degrees of freedom:

(i) The direction of the τ in the CM frame is constrained to lie on the cone of

aperture cos θ∗ =
2E∗

τ
E∗

X−m2
τ
c4−m2

Xc4

2p∗X

√
E∗2

τ
−m2

τ
c2

(X ≡ 3π).

(ii) The two τ leptons are back-to-back in the CM frame.

(iii) Conditions (i) and (ii) provide two solutions for 6p∗
τ ; the average of the two is

taken as estimate of the τ direction.

(iv) The X system provides a vertex and the direction of the τ (boosted into the lab
frame) is constrained to pass through it.

(v) The two directions in the lab frame should point to a common IP position, but
because of resolution, they might not intersect: the distance of closest approach
provides the production vertex positions that are then used to compute the flight
distance of the τ ’s.

The same condition (i) holds for our Btag side (see Eq. 5.4) and in principle also
for the Bsig side, in case we replace the mν with the mτ constraint. However, using
the condition (i) for the Bsig would prevent us from using the mτ as the variable
to extract the signal. Like in the point (iv), both Btag and Bsig can provide decay
vertices, the first from a fit to the D(∗)(π)ℓ system and the second from the (Ksig, µsig)
pair. An additional piece of information is given by the knowledge of the IP position,
represented as a blob in Fig. 5.14 together with those for the two B-decay vertices.

The Bsig flight direction can be determined as v̂sig = (rsig − r0)/|rsig − r0|, where
r0 is the production vertex of the B and rsig is the Bsig-decay vertex. As both rsig and
r0 are measured with a finite resolution, the v̂sig constraint should be implemented
as:

arccos(p̂Bsig · v̂sig) ≤ δϕsig . (5.9)

Here p̂Bsig denotes the unit vector corresponding to pBsig = psig + ksig, with ksig esti-
mated through M2. This constraint expresses the fact that the Bsig direction forms a
cone of maximal aperture 2δϕsig with v̂sig. As the uncertainty on xIP tends to zero,
so does δϕsig. The constraint in Eq. 5.9 under the form of inequality can be imple-
mented with the SQP method in the YAM2 software. To simplify, we assume that the
secondary vertex rsig is determined accurately (resolution on the vertex coordinates
are of the order of 45µm at Belle and 30µm at Belle II – see Fig. 5.18), and so are
(r0)x,y because of their small size especially at Belle II.

At Belle, the beamspot7 spread in the z-direction is σr0
z ∼ 5 mm, which makes

the v̂sig constraint ineffective, as the B-decay length is more than 10 times smaller
than σr0

z . However, the current σr0
z at Belle II is ∼350µm and is expected to further

decrease to ∼150µm at the final stages of the operations [66]. The simulated beamspot
size at Belle II can be seen in Fig. 5.19.

7It is defined as the probability distribution function of the primary interaction vertices, or the
beams’ overlap ‘luminous’ region at the IP.
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cos θTRUE (right). In fact we opt not to optimize the BDT cut for each plot but
instead provide the resulting UL derived from the mere improvement in resolution.

0.5 1 1.5 2 2.5 30

5

10

15

20

25

30 )
2
c

E
v
e
n
ts

 /
 (

 0
.0

8
0
6
4
5
2
 G

e
V

/ -1)2 =  0.06 +/- 0.10 (GeV/c1c

-2)2 = -0.84 +/- 0.1 (GeV/c2c

 =  229 +/- 19bgN

 =  43 +/- 13sigN

MC

Background

Signal

Total

0.5 1 1.5 2 2.5 3
)2c (GeV/recoilM

4−

2−

0

2

4

P
u

ll

0.5 1 1.5 2 2.5 30

5

10

15

20

25

30 )
2
c

E
v
e
n
ts

 /
 (

 0
.0

2
 G

e
V

/ -1)2 =  0.07 +/- 0.10 (GeV/c1c

-2)2 = -0.83 +/- 0.1 (GeV/c2c

 =  231 +/- 16bgN

 =  42 +/- 8sigN

MC

Background

Signal

Total

0.5 1 1.5 2 2.5 3
)2c (GeV/recoilM

4−

2−

0

2

4

P
u

ll

Figure 5.23: Fit to MC data surviving the BDT cut at 0.9. The signal events, re-scaled
to the BR= 5 × 10−5, are obtained with the M2sB constraints (left) and with the true p∗

B

(right). In both cases the signal is fitted with fixed shapes and the background is modeled
with a 2nd-order polynomial.

The UL at 90% C.L. for SL-tagged events in the OSµ mode are provided in
Tab. 5.8 for cos θTRUE and cos θRAND (the two ‘extreme’ scenarios), and M2sB, which
gives an estimation of the improvement brought by the constraints discussed in this
section. It is surprising, and also promising, to see that the limit obtained with
M2sB (1.2× 10−5) is the same than the one with the hadronic B-tagging for the zero
signal case (cos θhad). The limits corresponding to M rand

recoil(cos θrand) and with M true
recoil

(cos θtrue) are respectively 2.0 and 0.6, both in units of 10−5. The expected ULs on
the BF of the B+ → K+τ+µ− mode are summarized in the plot of Fig. 5.24: the
circle corresponds to the hadronic B-tagging and the triangles are for the semileptonic
B-tagging (obtained using cos θrand, M2sB or θtrue).

Mode NUL
sig BUL(×10−5)

cos θtrue 5.7 0.6
cos θrand 20.8 2.0
M2sB 12.9 1.2

Table 5.8: ULs for the SL-tagged OSµ mode. cos θtrue and cos θrand represent the two
extreme scenarios, while M2sB gives an estimation of the improvement brought by the con-

straints discussed in Sec. 5.5.

In this chapter we have provided the first estimation of the sensitivity for the
B+ → K+τ+µ− mode with semileptonic B-tagging. The UL on the BF is obtained
with the full Belle MC background and using the Mrecoil definition of Eq. 5.1. This
scenario with realistic background level and Mrecoil resolution without any constraint
can be seen as the most pessimistic result. To improve the resolution on Mrecoil, we
have followed two paths: one exploits the kinematic information and leads to the
M2sB result – for now the most promising. The second path, based on the vertexing
information, does not bring enough constraints and will need more work. The M2sB

scenario allows to obtain a better resolution which, combined with the higher efficiency,
makes the semileptonic B-tagging competitive with the hadronic one. The fact that we
can access an orthogonal sample to the hadronic one and obtain a similar sensitivity is
very encouraging, the semileptonically tagged data can be used to get an independent
measurement in case a signal is observed with the hadronic tags.
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Chapter 6

Conclusion and outlook

This thesis has covered three main topics related to the search of the lepton-flavor-
violating B+ → K+τℓ decays at Belle and Belle II. In the following sections we
detail the obtained results and provide suggestions for improvements and directions
for future developments.

B+ → K+τℓ search with Belle data and hadronic B-tagging

We have searched for the four B± → K±τ±ℓ∓ (ℓ = {e, µ}) decay modes with the
full data sample collected by the Belle experiment at the Υ (4S) resonance and cor-
responding to 772 million BB̄ pairs. This measurement has never been performed at
Belle nor Belle II, while the BABAR and LHCb experiments previously set some ULs on
the rates of such modes. At B-factories, the standard strategy for modes with missing
energy exploits B-tagging, i.e., the full reconstruction of the other B in the event.
This approach not only helps to reduce the background but – in the context of our
search – also allows us to compute the recoil mass of the B±

tagK
∓ℓ-system (Mrecoil, or

mτ ) which is the observable used to extract the signal yield. We use the hadronic B-
meson reconstruction provided by the FEI algorithm, the official exclusive B-tagging
package at Belle II, for which a conversion of the Belle data format is needed. The
background nature depends on the charge configuration of the signal particles: ‘Op-
posite sign’ for B+ → K+τ+ℓ− modes and ‘Same sign’ for B+ → K+τ−ℓ+ modes.
In both cases, Cabibbo-favored B+ → D

0
(→ K+X−)X+ decays are the dominant

sources of BB background, which is reduced employing a multivariate analysis. We
exploit kinematic variables, the information from the calorimeter and vertexing to
suppress these background events. The qq component is also removed at a later stage,
using the event shape properties.

As we find no evidence of signal for any of the four modes, we set the following
ULs at 90% C.L. on their branching fractions:

B(B+ → K+τ+µ−) < 0.65× 10−5

B(B+ → K+τ+e−) < 1.71× 10−5

B(B+ → K+τ−µ+) < 2.97× 10−5

B(B+ → K+τ−e+) < 2.08× 10−5

which incorporate the systematic uncertainties. These results, except for the B+ →
K+τ+e− mode, are the most stringent to date and provide new constraints to the BSM
models related to the LFV and the B-anomalies – especially for the B+ → K+τ+µ−

that has entered the 10−6 region. This analysis, described in detail in chapter 3, is
currently at the final stage of internal review and aims for publication.

Recently the LHCb collaboration has shown a new result for the neutral modes
B0 → K∗0τ±µ∓ with the full dataset (9 fb−1), providing the first ULs around 1.0 ×
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10−5 [139]. Although it is encouraging to see that our results, obtained with a data
sample collected more than 10 years ago, are still relevant and competitive with
LHCb’s, it is imperative to improve our strategy and find new, complementary chan-
nels that can contribute to probe the b → sτℓ transitions. For example, the promising
B0 → K0

Sτℓ, where we can exploit the high purity of K0
S and the experience gained

with the hadronic tag.
The current limitation on our measurement comes from the efficiency, drastically

reduced by the hadronic B-tagging. Therefore, we pursue an in-depth study of the FEI
performance to exploit the available data better. This work is timely considering that
the first long Belle II shutdown is ongoing: we have the opportunity to understand
better our hadronic B-tagging algorithm before more data come.

Hadronic B-tagging improvements

The main result of chapter 4 is the improvement of the MC description of B+ decays.
A significant discrepancy with data in the FEI performance suggests important mis-
modelings in our simulation. A careful interpretation of the experimental results,
combined with theory’s prescriptions, allowed us to correct many of the D(∗)nπ modes,
responsible for 90% of the FEI efficiency. Major corrections were needed for the

D
(∗)0

π+π+π− modes in terms of 3π-invariant mass shape and D
(∗)0

π+π+π−π0 modes
which were largely overestimated in the MC. The proposed updates to the simulation
have been verified with a B+ → J/ψK+ sample, which allows to obtain a pure sample
of B’s where we can study their properties through the candidates passing the FEI

selection. Besides reducing the MC/data discrepancy in terms of efficiency, this work
on the MC is expected to be beneficial for the FEI purity. The FEI consists of cuts
depending on BDT classifiers that are trained on MC. Since our simulation wrongly
describes the B-modes contributing to the B-tagging, the background rejection is
non-optimal. A new training of FEI based on the updated MC will soon show the
expected improvements.

We also provide additional directions that are worth exploring for a more effi-
cient FEI:

1. Revise the current selection and incorporate the physics knowledge into the
algorithm (for example, exploiting the presence of intermediate resonances);

2. Revise the set of training variables that can introduce undesired dependencies
(e.g. ∆E);

3. Increase the efficiency by explicitly adding new decay chains (e.g. B+ →
D∗−(4π)++, B+ → D

(∗)0
K+K(∗)0) or, for example, allowing for an optimized

∆E selection to recover partially mis-reconstructed Btag’s.

The same work applied on the B+ Belle MC is ongoing for the B0 → D(∗)−nπ
FEI modes. In parallel, the Belle II simulation is also under study, as it developed
independently from Belle’s. The shared strategy employs the B → D(∗)π inclusive
samples because of the larger statistics and can be used as a validation tool to compare
the FEI performance for different versions of the software (and training) at Belle II.
The obtained improvements on the simulation will be beneficial for the search of
B0 → K0

Sτℓ decays and many tagged analyses at Belle II.

B+ → K+τ+µ− search with Belle data and semileptonic B-tagging

We explore the possibility of using a semileptonic tag approach for our search. This
method has never been tried for the B → Kτℓ modes and has two main advantages.



Chapter 6. Conclusion and outlook 155

The first is the higher reconstruction efficiency due to the large BFs of B → D(∗)ℓν

decays. Secondly, only a few modes are used for the B-tagging and they are well
known, making the MC description more reliable and the FEI performance closer
to data. However, as opposed to the hadronic tag, the momentum of the B meson
cannot be measured; hence, the resolution on the Mrecoil is roughly a factor 5 worse. In
chapter 5 we study how these two effects combined – higher efficiency and worse signal
resolution – impact the final sensitivity. We have focused on the B+ → K+τ+µ− mode
to get a realistic estimate of the background level from MC with a complete selection
procedure similar to the one applied in chapter 3, and obtain an expected UL on the
BF equal to 2.0 × 10−5. We also try to apply additional constraints to improve the
resolution on Mrecoil. We demonstrate that the knowledge of the event kinematics
improves the resolution of Mrecoil, especially for hadronic two-body τ decays, leading
to an UL of 1.2×10−5. In this context, it would be beneficial to have a better control
on the τ → ρν mode and perform a simultaneous fit to leptonic and hadronic τ

events in order to incorporate the knowledge on the different background nature and
resolution during the signal extraction.

Additional constraints can be imposed based on the vertexing information and
different resolution scenarios related to Belle II and the upgraded collider SuperKEKB,
exploiting the reduced beamspot size and the excellent vertexing performance due
to PXD. However, in the current implementation of the constraints, this piece of
information does not bring a significant gain. This study is documented in Ref. [18].

The results shown are encouraging because they suggest that it is possible to
consider semileptonic B-tagging as a complementary method for the B → Kτℓ search,
allowing us to exploit an independent data sample in addition to the hadronic tags.
This point would be crucial to confirm the presence of signal for any significance level.
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Appendix A

q2 parametrization for LFV

scenarios

We study the differential decay rate for LFV B̄ → K̄ℓ−1 ℓ
+
2 decays as described in

Ref. [12]. We focus on the cases where one of the two leptons is a τ and the other is
ℓ = e, µ. In this context, two groups of decays are possible: (i) OSℓ where the kaon
and the light lepton have opposite charge signs, i.e. (K±ℓ∓τ±) and (ii) SSℓ where the
kaon and the light lepton have same charge signs, i.e. (K±ℓ±τ∓). Simple expressions
can be obtained if we use the fact that one of the lepton masses is much larger than
the other:

SS : m2 = mτ ≫ mℓ = m1 ,

OS : m1 = mτ ≫ mℓ = m2 .

In this case, the phase-space functions assume a simpler form,

ϕ9(q
2) = ϕ10(q

2) = ϕV (q
2) =

1

2
|f0(q

2)|2m2
τ

(m2
B −m2

K)2

q2

(

1− m2
τ

q2

)

+
1

2
|f+(q

2)|2λ(mB,mK ,
√

q2)

[

1− m2
τ

q2
− (q2 −m2

τ )
2

3q4

]

,

ϕS(q
2) = ϕP (q

2) = ϕS(q
2) =

q2|f0(q
2)|2

2(mb −ms)2
(m2

B −m2
K)2

(

1− m2
τ

q2

)

,

ϕ10P (q
2) = ±ϕ9S(q

2) = 2ϕI(q
2) =

|f0(q
2)|2

mb −ms
mτ (m

2
B −m2

K)2
(

1− m2
τ

q2

)

.

(A.1)

The hadronic form factors f+,0(q
2) (Fig. A.1) are related to the matrix element

〈K̄(k)|s̄γµb|B̄(p)〉 =
[

(p+ k)µ − m2
B −m2

K

q2
qµ

]

f+(q
2) +

m2
B −m2

K

q2
qµf0(q

2) . (A.2)

It is interesting to note that ϕI(q
2) = ϕS(q

2) q2/[2mτ (mb − ms)] and that the
interference term ϕ9S changes sign depending on the charge configuration because of
the presence of the linear term (m1 − m2). Moreover, we have ignored the electro-
magnetic operator O7 as its contribution is negligible when considering the LF(U)V
effects [4].
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In this case, only (axial)vector coefficients are induced [12],

C
(′)ℓ1ℓ2
9 = − π√

2m2
Z′

1

αGFVtbV
∗
ts

g
L(R)
sb (gRℓ1ℓ2 + gLℓ1ℓ2) , (A.9)

C
(′)ℓ1ℓ2
10 = − π√

2m2
Z′

1

αGFVtbV
∗
ts

g
L(R)
sb (gRℓ1ℓ2 − gLℓ1ℓ2) . (A.10)

while the C(′)
S(P ) coefficients are zero if the Z ′ couples only to left-handed fermions

(as suggested by the B-anomalies).

It can be noticed that, if gRℓ1ℓ2 = 0, C(′)ℓ1ℓ2
9 = −C

(′)ℓ1ℓ2
10 .

Furthermore if LFV is due to Z ′ only, the expected BF for the OS and SS mode
are the same: B(B± → K±τ+µ−) ≡ B(B± → K±τ−µ+). Concerning RK , the
Z ′ would couple to s̄b (pure LH) and µ+µ− (LH or RH).
The four-fermion operators describing the interaction of the Z ′ are

i 2q2ℓ: contribute to both b → sµµ and b → sνν

ii 4q: contributing to B0
s −B

0
s mixing

iii 4ℓ: contributes to νµN → νµNµ+µ−.

In addition to flavor observables, direct searches at LHC (pp → Z ′ℓℓ) must
also be taken into account when building models with the Z ′. The way the
experimental results are incorporated into the theory depends on the model
itself, where precise assumptions on the coupling with fermions are made, as
well as on the total BF for Z ′ → ℓℓ.

• S3 ∼ (3,3, 1/3) is a weak triplet of LQs and represents the only scalar boson
compatible with the RK(∗) measurements at three level [140,141].
We call yijL the Yukawa couplings of the S3 with a quark of index i and lepton
of index j. The effective WCs are1

Cℓ1ℓ2
9 = −Cℓ1ℓ2

10 =
πv2

VtbV
∗
tsαem

ybℓ1L (ysℓ2L )∗

m2
S3

while C
(′)
i = 0 otherwise (left-handed couplings only).

Due to the nature of S3 (its fermion number F = 3B + L = −2), it is expected
that B(B± → K±τ±µ∓) ≫ B(B± → K±τ∓µ±) (i.e. the OS mode should be
enhanced with respect to the SS mode).

• U1 ∼ (3,1, 2/3) This weak singlet vector LQ has gained a large attention as it
provides the needed operators to explain the anomalies in FCCC and FCNC [4,
20,142]. The interaction of U1 with the SM fermions is encoded in the currents

JU
µ = βiα

L (q̄iLγµℓ
α
L) + βiα

R (d̄iRγµe
α
R)

with i = {d, s, b} and α = {e, µ, τ} and

qiL =

(

V ∗
jiu

j
L

diL

)

, ℓiL

(

νiL
eiL

)

.

1v = (
√
2GF )

−2 = 246GeV.
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This means that the relevant couplings are (βbτ ,βsℓ) for the OSℓ case and
(βbℓ,βsτ ) for the SSℓ one. Moreover, as opposed to the S3 case, we expect
B(B± → K±τ±µ∓) ≪ B(B± → K±τ∓µ±).
There are two UV realizations that are equally viable and make different pre-
dictions (the fact of having a scalar WC or not is model-dependent). In fact the
U1 mediator can couple left- and right-handed fermions, inducing both vector
and scalar WCs [143]:

– Cℓ1ℓ2
9 = −Cℓ1ℓ2

10 = − πv2

λtαemm2
U
x
bℓ∗1
L xsℓ2L

– C ′ℓ1ℓ2
9 = C ′ℓ1ℓ2

10 = − πv2

λtαemm2
U
x
bℓ∗1
R xsℓ2R

– Cℓ1ℓ2
S = −Cℓ1ℓ2

P = 2πv2

λtαemm2
U
x
bℓ∗1
R xsℓ2L

– C ′ℓ1ℓ2
S = C ′ℓ1ℓ2

P = 2πv2

λtαemm2
U
x
bℓ∗1
L xsℓ2R

Where λt = VtbV
∗
ts. As just shown the U1 mediator can also generate the C ′

i

coefficients but they can be neglected in the scenarios explaining the anomalies.

We now consider the U1 best fit obtained by Ref. [20] with the hypothesis of
maximal right-handed current (RH+LH): βbτ

L = 1 = −βbτ
R (i.e. max RH cur-

rents). The needed fit values are

{CU = 0.005,βbµ
L = −0.21,βsτ

L = 0.21,βsµ
L = 0.02},

where CU =
g2Uv2

4M2
U

.

In the OSµ case (b → sτ−µ+) the WCs, rewritten according Ref. [20], assume
the values:

– Cτµ
9 = −Cτµ

10 = − πv2g2U
λtαemm2

U
βbτ∗
L β

sµ
L = − 4πCU

λtαem
βbτ∗
L β

sµ
L = −4.21

– Cτµ
S = −Cτµ

P = +
πv2g2U

2λtαemm2
U
βbτ∗
R β

sµ
L = + 2πCU

λtαem
βbτ∗
R β

sµ
L = −2.11 = Cτµ

9 /2.

In the SSµ case (b → sτ+µ−):

– Cµτ
9 = −Cµτ

10 = − πv2g2U
λtαemm2

U
β
bµ∗
L βsτ

L = − 4πCU
λtαem

β
bµ∗
L βsτ

L = 9.28

– Cµτ
S = −Cµτ

P = +
πv2g2U

2λtαemm2
U
β
bµ∗
R βsτ

L = + 2πCU
λtαem

β
bµ∗
R βsτ

L ≈ 0,

where we follow the assumption of Ref. [20] βbµ∗
R << 1.

• Extended scalar sectors: We do not treat them in this study.

The scenarios explored above lead us to consider the benchmark case where:
{

CS = −CP ≡ CSL
∈ R

C9 = −C10 ≡ CVL
∈ R

(A.11)

Therefore the coefficients of Eq. A.5 can be written as:
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