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Résumé

Dans le Modéle Standard de la physique des particules, le mécanisme Cabibbo-Kobayashi-
Maskawa (CKM) décrit le phénoméne du mélange des quarks. De ses parameétres, 'angle ~
est celui connu avec la moins grande précision. Les mesures directes donnent une incertitude
d’environ 15°, importante comparée a celle sur la valeur extraite des ajustements globaux, de 3°.
Pour vérifier la cohérence du Modéle Standard, v doit étre mesuré précisément. Cela est possible
en utilisant des processus au niveau des arbres, ol seules des contributions du Modéle Standard
sont attendues, ou avec des processus impliquant des boucles, qui peuvent étre sensibles & des
effets au-dela. Des différences entre la mesure de v avec des diagrammes en arbres et avec des
boucles pourraient étre donc une indication de nouvelle physique.

Cette thése présente la premiére mesure des observables C'P dans la désintégration
B’ = DK™, Celle-ci est sensible a ~ du fait de l'interférence entre 'amplitude des diagrammes
b — u et b = ¢, au niveau des arbres. L’asymétrie C'P dans le mode B’ - [K*K*]Df*o et
le rapport des largeurs partielles avec B = [K— 7] D?*O sont mesurés avec 1 fb~! de données
récoltées par 'expérience LHCb en 2011,

AR = 0,452 70350 £0,025 = Agpy,
RER = 1,360 70516 £ 0,075 = Ropy.

L’asymétrie C'P du mode supprimé B - [Kt7] DF*O et le rapport des largeurs partielles avec
le favorise B’ — [K_ﬂ'—i_]DF*O sont mesurés avec 3 fb~! de données récoltées en 2011 et 2012,

sup 40,303 __
AP = 0,004 T30 = Aups,

Rq= 0,075 70055 = Raps.

Par ailleurs, les études réalisées sur le systéme de déclenchement hadronique de ’expérience
LHCDb sont aussi présentées.






Abstract

In the Standard Model of particle physics, the Cabibbo-Kobayashi-Maskawa (CKM) mechanism
describes the quark mixing effect. The CKM v angle is one of the parameters of the Standard
Model that are known less accurately. Direct measurements give an uncertainty of around 15°,
large with respect to the uncertainty on the value extracted from global fits, of 3°. In order to
test the Standard Model consistency, the « angle needs to be measured precisely. This can be
done using processes at the tree-level, where only Standard Model contributions are expected, or
using processes involving loop diagrams, which can be sensitive to physics beyond the Standard
Model. Differences in the v measurement from tree and loop diagrams would be an indication
of new physics.

This thesis presents the first measurement of the C' P observables in the B’ = DK™ decay.
Sensitivity to « arises from the interference of the b — w mediated amplitude with the b — ¢
one, at the tree-level. The C'P asymmetry of the B = [K*K*]DF*O mode and the partial
width ratio of this channel with respect to B’ - [K?r*]DF*O are measured using 1 fb™! of
data collected by the LHCb experiment in 2011,

REE = 1.360 10360 +0.075 = Rop..

AFR = —0.452 10328 +0.025 = Acpy,

The CP asymmetry of the suppressed B - [K+7r_]Df*O mode and the partial width ratio

with respect to the favoured B’ - [K—7t] pE™ are measured using the total 3 fb~! of data
collected in 2011 and 2012,

AT = —0.094 10398 = Ay ps,

Ry= 0.075 T505% = Raps.

In addition, the studies performed on the hardware hadronic trigger of the LHCb experiment
are also presented.






Synthése

La théorie décrivant actuellement la physique des particules est le Modéle Standard. Il a été
introduit dans les années 70, et au fil des découvertes il s’est montré étre singuliérement prédictif.
Il contient 18 paramétres : 9 pour les masses des fermions, 4 correspondant au mélange des
quarks, un pour la masse du boson de Higgs, une constante de couplage pour 'interaction forte
et 3 paramétres de 'interaction électrofaible.

Le phénoméne de mélange des quarks, ou le fait que les états propres de masse des quarks
ne sont pas les mémes que leurs états propres d’interaction, est introduit pour la premiére fois
par Cabibbo & deux familles des quarks . Cette rotation peut alors étre paramétrée par un
un angle f¢c. A trois familles de quarks, cela est representé par la matrice Cabibbo-Kobayashi-

Maskawa (CKM) [22][27,

Vud Vus Vub
Verv = Vea Ves Vo |- (5)
Via Vis Vi

Cette matrice peut étre paramétrée par trois nombres réels et une phase complexe. La paramétri-
sation plus habituelle est celle de Wolfenstein [33],

-y A AN —in)
V= -2 -2 A | +o0Y, (6)
AN (1 — p—in) —AN? 1

construite & partir du développement de chaque élément comme une série en fonction de puis-
sances du facteur A ~ sinfc = 0,22. Ce parameétre donne l'ordre de grandeur relatif des
couplages d’interaction entre les différentes familles : les éléments de la diagonale sont d’ordre
1, pour des transitions dans une méme famille ; les éléments concernant la premiére et la deux-
iéme famille sont d’ordre A, alors que pour des transitions entre la deuxiéme et la troisiéme ils
sont d’ordre A2, et finalement d’ordre A3 entre la premiére et la troisiéme. Les couplages des
interactions entre les quarks sont établis ainsi d’une facon naturelle.

La matrice CKM correspondant & un changement de base entre les états propres, elle doit
étre unitaire,

Vvvi=viv =1 (7)

De cette condition, 9 relations entre les éléments de la matrice peuvent étre extraites. Elles
sont égales a 1 pour les termes de la diagonale du produit des matrices, et égales & 0 en dehors.
Celles-ci peuvent étre répresentées comme un triangle dans le plan complexe (p,7n), dont la
surface caractérise la magnitude de la violation de la symétrie C'P dans le secteur des quarks.
En particulier, le triangle correspondant & la relation

VudVap + VeV, + ViaVip, = 0 (8)

a tous ses termes du méme ordre A\3. La Figure [l représente le triangle qui en résulte aprés les
changements de variable p = (1 — A2/2)p, 7 = (1 — A?/2)n et en normalisant par rapport au
terme |VeqV;|. 1l est connu comme le Triangle d’Unitarité.



(0,0) (1,0)

Figure 1: Le Triangle d’Unitarité de la théorie CKM.
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Figure 2: Ajustement global du Triangle d’Unitarité de la théorie CKM (en noir, signalant lapex
du triangle), en utilisant toute les mesures expérimentales disponibles sur ses différents paramétres
(zones colorées). Gauche : collaboration CKMfitter. Droite : collaboration UTFit.
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peut étre mesuré & partir des désintégrations des mésons B, et

La physique du quark b intervient dans ce triangle, comme le montre I’Equation . En effet, le
coté

les oscillations dans le systéme BY — B Les angles du triangle sont définis comme

ViaVi
= Arg | -2 9
“ e < Vuqufb> ’ ( )
Ved *>
— A _ cb ,
) ( Vid t’é
Vuad V5
— A ua '’y yp
! rg( vcdvgg>

Ces angles peuvent étre mesurés avec des désintégrations de mésons B qui ne conservent pas la
symétrie C'P. La physique du b joue alors un role principal pour contraindre la théorie CKM, et
plus généralement le Modéle Standard.

L état actuel des mesures sur le Triangle d’Unitarité est présenté dans la Figure[2] Les collab-
orations UTAit et CKMfitter [36] utilisent ces mesures pour réaliser des ajustements globaux



et contraindre le triangle. La validité du Modéle Standard nécessite que toutes les mesures con-
vergent en l'apex du triangle ; le cas contraire pourrait étre une indication de l'existence de
nouvelle physique au-dela du Modéle Standard.

On ¢s’intéresse particuliérement & l'angle v du Triangle d’Unitarité. La Figure [2] montre
que cet angle est celui connu expérimentalement avec la moins grande précision. Les derniéres

mesures directes donnent [37H40|

,YBaBar — (691_%2)0 ’ (1())
,YBelle — (68ti51)o ’ (11)
ALHED - — (67 £12)°. (12)

Cependant, la valeur de v obtenue & partir des ajustements globaux est

AT — (69,2 +3,2)°, (13)
,YCKMﬁtter _ <67, 74521:;)0 7 (14)

dont l'incertitude est beaucoup plus petite. L’angle v doit étre mesuré expérimentalement avec
une meilleure précision pour bien contraindre le Triangle d’Unitarité.

Des méthodes variées existent pour mesurer v. On considére ici les méthodes avec des
diagrammes en arbre (ou des contributions au-dela du Modéle Standard, qui peuvent appa-
raitre dans des boucles, ne sont pas attendues) indépendantes du temps. On utilise typiquement
des désintégrations du type B~ — DK —* ot D est un méson D° ou un méson ﬁo, et des
états finaux accessibles a la fois par ces deux états intermédiaires. L’angle v peut alors étre
mesuré grace a l'interférence entre les amplitudes des diagrammes b — u et b — ¢, par 'étude
des observables reliées & la symétrie C'P, en particulier 'asymétrie entre la désintégration du
meéson B et son anti-méson. Différents modes de désintégration sont possibles pour le méson D :

e Méthode GLW I@] . désintégrations vers un état propre de CP, comme D — K™K~ ou
D—natn.

e Méthode ADS . désintégrations vers un état spécifique de saveur, comme D — K7™,

e Méthode GGSZ : désintégrations & trois corps, qui permettent une analyse du plot de
Dalitz.

Les modes B~ — DK~ ont été étudiés par les usines & B et continuent & étre exploités
dans les expériences actuelles. Dans cette thése, on utilise la désintégration B’ = DK Ia
sensibilité a - est plus grande dans ce mode, grace au fait que les deux amplitudes qui interférent
sont supprimées en couleur, alors que pour B~ — DK™ une est supprimée et ’autre favorisée ;
cependant, les rapports de branchement sont plus petits ici qu’en B~ — DK ~. Le méson K*0
se désintégre en K*9 — K*7~, donc la saveur du méson B au moment de sa désintégration
peut étre connue en identifiant le signe du K dans ’état final du K*V. Les observables C P dans
les méthodes GLW et ADS, construites a partir des largeurs partielles et sensibles & I'angle =,



sont mesurées égales a

(B’ - [KTK-]pK"") —T(B® — [K+*K~|pK*0)
Acp+ = —0 _1 =+0 _ (15)
(B’ - [KTK-]pK™") + (B — [K+K~]pK*0)

2Krgo sin d go sin ~y

1+ 72, + 2krpo cos 6o cosy’

F(EO — [K+K—]DK*O) +T'(BY = [KTK~|pK*?)
Rop+ = —0 _ —+0 . (16)
I'(B" — [K—nt]pK )+ (B — [Kt7—|pK*)

14 T%g + 2K7T 0 €COS I go COS Y

1+ 72,13 + 2krgorp cos(po + 6p) cosy’

(B’ - [K+tr | pK") —T(B® - [K~nt]pK*)
Aaps = —— —0 (17)
(B’ — [Ktr-pK ") +T(B° — [K—nt]pK*0)
2krgorpsin(dgo — dp) siny
%0 4 1% + 2671 gorp cos(6po — dp) cosy’
R (B’ = [K*n ]pK ") + (B = [K~t]pK™) (18)
ADS = —— —
(B’ = K-t pK ") + T(B° — [K+n-]pK*0)

20 + 1% + 2krgorp cos(dgo — dp) cosy

1+ r2,1r% + 2krgorp cos(dpo0 + 6p) cosy’
Dans ces équations, le facteur rpgoe’®s0 représente le rapport entre les amplitudes b — wu et
b — ¢, rpe’? est le rapport entre les amplitudes du mode doublement supprimé de Cabibbo
DY — K7~ et du mode favorisé D° — K~ 7", et x est un facteur de cohérence qui tient compte
des contributions non résonantes B. — DK ~n*. Ce facteur est estimé égal a k =0,95£0,03
pour une région de masse de £48 MeV /c? autour de la masse nominale du K*0 [57]. Les facteurs
rp et p ont été mesurés par des expériences précédentes. Par contre, rgo et dgo sont inconnus
et doivent étre extraits simultanément avec v & partir de ces mesures.

L’expérience LHCDb est spécialement concue pour réaliser des mesures de précision dans le
domaine des saveurs lourdes. Elle fait partie des expériences du grand collisionneur hadronique
LHC au CERN (Genéve, Suisse). Le LHC a fourni des collisions proton-proton a 7 TeV d’énergie
dans le centre de masse en 2011 et 8 TeV en 2012. La section efficace de production de paires
bb mesurée par LHCh en 2011 est o(pp — bbX) = (284 + 20 4 49) ub . Avec une luminosité
instantanée jusqu’a 400 (ub x s)~!, LHCD a enregistré environ de 1 fb~! en 2011 et 2,2 fb~! en
2012.

Le détecteur LHCb est présenté dans la Figure . Sa géométrie caractéristique, qui cou-
vre une région en pseudorapidité 2 < n < 5, est choisie pour tenir compte du fait que les paires bb
sont produites majoritairement dans un cone étroit vers la direction avant ou arriére par rapport
au point de collision. LHCb est donc un spectrometre & un bras, formé par un assemblage de
sous-détecteurs, chacun avec une fonction précise. En particulier, pour les désintégrations pure-
ment hadroniques auxquelles nous nous intéressons ici, LHCb est bien équipé grace au détecteur
de vertex tres précis (VELO), qui permet de distinguer les points de désintégration primaires
des secondaires, et au détecteur Cherenkov, qui permet d’identifier les kaons et les pions. En
plus, ce type de désintégrations est sélectionné efficacement par le systéme de déclenchement L0
hadronique.

Le systéme de déclenchement hadronique de LHCD a été étudié en détails pendant cette thése,
avec comme objectif de concevoir une méthode pour calculer son efficacité, donnée nécessaire
dans les analyses de physique de 'expérience. Le premier niveau du systéme de déclenchement
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Figure 3: Le détecteur LHCb. Les différents sous-détecteurs sont indiqués.

LO est implémenté dans de cartes d’électronique, et utilise les calorimétres et les chambres a
muons pour identifier des hadrons, électrons, photons et muons qui portent un grande impulsion
transverse. Ce systéme réduit le taux des collisions du LHC de 40 MHz & 1 MHz, dont 450 kHz
correspondent au type hadronique. Un deuxiéme niveau de déclenchement, le HLT, utilise une
ferme d’ordinateurs ot des algorithmes spécifiques réduisent le taux & une valeur finale de 5 kHz.

L’efficacité du LO hadronique est calculée pour des kaons et des pions en fonction de leur
impulsion transverse, en utilisant des données d’étalonnage . La méthode développée compare
les objets du systéme de déclenchement, des amas de 2 x 2 cellules dans les calorimétres, avec le
dépot d’énergie correspondant a chaque particule, reconstruit comme un amas de 3 x 3 cellules.
Le résultat est présenté, pour des données de 2012, dans la Figure [d Les deux régions qui
forment le calorimétre hadronique, dont U'extérieure a des cellules de taille double a celles de
Iintérieure, sont traitées séparément. La Figure [4] montre aussi ’évolution dans le temps de
Pefficacité intégrée pendant la méme période.

I’é¢tude des observables C'P est réalisée avec 1 fb~! de données de collisions proton-proton
récoltées par LHCb en 2011. Le canal de désintégration B — DK* avec D — KTK™ est
analysé. Les diagrammes de Feynman correspondants sont montrés dans la Figure |5| : comme
expliqué précédemment, la sensibilité & 'angle v provient de 'interférence entre les amplitudes
des processus b — u et b — c. Les événements du signal sont sélectionnés avec des coupures
optimisées sur I'impulsion des particules dans I’état final, leur probabilité d’étre des kaons et
des pions, la qualité des vertex du B et du D, les paramétres d’impact et la masse invariante
du D° et du K*°, principalement. Les différents bruits de fond susceptibles d’introduire une
contamination sont étudiés et supprimés par des coupures additionnelles, comme par exemple la
contribution du mode B® — K+ K~ K*? qui est réduit a un niveau négligeable avec une coupure
sur la significance de la distance de vol du méson D. Le bruit de fond provenant de la contribution
non-résonante du K*°, c’est & dire du type B® — DK "7~ est estimé & (4,8 £3,4) % du signal
et considéré aussi négligeable.

Avec les critéres de sélection appliqués, la distribution de masse invariante des candidats
B est étudiée. Un ajustement avec la méthode du maximum de vraisemblance est réalisé pour
déterminer le nombre d’événements de signal reconstruits dans ’échantillon. Les différents bruits
de fond restants sont pris en compte dans ’ajustement par des fonctions de densité de probabilité
adaptées : la contribution du mode de désintégration B® — D*K*?, avec D* — D"/~ quand le

70 ou le ¥ ne sont pas reconstruits, s’accumule & basse masse ; la contribution du B® — Dp°, avec
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Figure 4: Efficacité du systéme de déclenchement hadronique de LHCb pour des pions et kaons
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a droite pour la région externe. Haut : efficacité en fonction de Uimpulsion transverse pr des
particules. Bas : efficacité en fonction du temps.
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Figure 5: Diagrammes de Feynman pour les processus BY — D°K*Y (gauche), correspondant a
une transition b — ¢, et B° — DYK* (droite), pour b — u.

p® — 777~ dans le cas oil un des pions est reconstruit comme un kaon, est aussi présente. Ces
deux composantes sont modélisées a partir des données de simulation. Le résultat de I’ajustement
est montré dans les Figures @ et , pour BY — [K*K~]pK*°, le mode signal, et pour le mode
utilisé pour la normalisation B® — [K+t7~]pK*°  respectivement. Ce résultat est la premiére
observation du canal de désintégration B — [KTK~|pK*0 avec une significance totale de
5,1 . La violation de la symétrie C'P est visible dans ce mode. Les observables C'P dans la
méthode GLW pour le canal B — DK*? sont ainsi mesurées,

A = —0,452 £330 +0,025 = Acpy,
RIF = 1,360 £33 £0,075 = Ropy,

ou la premiére incertitude est statistique et la deuxiéme systématique. L’asymétrie C'P dans le
mode de normalisation BY — [K ™7~ ]pK*? est compatible avec 0 comme attendu,

APV — 0,084 +0,079 £ 0,010.
Ces résultats ont été publiés dans .

Les 3 fb~! des données récoltées par LHCb en 2011 et 2012 sont analysés pour mesurer les ob-
servables C' P dans la méthode ADS. Le canal de désintégration supprimé B® — [K~ 7] p K*0 est
analysé, avec le favorisé B — [K 77| pK*Y comme mode de normalisation. Une analyse multi-
variée est utilisée ici pour séléctionner plus efficacement les événements du signal. Un algorithme
« Boosted Decision Tree » (BDT) est optimisé, avec fondamentalement les mémes variables util-
isées précédemment dans 1’analyse du mode B? — [KTK~]pK*?. Ce BDT est mis au point avec
des données de simulation pour le signal et du bruit de fond combinatoire des données 2011. Cette
nouvelle sélection est appliquée & l'ensemble des données. L’ajustement de la distribution de
masse invariante des candidats B est montré dans les Figures[§|et [9] respectivement pour le mode
signal
BY - [K~ 7T pK*? et le mode de normalisation BY — [K 7~ |pK*. Le résultat préliminaire
sur les observables de violation de C' P dans la méthode ADS pour la désintégration B® — DK*0
est

sup 40,303 __
AP = 0,004 T30 = Aups,

Ry= 0,075 10033 = Raps,

ou la seule incertitude donnée est statistique.
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Figure 6: Distribution de la masse invariante pour Uétat [KY K~ |pK*® (gauche), correspondant
a des candidats B° et BY, et [K+K_]DF*O (droite), correspondant & B et BY. Les points noirs
représentent les données, la ligne noire continue est le résultat de l'ajustement. Les différentes
contributions sont visibles : le pic du signal est indiqué par une ligne noire pointillée, et les bruits
de fond par les différentes zones grises qui sont, de la plus foncée a la plus claire, combinatoire,
B® — Dp° erronément identifié, et BOS — D*K*0 reconstruit partiellement & basse masse. Les
lignes colorées représentent les différentes amplitudes d’hélicité qui contribuent au bruit o basse
masse : rouge est “0017, bleu est “010” et vert est “100” ; les lignes continues correspondent
au bruit du BY, les lignes pointillées & celui du B°. Les histogrammes du bas représentent la
différence entre les données et la fonction d’ajustement, divisée par lincertitude sur le nombre
d’entrées.
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Figure 7: Distribution de la masse invariante pour l'état [K 7~ |pK*? (gauche), correspondant

a des candidats BY et BY, et [K*WJF]DF*O (droite), correspondant a BY et BY. Les différentes
contributions sont représentées comme dans la Figure @

Avec 50 fb~! de données que LHCb espére récolter a I'énergie nominale de collision du LHC
et avec les futures améliorations du collisionneur et du détecteur, ces observables pourront étre
mesurés précisément pour introduire des contraintes sur l'angle v de la théorie CKM. Avec
I’étude des différents canaux de désintégration sensibles, LIICb envisage de produire une mesure
combinée de v avec une incertitude de 'ordre de 1°.
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Introduction

The current theory defining the fundamental structure of matter is the Standard Model of par-
ticle physics. This theory is parametrised by 18 quantities, corresponding to the mass of the
particles and the couplings and constants characterising the interactions between them. The
quark mixing effect, accounting for the fact that the quark mass eigenstates are different from
the quark interaction eigenstates, is described inside the Standard Model framework by the
Cabibbo-Kobayashi-Maskawa (CKM) matrix [27]. A Unitary Triangle can be extracted from
this description. A great effort is being made by particle physics experiments in order to mea-
sure as precisely as possible the sides and angles of this triangle. Indeed, studying the Unitary
Triangle is an excellent way of testing the consistency of the Standard Model, and to look for
indications of new physics beyond it. The Standard Model and the CKM theory are described
in Chapter

We focus especially on one of the angles of the Unitary Triangle, the v angle. While the other
two are measured experimentally with a good precision, the uncertainty on the direct measure-
ments of the v angle is still large, of roughly 15°. The latest experimental results are (69ﬂg)o
from the BaBar experiment , (68713)° from Belle [39] and (67 + 12)° from LHCb . The
combination of all measurements providing information on the sides and angles of the Unitary Tri-
angle allows to extract a much more precise value of v, with an uncertainty of a few degrees: the
UTfit Collaboration obtains (69.2 + 3.2)° \\ and the CKMfitter Collaboration (67.71’35)0 \\
Experiments today are challenged to perform a precise measurement of the v angle. This ac-
complishment will introduce new constraints to the Unitary Triangle and the Standard Model.
In addition, an eventual inconsistency between this measurement and the result from the global
combinations would open the door to physics beyond the Standard Model. The status of the
measurements of the v angle and the different methods to extract it are detailed in Chapter 2]

The Unitary Triangle involves b-physics. The LHCb experiment at the LHC (CERN,
Geneva) is very well suited for the study of decays involving heavy quarks, due not only to its
special geometry, but also to the specific design of the different subdetectors. For instance, the
silicon vertex detector allows to separate primary and secondary vertices with excellent precision,
and the Ring Imaging Cherenkov detectors distinguish efficiently kaons from pions. In addition,
the choice of operation conditions, that includes an instantaneous luminosity that keeps a low
number of interactions per LHC bunch crossing, makes it possible to identify all the particles in
the decay chain. This provides a very good scenario to perform precision measurements on the
heavy flavour sector. The LHCb experiment has collected 1 fb~! of proton-proton collision data
at a center-of-mass energy of 7 TeV in the year 2011, and around 2 fb~! at 8 TeV in 2012. The
LHCb detector is described in Chapter [3]

A promising channel for the extraction of the v angle is B = Df*o, where D represents
cither a D° meson or a D" decaying to a same final state. The time integrated study of the
C P asymmetries between this decay and its charge conjugate can be done for different D decay
modes, when the final state is accessible to both D and D’ Sensitivity to 7 arises then from



the interference of the b — w and b — ¢ mediated amplitudes, through tree diagrams. No
contributions from physics beyond the Standard Model are expected here. In this work, the C P-
even final state D — KT K~ is used, corresponding to the GLW approach to extract - I@, as
well as the flavour quasi-specific final state D — KTt corresponding to the ADS approach .
The analyses performed during this thesis, leading to the first measurement of the C' P observables

from the two approaches in the B’ = DK™ channel, are presented in Chapters [5| and @

The B” — DK™ mode is a purely hadronic decay. Many other decay channels under study
at LHCDb contain hadronic final states. However, a trigger system is needed in order to reduce
the large LHC bunch crossing rate to a level that meets the storage requirements. The hardware
hadronic trigger of LHCb allows to efficiently select this type of decays, by asking for high
transverse momentum deposits in the calorimeters. The knowledge of the trigger efficiency is
required in physics analysis. Chapter [ presents a method for the computation of the hadronic
trigger efficiencies in LHCDb, for kaons and pions, and a study of the results is performed.



Chapter 1

Theoretical overview:
the Standard Model of particle physics

The Standard Model of particle physics is the theory that is currently accepted to describe the
elementary blocks of matter building the Universe, together with their interactions. This model,
which was introduced in the 70’s, has proven to be outstandingly predictive, and some of its
constituents have only been experimentally discovered decades later. However, several questions
on the fundamental structure of matter are still open, and strong effort is being made to precisely
measure all the parameters of the Standard Model, to further check its consistency and look for
physics beyond.

This chapter introduces the fundamental interactions of Nature and the Standard Model of
particle physics. Focus will be made on quarks, their interactions and the theory discribing
the “heavy flavour sector” of particle physics: the Cabibbo-Kobayashi-Maskawa (CKM) matrix.
These are the necessary bases leading to the parameter which is the ultimate subject of the
analysis presented in this thesis: the v angle of the CKM Unitary Triangle.

1.1 A subatomic particle classification

There are different possible ways of classifying the subatomic particles. Usually, particles are
divided in groups of similar characteristics and behaviours by their spin. Particles with half-
integer spin are fermions: they follow the Fermi-Dirac statistics and their quantum mechanics is
described by the Dirac equation. Particles with integer spin are bosons: they follow the Bose-
Einstein statistics and are described by the Klein-Gordon equation. The particles that carry
the fundamental interactions are bosons. On the other hand, the fundamental matter particles,
namely the quarks and the leptons, are fermions. Quarks are never observed individually, but
they combine to form other particles that are called hadrons. These can be combinations of
different numbers of quarks. Hadrons formed by a quark and an anti-quark are then bosons and
are called mesons. Hadrons formed by three quarks or three anti-quarks are fermions, and are
called baryons. This classification is summarised in Figure [L.1]

1.2 The fundamental interactions

There are four fundamental interactions applying to matter in the Universe: the gravitation, the
strong interaction, the electromagnetic interaction and the weak interaction. Table shows a
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Bosons Fermions

Photon,
W*, W-, 29,

Gluon,

Higgs

Leptons
(electron,
neutrino, ...)

Baryons
(proton,
neutron, ...)

Mesons
(pions, kaons, ...)

Figure 1.1: Subatomic particles classification depending on their spin.

force ‘ relative strength ‘ messenger ‘ charge
gravitation 10~ (graviton) mass
weak 107° W* and Z° bosons flavour
electromagnetic 1072 photon electric charge
strong 1 gluons colour

Table 1.1: The four fundamental forces in Nature.

comparison of the four of them regarding their typical strengths, and presents also their messenger
particles’ and their charges.

Gravitation is the weakest of the four interactions and, at the level of particle physics, this
force does not play a role: the mass of the particles is so small that the gravitational forces be-
tween them are completely negligible. Another peculiarity of this interaction is that its messager
particle, the graviton, is for the moment only a prediction and has not been observed yet.

In the world of particle physics, the interactions that have an effect are the strong, the weak,
and the electromagnetic ones. Furthermore, the weak and the electromagnetic interactions have
been unified in the 70’s, and are now described by a common theory. A short review of these
three forces is presented in the following sections.

1.2.1 The strong interaction

The strong interaction acts on particles carrying a charge called “colour”, that is to say the
quarks. The typical times of strong interaction decays are 10723 s. The messenger particles, the
gluons, are massless but carry colour charge themselves, so they are also affected by the strong
interaction. There are three possible values of the colour charge, and they are designated as red,
green and blue. The colours and gluons are part of the Standard Model of particle physics and
are described by a SU(3) symmetry group. Eight different gluons can be formed in SU(3), each
one of them carrying a combination of a colour and an anti-colour.

The modern description of the strong interaction is given by Quantum Chromodynamics
(QCD). Its running coupling becomes very large when the distance between the particles involved
is large, and it is very small at short distance, where perturbative calculations can be made as
an approximation. This translates into two features:

!The messenger of an interaction is the particle that “carries” the force and is exchanged between two other
particles being affected by the interaction.



1.2 The fundamental interactions

e Agymptotic freedom: the quarks interact very weakly as the energy increases and the
distance decreases.

e Confinement: the strength of the strong force increases with the distance separating two
quarks.

Confinement implies that the quarks are never observed individually. Instead, they form particles
by combining in groups of two or three, in such a way that the result is colourless: groups of an
anti-quark and a quark are possible when one carries the anti-colour of the other; groups of three
quarks when each one of them carries a different colour (red + green + blue = white), and groups
of three anti-quarks when each one carries a different anti-colour. When two quarks are brought
away from each other, the energy between them becomes so large that new particles can be
created that form new hadrons (but never individual quarks), in a process called hadronisation.

Strongly interacting hadrons can be organised in multiplets following the SU (V) symmetry
group of isospin, with N the number of quarks involved. The isospin I is a quantum number
which is conserved by the strong interaction. Particles inside a multiplet are characterised by
the isospin and the hypercharge Y, which is the sum of the baryonic number and the other
quantum numbers describing the quark content of the particle (strangeness, charm, bottomness
and topness). Different multiplets are built for different values of total angular momentum.
The third component of the isospin explains the mass degeneration of particles with the same
hypercharge in the same multiplet?.

1.2.2 The electromagnetic interaction

Electromagnetism acts on particles carrying electromagnetic charge: the quarks and the charged
leptons (electron, muon, tau). The typical lifetime of a particle decaying by this interaction is
10720 5. The photon is the messenger particle, and is massless and electrically neutral. The
electromagnetic interaction conserves the lepton number and the quark flavour, which means
that a photon can only couple with leptons or quarks of the same type.

The modern theory describing the electromagnetic interaction is Quantum Electrodynamics
(QED). It is characterised by a running coupling factor o which becomes smaller at high distance
and low energy. Its asymptotic value is known as the fine structure constant for historical reasons,
and it is equal to

e? 1
- - 1.1
@ Areohe 137 (1.1)
(0]

where e is the electric charge of the electron, €y is the vacuum permittivity, A is the reduced
Planck constant and c is the speed of light. The electromagnetic force F' is equal to this coupling
divided by the square of the distance between the electrical charges involved, r.

1.2.3 The weak interaction: an introduction

Particles susceptible of interacting via the weak force are the quarks and all the leptons: all of
them carry flavour charge. The typical lifetime of a particle decaying through weak interaction is
of the order of 1078 s, but it can be much larger or smaller. The messenger particles are the W+

2For example, the proton and the neutron form an isospin doublet with I = % They have common total angular

momentum and parity J- = %+ and hypercharge Y = 1, but different isospin third component I3(p) = —&—% and

Is(n) = f%, such that their masses are different. In the same way, K+ and K°, with J* = 0~ form a different
isospin doublet.
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bosons for charged currents and the Z° boson for neutral currents. These bosons are massive:
the W has a mass of roughly 80 GeV/c?, the Z° has a mass of around 91 GeV /c?.

In 1932, Fermi ||1| proposed a theory similar to electromagnetism to explain nuclear S-decays,
where a neutron decays into a proton, an electron and an electronic antineutrino,

n—pe e, (1.3)

or in its crossed form
pe —Mn . (1.4)

He started from the expression in QED for an electron-proton scattering. The amplitude of this
process is

1
M = (uptuy) (q) (—eTete) (15)
62
= _?(EP’Y‘LUP)(_H{Y#“@) (1~6)
62
= S 7

where u is a Dirac spinor, v* are the Dirac matrices, j¢™ are the electromagnetic currents and
(;—21) is the electromagnetic propagator of the exchanged photon, ¢? being its momentum. In an
analogous way, he supposed a point interaction for the weak interaction,

M - GF(anyuup)(ﬂue’Y,uue% (1'8)

where GF is the weak coupling factor and is called the Fermi constant. This equation follows a
vector-vector structure.

This effective theory turned out to be a success at these energies, but it has also evolved to
take into account larger energy scales and symmetry breaking issues, as is explained in the next
section. The modern theory that describes this kind of interactions unifies the weak and the
electromagnetic forces, and is explained in Section

1.3 Symmetries and quantum number conservation

In particle physics, there are three discrete symmetries which are particularly important:

e Parity (P): space inversion, P(7;t) = (—7;t). It corresponds to a reflexion with respect
to a plane, followed by a rotation of 180° around an axis perpendicular to this plane.

e Charge conjugation (C'): particle-antiparticle transformation, C(p) = p.

e Time reversal (T): inversion of time, T(7;t) = (7; —t). It swaps the initial and the final
states.

The P and C transformations are unitary, while 7" is anti-unitary. The interest of them is that,
while the combination of the three, C'PT, is an exact symmetry in Nature , the individual
transformations C' and P are not conserved in the weak interaction, while they are in the strong
and electromagnetic ones. The C'P transformation, which combines the previous two and allows
to go from a particle decay to an antiparticle decay, is also violated by the weak interaction. The
CPT conservation law implies that 7' is also not conserved. These rules are shown in Table[1.2]

In addition to the symmetries, there are also quantum numbers that set selection rules for
the different interactions. The total angular momentum J, the electromagnetic charge @, the
baryonic number B and the lepton number L are, as the energy, always conserved. Flavour is
not conserved in weak interactions. Finally, the isospin I is only conserved in strong interaction.
All of this is also summarised in Table [.2]



1.4 Parity violation in weak interactions

symmetry or quantum number | strong int. | electromagnetic int. | weak int.

CPT yes yes yes

P yes yes no

C yes yes no

CPorT yes yes no

Q yes yes yes

B yes yes yes

L yes yes yes

flavour yes yes no

1 yes no no

J (total angular momentum) yes yes yes

Table 1.2: Conservation of symmetries or quantum numbers by the fundamental interactions in
particle physics.

1.4 Parity violation in weak interactions

In the 50’s, two strange® particles were found with the same mass and lifetime but decaying
through different modes,

6t — a0 (1.9)

T = atrrt (1.10)
This is the so-called § — 7 puzzle. If, as believed at that time, parity was conserved in all
interactions, the # and 7 particles would have different parity P, as inferred from their decay
products. In 1956, Lee and Yang [3] came up with an easier solution: those two particles are
actually the same one, the K meson, and parity is violated by the weak interaction.

Experiments were performed to confirm this idea. In 1957, C.S. Wu et al. @] studied the
[B-transitions of polarised Cobalt nuclei,

0Co -9 Ni* ™ 7. (1.11)

The nuclear spins in the %°Co sample were aligned by an external magnetic field. If parity was
conserved, the electrons would be emitted in the same or the opposite direction to the nuclear
spin in equal amounts. An asymmetry in the directions of the emitted electrons was observed,
which changed sign upon reversal of the magnetic field. That is to say, electrons prefer to be
emitted in a direction opposite to that of the nuclear spin. This implies that parity is violated
in these decays.

Other experiments were performed on the same topic. In 1958, Goldhaber et al. showed
that neutrinos have left helicity, that is to say that there are no right-handed neutrinos (the
inverse is true for antineutrinos). This automatically means that the weak interaction violates
both P and C symmetries, and it only conserves C'P, which transforms a left-handed neutrino
into a right-handed antineutrino.

In order to take the parity violation into account, the Fermi theory needs to be slightly
modified: in Equation (T.8), the y* factors should be replaced by 7#(1 — +®). This means
that the weak interaction does not follow a vector-vector structure, but a vector-axial (V-A)

3Containing a strange quark s. This property was discovered later, and it was named “strangeness” after the
strange character of these § — 7 particles.
“This 7 particle does not have anything to do with the 7 lepton, which was discovered decades later.
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structure. This small modification is enough to include parity violation in weak interactions.
Thus, the amplitude of a S-decay is described as

Gr_ _
M = [uny"(1 - 75)up] [ty (1 — 75)“6]7 (1.12)
V2
where the factor -= is added for normalisation purposes.

V2

1.5 The electroweak interaction

Adding a propagator to the theory

The Equation , implementing the V-A structure in the weak interaction, can be further
modified to move from a ponctual interaction to actual currents, produced by the exchange of
the W+ and Z° bosons. The Fermi constant G is thus replaced by a propagator. In the case
of a charged current, the amplitude of the process becomes:

(9wl s, YL (9 1. 5
M= <\/§un’y 2(1 ~ )up> ng—(f <\/§u,,e’yu2(1 ¥ e | (1.13)

where ¢ is a dimensionless coupling, My, is the mass of the W¥ boson, ¢ is the momentum
carried by it and the factors % are inserted for normalisation. The same strategy can be followed
for neutral currents exchanging a Z° boson. The analogy between the Equations and ,
where a massless photon is exchanged, is straightforward.

Now, we can compare Equations (1.12) and (L.13)) in order to have a quantitative estimate
of the coupling. In the case where the exchanged momentum is small, ¢> < M32,, that is to say
when the weak currents interact essentially at a point, we find that Gy is related to the mass of
the W boson as

Gr g9’

==

V2 8ME,
This shows that the weak interactions are not weak because of the coupling g being small com-
pared to the electromagnetic coupling e, but because the mass of the exchanged boson M%V is

large. Indeed, it is shown in the next section that essentially g ~ e, allowing the unification of
the weak and electromagnetic forces.

(1.14)

The unification of electromagnetic and weak interactions

The electromagnetic and weak interactions are unified by defining a weak isospin and a weak
hypercharge analogous to those of the strong interaction, proposed by Glashow in 1961 EI] The
result is a group of symmetry SU(2)r x U(1)y: the SU(2)y, is the symmetry group for the weak
isospin involving only left-handed states, while U(1)y corresponds to the weak hypercharge Y
group, involving left- and right-handed states; this incorporates the electromagnetic interaction
to the weak interaction. The theory was extended by Weinberg in 1967 m and Salam in 1968
to accomodate the massive vector bosons W+ and Z°.

As seen before, the electromagnetic current couples to a photon, and the weak currents couple
also to vector bosons. This is implemented in the model by a triplet of vector fields Wli coupled
with strength g to the weak isospin current J;, together with a single vector field B, coupled to
the weak hypercharge j}[ with strength conventionally taken as ¢’/2. The Wﬁ and B, fields are
gauge bosons. The basic electroweak interaction operator is therefore

—ig(J)W), —ZE(jY)uBM. (1.15)
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In this representation, the massive W7 bosons exchanged in the charged weak currents, the
Z° boson in the neutral weak current and the photon in the electromagnetic current (denoted in
the literature by A) are described by the following fields:

1 .
Wi = \/;(W,}ij) (1.16)
Z, = —BuSinew—FWjCOSQW (1.17)
A, = Bycosby + Wi sinby, (1.18)

where Oy is the Weinberg or weak mixing angle.
The electroweak neutral interaction coupling between currents and exchanged bosons is there-
fore

. g .
—ngEj(W"g)“ - Z;j};BM: (1.19)

Y
- 4 (g sin ijg + ¢ cos 0W]§> AV

Y
- 3 (g cos 9WJ3 — ¢'sin 9%/5) zH,

where the first term corresponds to the electromagnetic interaction and the second to the weak
neutral interaction. In order to recover the electromagnetic interaction with coupling e, we find
that

gsinfy = ¢ cos Oy = e. (1.20)
This equation gives the unification of the electroweak theory, through the Weinberg angle.

To complete the description of the theory in the conventional way, let us recall the relation

given by Equation
Gr  ¢°
V2 8ME,
between the mass of the W boson, the weak coupling g and the Fermi constant Gp. This
expression was found by comparing the Fermi phenomenological model to the weak charged
interaction including a W* propagator. The same can be done with neutral currents exchanging
a ZY boson, finding the relation

(1.21)

M2
| A (1.22)
M7 cos? Oy
between the masses of the weak bosons and the Weinberg angle. Equations (1.20]), (1.21) and
(1.22) describe and constrain the theory, and involve some of the parameters of the Standard
Model of particle physics.

1.6 The Standard Model

The Standard Model of particle physics is described by a SU(2)r x U(1)y x SU(3) gauge sym-
metry: SU(2)p corresponding to the weak isospin involving left-handed particles, U(1)y for
the weak hypercharge, and the SU(3) colour symmetry group. This structure implies that left-
handed particles form doublets, right-handed ones form singlets and there is no right-handed
neutrino. Table shows the classification of the Standard Model particles of the first families
and their quantum numbers.
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quarks leptons
quantum number | uy, ‘ dy, \ UR ‘ dgr er \ Ve ‘ €n
Q 2/3-1/312/3|-1/3| -1 0 -1
Y 1/3 1 1/3 | 4/3]-2/3| -1 -1 -2
I3 1/2-1/2| 0 0 -1/211/21 0

Table 1.3: Quantum numbers for the Standard Model quarks and leptons of the first families. Q
1s the electromagnetic charge, Y the weak hypercharge and I3 the weak tsospin third component.

quarks leptons
families I II 111 I II 11T
. U c t e 7 T
fermions (matter) < d > < 5 ) < b > ( ” > ( " ) < v >
gauge bosons (interactions) ‘ g, v, WE, 20
Higgs boson ‘ H

Table 1.4: The Standard Model particles.

The particles contained in the Standard Model are summarised in Table The fermionic
matter particles are the quarks and the leptons, which are in both cases arranged in three
generations or families of increasing mass. The six quarks are massive and are called up, down,
charm, strange, top and bottom. Each family of leptons contains a massive particle, namely
the electron, the muon or the tau, and its corresponding massless neutrino®. The gauge bosons
carrying the interactions, as seen in the previous sections, are the photon 7, the gluons g, and the
W+ and Z° bosons. The masses and other characteristics of the Standard Model particles are
shown in Figure In addition to these particles, another one has been predicted and recently
confirmed to exist, the Higgs boson, which “gives the mass to the particles” and is presented in

Section [L.71

There are 18 free parameters in the Standard Model. First, there are 9 masses for the 9
massive fermions (6 quarks and 3 leptons). The quark mixing, which is explained in Section [1.9)
adds 4 parameters. The interactions add a few parameters to the theory. We have the strong

coupling constant as. From Equations (1.20]), (1.21)) and ([1.22)), another 3 parameters at choice
are needed for the electroweak sector, for example e, Gr and 6y . Finally, the mass of the Higgs

boson my completes the set of Standard Model parameters. The Standard Model Lagrangian
can be written in a general way as

1 1
L = _EWW o ZBWBW (1.23)
_ 1 Y — Y
+ LA* <i8u 957 W, — g'23#> L + Ry (iaﬂ — g/2BM> R
, 1 Y 2
(’La,u — giT . WN — g/2BU> Qb — V(¢)
— (G1L¢R + GoLp.R + hermitian conjugate),

+

where 7 represents the Pauli matrices and ¢ is the Higgs doublet (see Section . The first line
gives the kinetic energies and self-interaction of the gauge bosons, the second gives the lepton

®Neutrino oscillations have been observed and would imply that neutrinos do have masses, even if very small
compared to the other particles in the Standard Model. There is discussion on the fact of massive neutrinos being
inside the Standard Model, or beyond.
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1.7 The Higgs boson

Three generations
of matter (fermions)

mass —|2.4 MeVjc* 1.27 GeVjc? 171.2 GeV/c®
charge —| 24 24 2/
soin- |4 »C =

name — up charm

104 MeV/c

-3

Ya
strange

Quarks

<2.2 eVjc? <15.5 MeVjc?
0 'V 0 'V
Ve »n ¥T
electron fau
neutrino neutrino

0.511 MeVjc? 1.777 GeV/c

Gauge bosons

2|t »

o ¥ 2
3 electron tau
4

Figure 1.2: The Standard Model of particle physics. The Higgs boson, whose existence has been
recently confirmed, is missing from this list.

and quark kinetic energies and their interactions, the third gives the gauge boson and Higgs
masses and couplings, and the fourth gives the lepton and quark masses and couplings to the
Higgs boson (L denotes a left-handed fermion doublet, R a right-handed fermion singlet).

1.7 The Higgs boson

The probably most important open question about the Standard Model is how particles acquire
their mass. We know experimentally that the quarks, the three charged leptons and the weak
interaction vector bosons are massive, but the Standard Model Lagrangian describing the theory
does not provide the corresponding terms. Dirac mass terms for fermions, with the structure

mp = m(Ppir + YY), (1.24)

are not gauge invariant: left-handed fermions form doublets, while right-handed ones form sin-
glets, so terms of this type break the symmetry of the Lagrangian. A similar problem appears
for the gauge bosons.

The Higgs mechanism provides a way to overcome this problem. It generates gauge invariant
mass terms through spontaneous symmetry breaking of the SU(2) x U(1) symmetry of the
Standard Model Lagrangian. Let us take the Lagrangian,

L = (0u0)1(0"0)—V(9) (1.25)
= (0u0)1(0"9) — n?old — N(910)?

which preserves the Standard Model symmetry, where ¢ is a SU(2) doublet of complex scalar
fields, p represents the mass of the field when p? > 0 and A > 0 is the coupling of a four-particle

11
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vertex. We are interested in the case where y? < 0. The potential V(¢) has its minimum for
values of ¢ such that
2
fp——H 1.26
dlo=—t (1.26)
This represents a group of points invariant under SU(2) transformations®, thus the ground state
is degenerate. Omne of these minima is chosen as the vacuum of the theory without loss of

generality, as any other can be reached by a simple gauge transformation,

Po = \/g< UJF%W) > , (1.27)

where v is the vacuum expectation value and H(x) is a perturbative expansion around this
minimum value. This field does not hold anymore the Standard Model symmetries. Choosing
this particular field configuration out of the degeneration of the ground state is a spontaneous
symmetry breaking, as the symmetry becomes hidden. Substituting this into the Lagrangian,
we find that H(z) represents a scalar field, the Higgs field. It introduces gauge invariant mass
terms for the fermions and weak bosons, together with a scalar boson, the Higgs particle.

Precisely for the quarks and leptons, if we take the electron as an example, the following
terms appear in the Standard Model Lagrangian

(&

- G |weon (G )entenon ) ( )L] (1.28)

e

G
= — 7%1)(5[,6}2—!-536[,)—\/i(ELeR—I-EReL)H
= — meée—%EeH,
v

where G is an arbitrary constant, as the mass of the electron is not predicted. We see that a
mass term is present, with m, = Cj/e%’, together with an interaction term between the electron
and the Higgs scalar, with coupling “=. Thus, the Higgs couples to the fermions proportionally
to their masses. Similar terms appear in the Lagrangian for the other fermions. For the vector

bosons, we get

1 \? 1
<2vg> Wiwh gzﬂ [gW3 — ¢'B,)” +m, [¢W3 +gB,)°, (1.29)

together with their coupling to the Higgs. The mass of the W™ bosons appears as myy = %vg,
and the mass of the Z° boson as my = %U\/QQ + ¢”2. A massless term is obtained for the photon,
as its mass factor becomes m, = 0.

In this way, the Higgs boson provides the theory with gauge invariant mass terms. The
fermion masses are free parameters of the theory. In addition, a term appears for the Higgs mass
or self-coupling, with mpg = v/2v2\. The mass of the Higgs is also unknown, adding another free
parameter.

The Higgs mechanism and the Higgs boson were predicted in 1964 by three groups of physi-
cists: F. Englert and R. Brout @ﬂ; P. Higgs ; G. Guralnik, C. Hagen and T. Kibble .
Almost 50 years later, results of an indication of this particle has been released by the ATLAS
and CMS Collaborations in July 2012, with 12 fb=! of data from the LHC proton-proton col-
lisions collected in 2011 and 2012 . A particle with the Higgs characteristics, decaying

®When p* > 0, only a minimum is found. Taking pu? < 0 gives a degeneration of minima, and enables the
sponateous symmetry breaking mechanism.

12
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to the predicted channels most favoured at the LHC, has been detected, with a mass of around
125 GeV/c?. In March 2013 new results have been presented, showing that the total angular
momentum and parity of the observed particle seem to be those of the predicted Higgs boson,
JP = 0%, confirming its existence. Nevertheless, efforts still need to be made in order to measure
additional properties of this particle, to be able to confirm that it is actually the predicted Higgs
boson in the Standard Model, or a light Higgs boson from theories beyond. In any case, the
Higgs mechanism enforces the validity of the Standard Model and the great predictive strength
of the physics theories of the last century.

1.8 Building the Standard Model: a historical approach

In 1897 the electron was discovered by J.J. Thomson [[15]. The other subatomic particles followed:
the proton was discovered in 1919 by E. Rutherford, and the neutron in 1932 by J. Chadwick .
These discoveries showed that there was a structure inside the atom, and even inside its nucleus.
The positron was also discovered at that time, in 1933 by C.D. Anderson [L7], who also discovered
the muons and antimuons in 1936 .

The 7, which was predicted by H. Yukawa in 1935 as the messenger particle for the strong
interaction, was first seen in 1947. The picture of subatomic particles began to get complicated,
as new particles started to flow from this year on. Also in 1947, the K meson and the A baryon
were discovered in cosmic rays. These particles were “strange”, as they were produced by strong
interaction (as copiously as the 7) but were decaying with very long lifetimes, of the order of
10710 s, that is to say by weak interaction. There should be a reason that forbids their decay
through strong interaction. A new additive quantum number was introduced in order to explain
this effect, the “strangeness”, which would be conserved in strong interactions but violated in weak
interactions. In the following years, new particles appeared with these same characteristics, such
as the ¥ and the Z. All observed particles were classified in a SU(3) isospin symmetry group.
To complete the isospin multiplet, another particle was predicted, the €2, discovered in 1964.

The large number of particles already seen was an indication that these particles could not
be fundamental, or at least not all of them. The quark representation was proposed by Gell-
Mann and Zweig in 1964: the quarks v and d would form an isospin doublet, while the
s would be a singlet. In this way, the v and d quarks could interact together, but not with the
s singlet. This was proved to be wrong with the observation of the decay K~ — p~ v, where
two quarks s and @ in the initial state give no quarks in the final state, and thus interact with
each other.

The mixing of quarks was then introduced by N. Cabibbo in 1963 . He proposed a rotation
of the d and s states, in such a way that, when they interact, the quarks are u, d’ as a doublet
and s’ as a singlet,

(d’)_( cosOc sinfc > <d>_< dcosfc + ssin o > (1.30)
s ]\ —sinfc cosfc s )\ —dsinfc + scosfc '
where O¢ is the Cabibbo angle, with 6o ~ 13°. The interaction between the u and s quarks is
then allowed, with coupling G sin 8¢, which is smaller than the coupling between the w and d
quarks G cos 6. The u—d transitions are then “Cabibbo favoured”, while the u—s are “Cabibbo
suppressed”. Thus weak interaction in the quark sector is non-universal, but the couplings depend
on the quarks involved. The Cabibbo rotation indicates that the mass eigenstates are not the
same than the weak interaction eigenstates in the quark sector.

This idea introduced a new problem. The allowed couplings for neutral currents between the
proposed states are

uli + dd cos® ¢ + s5sin® ¢ + (ds + ds) cos O sin ¢, (1.31)

13
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that is to say, this theory predicts flavour changing neutral currents, as transitions between the d
and s quarks, which were not observed experimentally. In 1970, the Glashow-Iliopoulos-Maiani
(GIM) mechanism was introduced, which proposes a fourth quark ¢ forming a doublet with
the s quark. Thus two quark families exist, (u,d) and (¢, s) with interaction eigenstates

u c
( dcosfc + ssinfc >’ < scosfc — dsinfco ) (1.32)

Now, the neutral couplings become

uli + dd cos® O + sssin® O+  (d5 + ds) cos O sin o + (1.33)
¢+ s5cos? 0c + ddsin?0c  —  (dS + ds) cos ¢ sin O
= ull + dd + ¢ + s3,

and the flavour changing neutral currents (FCNC) are forbidden. The ¢ quark was discovered
almost at the same time at Brookhaven National Laboratory and SLAC in 1974 ,, seen as
the J/v resonance” decaying to an electron-positron pair.

The third family of quarks (¢ b) was predicted to accomodate the C'P violation seen in the
K sector in 1964. The K° meson is a mixing of two C'P eigenstates, the C'P-even Kg and the
CP-odd K?. From their CP eigenvalues, assuming C'P symmetry in weak interactions, these
particles are expected to decay as Kg — mw and Kg — 7w, where the first one has a shorter
lifetime than the second one due to the available phase space. Christenson et al. performed
an experiment that studied the angular distribution of the Kg decay products and were able to
observe the K% — 7 mode, which implies a C'P violation in Kg weak decays. Thus the C'P
symmetry was found to be not conserved in the weak interaction.

The CP violation means that a particle and its antiparticle do not decay in the same way,
which implies that a complex phase is present in the decay amplitudes. The Cabibbo rotation
matrix is a unitary 2x2 matrix, which can be parametrised by one angle. An additional dimension
is needed: a unitary 3 x 3 matrix can be parametrised by three angles and an irreducible complex
phase. That is to say, in order to allow CP violation, 3 families of quarks must exist. This idea
was first introduced by M. Kobayashi and T. Maskawa in 1973 . The third family of quarks
was directly observed in 1977, with the b quark discovery at Fermilab as the T resonance .
The t quark, which is the heaviest one and decays before hadronising, was first seen in 1994
by the CDF and D0 Collaborations.

The rotation matrix is in the three family scenario replaced by the Cabibbo-Kobayashi-
Maskawa (CKM) matrix, which is described in the next section. It is worth noting that mix-
ing also happens in the neutrino sector. The corresponding matrix is the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix, and it explains the phenomenon of neutrino oscillations
. If the complex phase of the PMNS matrix is found to be different from zero, it will imply
that CP violation also occurs in the neutrino sector.

1.9 The CKM mechanism

The charged weak interaction currents, mediated by W= vector bosons, are present in the Stan-
dard Model Lagrangian as

dr,
— % (ﬂL,EL,fL) VHWJVCKM s;, | + hermitian conjugate. (1.34)
br,

"This new resonance was called J at Brookhaven and 1 at SLAC, so the two names were retained.
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The mixing of quarks is taken into account by the factor Vogas. The quark mixing between
the three Standard Model families is described by the Cabibbo-Kobayashi-Maskawa (CKM)
matrix [27],

Vud Vus Vub
Vekmr = | Vea Ves V|- (1.35)
Via Vis Vi

It represents the change of basis between the quark interaction eigenstates and the quark mass
eigenstates. This is a 3 X 3 matrix that can be parametrised by three angles and one complex
phase. The standard parametrisation of this matrix, which is the product of three 3 x 3 matrix,
each one of them representing a 2 x 2 rotation including a complex phase, is

C12 s12€ 0 1 0 0 C13 0 sp3€®
V = —812671’6 C12 0] x1(0 23 82362'(S X 0 1 0
0 0 1 0 —Sgge_i(s Cc23 —8136’_“S 0 Cc13
c12¢13 S12€13 s13€”
= —S512€23 — 612523513(?;6 C12€23 — 5125235136i66 523C13 | (136)

512823 — C12523513€"°  —S23C12 — S12C23513€"  €23C13

where s;; = sin6;; and ¢;; = cos0;;, with i,j = 1,2,3 and i # j. The 6;; factors are the three
angles of the parametrisation, and ¢ is the irreducible complex phase.

The angle 015 can be identified with the Cabibbo angle, responsible of the u — s quark
mixing, with s;2 = 0.22. Experimentally, the two other angles are found to be smaller than
this one, so3 ~ 1072 corresponding to the ¢ — b mixing and s13 ~ 1073 for the u — b mixing,
with cog ~ c13 ~ 1. To better state the order of magnitude of each matrix element and of the
implied quark couplings, another representation is more commonly used. In 1983, L. Wolfenstein
proposed a parametrisation [33],

1-% A AN (p—in)
V= —\ P P +0(\Y, (1.37)
AN (1 — p—in) —AN? 1

where the real parameters are now A, A and p and the imaginary part is represented by 7.
This matrix is built by expanding each element as a power series in A = |V, ~ sinfc. The
A parameter states the relative strength of the interactions between the different families: the
diagonal elements are of the order of 1, for transitions inside the same family; the elements
involving the first and the second family are of the order of A, the second and third families go
as A2 and the first and third family as A3. This is also illustrated in Figure

The other parameters in the matrix are so that each element agrees with the experimental
observations. The important role of b-physics to constrain the CKM matrix appears already
at this level: while the mixing between the first and second family only involves the Cabibbo
angle, thus the A\ parameter, the elements involving the third family are constrained by B hadron
decays, for V,; elements, or B hadron oscillations (that imply ¢ quarks in box diagrams) for Vi,
elements.

The CKM matrix is a rotation of eigenstates, so it is required to be unitary, that is to say to
verify
VVi=VivV =1 (1.38)

Nine relations between CKM matrix elements can be extracted, three of which are equal to 1
corresponding to the diagonal of the matrix product, and six equal to 0 for the non-diagonal.
These complex equations equal to 0 can be represented as triangles in the (p,n) complex plane,
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Figure 1.3: Quark mizing in weak interactions. The strength of the interactions between each
pair of families is indicated by the scale.

and their area quantifies the amount of C'P violation in the quark sector. In particular, two of
them have all their terms of the same order A3 and result in non-flat triangles. One of these two
equations involves B physics®, as the b quark is present in all the terms,

VauaVay + VeaVey, + ViaViy = 0. (1.39)

Making a transformation of coordinates p = (1 — A?/2)p, 7 = (1 — A?/2)n, and normalising to
the term |V,4V;|, the resulting triangle in the (,7) complex plane is represented in Figure

(P.n)

(0,0) (1,0)

Figure 1.4: The Unitary Triangle of the CKM mechanism.

This triangle is known as the Unitary Triangle of the CKM mechanism. Its angles are
labelled in the literature as ¢123 or a, B and . The fact that this triangle involves CKM
elements corresponding to the b quark states again the relevance of b-physics in the study of the

. VdVr ViV
CKM matrix. The |- tdVip

ub
VeaVy, VeaVy,

side in Figure can be measured using B decays, while the

8The other equation is ViaViy 4+ VisVis + Vi Vi, = 0, and involves “top” physics, thus it is significantly more
difficult to study, as the ¢ quark is very heavy and decays before hadronising. However, there is another relation,
Vo Vs + Ve Vi + Vi Vi = 0, where the two last terms are of order A2 and the first one \*. This relation involves
B? physics, and the triangle that can be built from it is also studied in current experiments.
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side involves B® — B" oscillations. The angles are defined as

ViaVy,
= Arg [ -2 tb 1.40
VedV,
ﬁ:AI' <_ Cf))
Vv
— Arg [ ——ud ub )
! rg( vcdvgz)

It should be noted that in the CKM matrix only V,; and Vi; are complex (when we use the
Wolfenstein parametrisation given by Equation ((1.37) ). These two elements are present in the
expression of each one of the angles, which are measured precisely through CP violating decays.

Effort is currently made in particle physics to measure the sides and the angles of the Unitary
Triangle, in order to constrain it as much as possible. If eventually all the measurements do not
converge in a closed triangle, this will be an indication of physics beyond the Standard Model.
The subject of this thesis is the measurement of the B’ = DK™ decay?, where the interference
between b — u (CKM suppressed) and b — ¢ (CKM favoured) mediated amplitudes induces
sensitivity to the v angle of the CKM Unitary Triangle. This angle is also called the weak
phase v. Quantifying the C'P violation in this decay provides valuable information that, if large
statistics are available, can be used together with other sensitive decays to extract a measurement
of the v angle.

®Charge conjugation is implied throughout this document unless otherwise stated.
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Chapter 2

Towards a measurerﬂ(e)nt of 1:_heO CKM
weak phase v from B — DK =~ decays.
Experimental status

The ~ angle of the CKM Unitary Triangle is one of the Standard Model parameters which
is less well constrained. In order to verify the consistency of the Standard Model and of the
CKM mechanism, the Unitary Triangle needs to be measured accurately. Effort is being made
nowadays in particle physics to improve the precision on the v angle measurement and to check
its compatibility with the value that can be extracted from global fits. Using tree-level diagrams
allows to measure v inside the Standard Model, avoiding the effect of eventual new physics
contributions, which can appear at the loop-level.

The LHCb experiment is designed to perform measurements of the CKM mechanism param-
eters, and one of its most important physics goals is to produce a precise measurement of the
CKM ~ angle. B-meson decays involving only tree diagrams are expected to provide a large
sensitivity on this parameter, although large statistics are needed to compensate for the small
branching fractions involved. The object of this thesis is the study of the B = DK™ decay,
sensitive to the weak phase . The experimental status of the CKM Unitary Triangle, focussing
especially on the v parameter, is presented in this chapter. A description of how the ~ angle can
be extracted from decays of the type of B’ = DK™ is also given.

2.1 The CKM mechanism experimental status

The Cabibbo-Kobayashi-Maskawa (CKM) matrix describes the quark mixing in the weak
sector of particle physics, which states that the quark weak interaction eigenstates are a unitary
transformation of the mass eigenstates. The CKM matrix is defined as

Vaa Vs Vi (g A AN (p—in)
V=V Ves Vo | = —A - AN2 + O, (2.1)
Vie Vis Vw AN(1 —p—in) —AN? 1

where the Wolfenstein parametrisation has been used (c.f Section|l.9). The unitarity of this
matrix implies, among others, the relation

Vo Vud + Vi Vea + VipVia = 0, (2.2)
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Figure 2.1: The Unitary Triangle of the CKM mechanism.

which can be represented as a triangle in the complex plane, known as the Unitary Triangle, is
shown in Figure [2.1

Different measurements are used to determine the value of each CKM matrix element (and
the sides of the Unitary Triangle), together with theoretical calculations and QCD factors. The
main channels are [34]

o |V,4| = 0.97425+0.00022: superallowed 0T — 07 nuclear beta decays and neutron lifetime
measurements.

Vis| = 0.2252 4 0.0009: decays of the type K — wly and K/7m — pv(7y).
L K

|Veq| = 0.230 4 0.011: semileptonic charm decays, in particular D — K/xlv.

|Ves| = 1.006 £ 0.023: semileptonic D decays of the type D — Kly; and leptonic Dy decays
of the type Dy — lyj.

|Vip| = (40.9 + 1.1) x 1073: exclusive and inclusive semileptonic B decays to charm.

|Vip| = (4.15 4+ 0.49) x 1073: inclusive and exclusive decays of the type B — X,IU.

|Via| = (8.4 £0.6) x 1072 and |V;s| = (42.9 £2.6) x 1073: B — B oscillations mediated by
box diagrams, or loop-mediated rare K and B decays'.

|Vip| = 0.89 + 0.07: ¢ quark decays and electroweak decays of the type Z — bb dominated
by loop contributions involving ¢ quarks.

The angles of the Unitary Triangle are measured from the following modes:

o o= (89.0fi:3)0: decays of the type b — uud, where penguin contributions are sizeable, in
particular B — 7w, B — pp and B — pm.

e 3, sin(25) = 0.679 £ 0.020: CP violating B decays involving charmonium modes of the
type b — c¢s, and penguin dominated modes of the type b — s¢q.

° v = (68:“%(1))0: tree-level B decays?, in particular decays of the type B — D® K™ which
contain the interference between the b — cus and b — ucs processes, using transitions

to final states accessible to both D° and EO; also time-dependent analysis of the decays
B — DWr.

!The t quark is very heavy, and decays before hadronising. That is the reason why the determination of CKM
matrix parameters involving ¢ quarks is easier to be made through loop-level processes than through tree-level
ones.

2The t quark is not involved in the definition of the v angle, so no loops are needed for its measurement.
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2.2 The v angle: state of the art
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Figure 2.2: Global fit of the CKM Unitary Triangle (in black, indicating the apex of the triangle),
using the available experimental measurements on the CKM parameters (coloured regions). Left:
CKMfitter collaboration. Right: UTfit collaboration.

Two collaborations exist that put together all the different measurements to check the con-
sistency of the Unitary Triangle and the CKM mechanism: the CKMfitter collaboration and
the UTfit collaboration. They perform global fits using all available measurements of the CKM
elements and angles and imposing Standard Model constraints, in order to extract a more precise
determination of each parameter. CKMfitter follows a frequentist approach, while UTfit uses a
bayesian method. Both approaches give similar outcomes. The latest results® of the global fits
from both collaborations are available in Figure . The consistency of the CKM theory
needs all measurements to converge in one point for the apex of the triangle. If this is proven not
to be the case, it will be an indication of the existence of physics beyond the Standard Model.

2.2 The v angle: state of the art

A close look at Figure [2.3] where the experimental results on the CKM angles are included,
allows to see that v is the angle of the Unitary Triangle which is experimentally known with
the largest uncertainty. Nevertheless, the results of the global fits, taking into account all the
available measurements of the sides and angles of the triangle, give

T = (69.2 4 3.2)°, (2.3)

e e = (67.713)° (2.4)

The most precise direct measurements of the v angle up to date come from the B-factories,
namely the BaBar and Belle experiments, and from recent LHCb results [37H40],

Yoo = (69710)°, (2.5)
Vi = (68713)°, (2.6)
Vit = (67+12)°. (2.7)

3The CKMfitter result corresponds to summer 2012, at the moment of the ICHEP conference. That of UTfit
corresponds to winter 2013, before the Moriond conference.
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Figure 2.3: Global fit of the CKM Unitary Triangle (in black, indicating the apex of the triangle),
including only the three angle measurements (coloured regions). Left: CKMfitter collaboration.
Right: UTfit collaboration.

experiment ‘ rB ‘ 0B ‘ g
BaBar 0.00255055 [ (105539 (69735)°
Belle 0.11270018 (116t0)° | (6871%)

LHCb | 0.0923F309%8 | (114.37120)° | (67 +£12)°

Table 2.1: Summary of the v measurement from different experiments, together with the param-
eters related to the D¥ — DK™ mode that are extracted together with .

The above results show that, while the global fits manage to constrain v up to an uncertainty
of a few degrees, the direct measurements are still far from this precision. Accurate measurements
of the CKM ~ angle are needed in order to further constrain the Unitary Triangle. These results
are consistent with the Standard Model predictions.

The v weak phase is extracted along with two other parameters involved in the C'P ob-
servables. These are the magnitude of the amplitudes ratio rp of the suppressed to favoured
B* — DK* decay on which these measurements are performed, and the corresponding relative
strong phase dp, see Section The measured values of these parameters corresponding to

the quoted ~ results in Equations (2.5) to (2.7) are given in Table [2.1]

2.3 Measuring v from loop diagrams

Although this is not the most straightforward way to perform the measurement, v can be ex-
tracted from charmless charged two-body B decays proceeding through both trees and loop
diagrams. The study of the C' P observables of these decays can improve the knowledge on v and
on other CKM parameters. The loop pollution through penguin diagrams makes more difficult
to extract a clean measurement of -, but on the other hand loop diagrams are interesting as
they can be sensitive to sizeable contributions of physics beyond the Standard Model. This new
physics would show in the case that v measurements at the loop-level differ substantially from
tree-level results.
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2.4 Measuring v from tree diagrams

The corresponding decays are of the type Hy — hth/~, where Hy can be either a BY meson,
a BY meson or a Ay baryon and h, k' stand for 7, K or p . The study of time-dependent
C'P asymmetries under the assumption of U-spin symmetry (invariance of the strong interaction
dynamics under the exchange of the d and s quarks) can be used to determine 5 . The
different possible diagrams corresponding to this type of decays are presented in Figure [2.4]
Sensitivity to v arises from the measurement of the time-dependent C'P asymmetry

Sysin(Amgt) — Cy cos(Amyg)t)
Acp(t) = AT(, - AT, )
cosh(—5*t) 4+ Dy sinh(—5>t)

(2.8)

where ¢ is the proper time, and Am,) and AT'(,) are the B?S) mixing parameters. The factors Sy
and Cy parametrise the direct and mixing-induced C'P violation respectively, and can be written

in terms of the amplitudes of the decay of B?S) and E(()s) to the same considered final state. Dy

is constrained from the relation (C)? + (S§)? 4+ (Dy)? = 1. The weak phase vy appears in these
parameters through the expression of the decay amplitudes; for example, for B® — 77—,

ABY = ntn) o« €7 —de®, (2.9)
A(EO —7rTrT) o e —de?, (2.10)

where de® is the ratio of the penguin and tree amplitudes involved in the decay.

As the C'P asymmetries in these decays are measured as a function of the B?s) proper time,

the flavour of the BOS meson at the moment of its production needs to be known. Flavour
tagging methods are developed by the experiments in order to extract this information. One
possible technique is the “opposite side” tagging, which relies on the fact that the b and b quarks
are produced in pairs. The flavour of the signal BOS meson is thus inferred by identifying the
flavour of the other b-hadron in the event. The “same side” tagging method makes use of the
other tracks from hadronisation processes in the same jet as the signal B?S). These algorithms
need to be efficient, so that they can be reliably used for precise time-dependent measurements

without loosing too much statistics.

2.4 Measuring v from tree diagrams

A clean v measurement can be extracted from the interference between tree-level diagrams
involving b — w and b — c transitions. The effect of physics beyond the Standard Model
at tree-level is not expected to be significant®.

2.4.1 Time-dependent analysis

Time-dependent measurements of C'P asymmetries are used when the same final state is reach-
able from both B?S) and E?s) . In particular, the B — DF KT mode, shown in Figure H,
allows to extract v when using as input the C'P violating B? mixing phase —203,, which is well
constrained from BY — J/¢¢ decays [44]. The sensitivity to + arises from the interference be-

tween the direct decay and the decay after mixing, and a time-dependent analysis is required.

*New physics at tree-level is not excluded and can happen from a charged Higgs boson mediating the decay,
instead of a W*. However, the large mass expected for the Higgs particle makes this contribution rather small.
Also eventual new physics in the D mixing can affect this type of decays, but its existence is not yet confirmed.
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Figure 2.4: Top: diagrams for charmless decays of the type Hy, — h™h'~, where Hy can be either
a B® meson, a BY meson or a Ay baryon and h, h' can be a ©, K or p. The capital letters stand
for: Tree (T), Penguin (P), Penguin Annihilation (PA), Colour-suppressed Electroweak Penguin
(PSy) and Exzchange (E). Bottom: table that details the diagrams contributing to each one of
the quoted charmless BOS) decay. A v measurement at the loop-level can be extracted from the

study of these decays .
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Figure 2.5: Feynman diagrams for ES — DYK~ (left) and BY — Df K~ (right).
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2.4 Measuring v from tree diagrams

The time-dependent decay rates of these decays are given by

efFSt

@) = AP ) (211)

AT AT .
X [cosh( 5 t) — Dy sinh< 5 t) + Cfcos(Amgt) F Sysin(Amst)| ,

r

where ¢ is the proper time, I's, AT’y and Amy are the mixing parameters of the B system and
Dy, Cy and Sy are CP asymmetry observables depending on Ay. This factor is given by

A :&: Vis 7;1'; Vub‘/cz é
Ay v )\ ) A

where Ay is the decay amplitude of the B? meson decay to the final state f, Zf is the amplitude

e = |ApleiA=(1=289) (2.12)

of the ES meson decay to the same final state f, |A2/A;1| is the ratio of hadronic amplitudes
between B? — D7 K* and B? — DFK~, and A is the relative strong phase between these
amplitudes. The sensitivity to the weak phase difference v — 2f3, arises from Ay as shown in
Equation (2.12]).

In an analogous way, the time-dependent C'P asymmetries in BY — D*7 ¥ allow to measure
v+ 26 , and ~ can then be extracted due to 5 being already well constrained. Nevertheless,
the sensitivity to v from this decay is reduced, as the ratio between the interfering amplitudes
is smaller.

In both cases, a time dependent analysis is needed, thus an excellent decay time resolution
is essential for experiments aiming at these measurements. Also flavour tagging techniques need
to be used here, as already discussed in Section

2.4.2 Time-integrated analysis: GLW, ADS and GGSZ methods

A measurement of 7 can be extracted from CP observables in decays of the type
B~ — DK~ and B° — DF*O, where D can be either a D° or a D° meson depending if it
happens through a b — ¢ transition, involving Vg, or a b — wu transition, involving V3. The
sensitivity to 7 arises when the same final state is accessible to both D and D’

A nice feature of these decays is that they are self-tagged, that is to say that the flavour
of the B meson at the time of its decay can be known by just looking at the sign of the K in
the final state for the charged B decay, or the K from the K*V in the neutral B decay (since
BR(K*® — K*77) ~ 66.6 %). Thus no time-dependent analysis or sophisticated flavour tagging
methods are needed.

The diagrams corresponding to these decays are shown in Figure [2.6l The charged decay
B~ — DK™ has a larger branching fraction and is thus easier to observe than the neutral
decay B’ = DK™. Ou the other hand, in the case of B~ — DK~ one of the diagrams is
colour suppressed and the other one is colour allowed, which reduces the ratio between the two
interfering amplitudes rp = %% ~ 0.1 and so the sensitivity to . For B’ = DK™ both
interfering diagrams are colour suppressed, the ratio of their amplitudes becomes rgo ~ 0.3, and
the interference and the sensitivity to v are enhanced, even though the branching fractions are
smaller.

Depending on the D mode, several methods have been proposed for the extraction of ~ with
time-integrated analyses at tree-level. These are originally applied to the B~ — DK™ decay,
and can be extended to B° — DK'. The B~ — DK~ channel is used in the following to
illustrate the different methods.
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Figure 2.6: Top: Feynman diagrams for B~ — DK~ (left), B~ — DK (right). Bottom:
Feynman diagrams for B’ = DR (left), B = DR (right).

GLW method (Gronau, London and Wyler)

The GLW method for measuring v considers D meson decays to a C'P eigenstate, such
as KTK~ and 77—, which are C' P-even, or Kgﬂo and Kg¢, which are CP-odd. In this case,
the branching fraction for the D decay is the same in both interfering diagrams, assuming no
C'P violation in the D meson sector. The widths for the B* — DK®* decays are

(Bt = [CPEpKT) = T§EW(1 +7% 4 2rgcos(dp +7)), (2.13)
(B~ — [CPE]pK~) = T§*W(1+r% £ 2rpcos(dp — 7)), (2.14)
where [CP¥]p denotes either a D° or a D’ decaying to a C'P eigenstate (+ for even, — for odd),

rpeB is the ratio of the suppressed to favoured B*¥ — DK* amplitudes and FOGLW represents
normalisation factors. The dependence with  is visible in the equations.

The observables that are traditionally used for the v extraction with this method are

I'(B~ — [CP*|pK~) —T(B* — [CP*]pK™)

Acre = ['(B~ — [CPYpK~) + (BT — [CPE|pK™) (2.15)
_ +2rpsindp siny (2.16)
1+r%:|:2r3c0553(3057’ '
Repy — ['(B~ — [CP*|pK~) + (Bt = [CPT|pK™) (2.17)
B~ —= DK~)+I'(B* — DK™)
= 1474 +2rgcosdpcosy, (2.18)

The Acp+ observable provides a direct quantification of the amount of C'P violation in this
decay mode, while Rop+ indicates the sensitivity of the method.
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2.4 Measuring v from tree diagrams

ADS method (Atwood, Dunietz and Soni)

The ADS method @] makes use of D meson decays to a flavour specific eigenstate fp such as
K7, This decay is Cabibbo favoured in the case of a EO, and doubly Cabibbo suppressed for
DO, but available for both states. Two parameters are added with respect to the GLW method,
which are the magnitude of the ratio of amplitudes rp between the D° and D’ decays to the same
final state, and the corresponding relative strong phase dp. These two parameters are usually
taken from existing measurements, as the charm sector at this level is already well constrained
from previous experiments.

The B* — DK?* widths are thus parametrised as

D(BY = fpKt) = T§P5(1 + 1412 + 2rprp cos(6p + 0p + 7)), (2.19)
(B~ = fpK~) = TyP5(1 + 1413 + 2rprpcos(dp + 0p — 7)), (2.20)
I'(BT = fpK') = F(?DS(T% + r% + 2rgrpcos(dp —0p + 7)), (2.21)
(B~ — fpK™) = FOADS(T?B + r% + 2rprpcos(dp —0p — 7y))- (2.22)

The CP observables from which + is traditionally extracted become for the ADS method

dype — DB = fpKD) ~T(B* = fpk*) .
F(B‘ — fDK_) —I—F(B"‘ — fpKT)
_ 2rprpsin(dp — dp) siny (2.94)
r% + 1% + 2rprp cos(ép — 6p) cosy’ '

Raps = I'(B~ = fpK") + (BT = fpK™) (2.25)
I'(B~ — fpK~)+T(B* — fpK*) |

_ T2B + TQD + 2rgrp COS((;B - 5D) cos7y (2 26)
1 +7r}r} + 2rprpcos(dp + dp) cosy |

Also multi-body decays of the same type, such as D — K+t7~ 777~ can be used, where one
needs to take into account the effect of the various interfering intermediate resonances contribut-
ing.

GGSZ method (Giri, Grossman, Soffer and Zupan)

The GGSZ method considers D meson decays to multi-body final states such as Kg7r+7r_.
A Dalitz plot analysis can then be performed, and the sensitivity to 7 is enhanced thanks to
the resonant structure. Two possibilities exist to obtain ~: a model-dependent method, which
performs a likelihood fit to the Dalitz plot and requires a model of the resonances, and a model-
independent method, which performs a binning of the Dalitz plot and relies on the knowledge of
the strong phase difference between D° and D" within each bin.

The widths for these decays become [43]

r(B¥ — [KSOWJFW_]DKJF) X ‘f3F|2 + T%’fﬂ? + 2[z £ R[f+ f1] + y£S[f+ L] (2.27)

with
ze = Rirpe'BE] 4y = S[rge’P8E)], (2.28)

The factors fi represent the D decay amplitudes to the final state f = K077~ that is to say
fr = f(m3, m%c) with fy = A?eiaﬂ f-= Afei‘;f. The factors mi and m? are the squared masses
of the K97 and K%~ combinations respectively. Using these decay widths, C'P asymmetries
and ratios can be built in an analogous way to the GLW and ADS methods.

An example of Dalitz plots for these decays, taken from BaBar results on this channel ,
is shown in Figure 2.7
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Figure 2.7: Dalitz plots for the decays B~ — DK~ (left) and Bt — DK™ (right), with D —
Ko7t m=, taken from the BaBar experiment results @/, where only events in the BT signal
region are used. sy 1is the square of the invariant mass of the KOwt combination, while s_ is
the square of the invariant mass of the K7~ combination. The resonant structure is visible, as
well as the different populations between BT and B™.

2.5 LHCD perspectives for a precise measurement of ~

The LHCb experiment (c.f. Section has updated its measurement of the CKM weak phase

7 in April 2013 [40],
v = (67 +12)° (2.29)

modulo 180°. This result is produced by combining several sensitive analyses based on 3 fb~! of
2011 and 2012 LHCb data from proton-proton collisions at /s = 7 TeV and 8 TeV respectively.
A frequentist approach is used for this combination. The modes entering this combination
are those of the type B~ — DK, at the tree-level, where D indicates either a D° or a D’
meson corresponding to the two interfering diagrams. In particular, the D decays accessible
to both intermediate states that are used are KK ~, ntn—, K*7%, KiKTK~, Kdntn~ and
K*nFntn—, that is to say that v is extracted combining the three time-integrated methods
described above. Hadronic parameters of the D systems are taken from the CLEO experiment
measurements, and the AAgp parameter accounting for C P asymmetriesin D — K™K, 77~
decays® is taken from the HFAG combination [37].

Although results are already available for the B = DK™ channel, as is discussed in this
thesis (c.f. Chapter , they are still not used in the LHCb ~ combination. As previouly stated,
the sensitivity to « is enhanced in these decays, but the branching fractions involved are very
small. Adding these results brings up new unknown variables that need to be extracted together
with «, which are the ratio of amplitudes of the two interfering diagrams rgo, the corresponding
relative strong phase dgo and a coherence factor for the K*O resonance. In order to extract
useful information from the B" — DK observables, statistics larger than the current ones are
needed to compensate for the lack of knowledge on the additional unknown parameters. With
a larger LHCb data sample, these decays will provide important insight to the ~ parameter
determination.

’The AAcp factor is defined as AAcp = Acp(D — KTK~) — Acp(D — n7n~). Recent measurements of
this quantity might indicate C'P violation effects in the charm sector , but this is yet to be confirmed by
upcoming measurements.
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2.6 Extracting v from the B’ = DK™ channel

When nominal operation of the LHC machine will be reached (c.f. Section [.1)), LHCb will
accumulate at least 10 fb~! of proton-proton collision data at a center-of-mass energy of 14 TeV.
Furthermore, the upgrade of the LHCb detector is already being designed. With the final 50 fb~!
of integrated luminosity that LHCb foresees to collect, and combining all the sensitive channels
that can be studied at this experiment, the expected sensitivity on « is of the order of 1°, greatly
improving the accuracy of the + direct measurements with respect to the current one.

2.6 Extracting v from the B’ — DK channel

The GLW and ADS analyses of the decay B’ = DK™ at the LHCb experiment is the object of
this thesis. The dependence on ~y in this channel using these methods is detailed in this section.

The starting point is the amplitudes of the B? decay for each one of the two interfering
diagrams, shown on the bottom of Figure [2.6

A(B" 5 D'K™) = A0 = Apo, (2.30)
AB® = D'K™) = A5 = Apo, (2.31)
AB® = DPK*0) = 4,650 = AporpoePnot), (2.32)
AB’ 5 DK = A0 = Aporgoei®so—), (2.33)

where the A, A, are real and Apgo is complex. The rgo factor represents the relative amplitude
magnitude of the suppressed diagram to the favoured one, and dpo is the relative strong phase
between the two amplitudes, dgo = 00 — 0%0. The C'P violating phase v is by definition only
involved in the diagram concerning the V,;, CKM matrix element, which is the bottom right one
on Figure [2.0

Now, we need to write down also the amplitudes of the D meson decays. In the GLW method,
this step can be skipped, as the D? and D’ decays are exactly the same process in absence of
CP violation in the charm sector, and so the amplitudes are the same for the C'P-even case,
or differ only by a sign for the C'P-odd. We denote this decay amplitude as Agp . In the ADS
method, for a definite final state fp, we have

AD" = fp) = AD" - fp) = AE™, (2.34)
AD® = fp) = AD’ = Fp) = AB™rpeidn, (2.35)

where, in an analgous way to the B? decay, the rpe’? factor represents the ratio of amplitudes
between the suppressed and the favoured D decays, assuming no C'P violation at the D level.
These parameters are well constrained by previous experiments and are then taken from external
inputs: rp is the square root of the ratio of the suppressed to favoured branching fractions,
rE7 = (6.16 £ 0.16) x 1072 for fp = Ktx~, while dp has been measured by the CLEO

Collaboration and is 55” = (151.5f8:g)0 .

For the GLW method, combining the previous expressions, the total amplitudes down to the
common final state reached by the two interfering diagrams are

Awkﬂmﬂﬂﬂbzl%mgbi@w%”ﬂ, (2.36)
Mﬁ%pﬁ%?%zi%Mgbiwﬂ%ﬂw (2.37)

Taking the square of these two expressions, the observable widths for the GLW decays are
I(B® — [CPE]pK™) = |Apo’|AGF|? [1 + 150 £ 2K7 0 cos(dgo +7)] , (2.38)
T(B' = [CPHpE") = |ApoP|AGP2 [1 4120 + 2krpocos(po —7)] . (2.39)
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where k is a coherence factor that is introduced to take into account non-resonant contributions
under the K*0 resonance and is discussed later.

For ADS, the corresponding amplitudes become

AB = fpE*™®) = ApoAET[1 +rBorDei(5Bo+5D+W>} : (2.40)
AB’ = oK) = ApeABm[1+ TBOTDei((SBO""SD—V)} , (2.41)
ABY = FpK™) = ApoABT [1peion ¢ T‘Boei(550+7)} : (2.42)
AB’ = fpE™) = ApgoABT [rpein 1 rBoeMBo—ﬂ] : (2.43)
and the widths
I(B° = fpK*) = |Apo?|AST|* [L +150rD + 26r5orp cos(0po + 6p +7)],  (2.44)
(B’ = TpK™) = |Apo|AR™2[1+ rgor% + 2k gorp cos(dgo + 0p — )], (2.45)
(B = fpK*%) = |Apgo|}|AE™? [TBO + 1% + 2k gorp cos(dgo — Op + ’y)] (2.46)

2
= |Apo|*|AB™?r%, 1+—+2/€—COS(630—5D —I-’y) ;
BO rgo

|Apo|?|AK™|? [T’Bo + 1% + 2K gorp cos(dgo — Op — fy)] (2.47)
) -
= |Apo| |AK”\27“BO 1+ r2 ok D cos(dgo — dp — 'y)

1B’ - fpE")

BO rBo
A coherence factor k is introduced in Equations ([2 2.39) and ( - - ) to take into
account non-resonant contributions under the K*° resonance \\ Indeed, the K*V resonance

has a natural width which is large (I' = (48.7 £ 0.8) MeV/c? ), and thus the resonant

—0 —+0 —0 _ . :
B" — DK and non-resonant B — DK~ 7" processes interfere, and are both present in the
K*% mass region. The 70, dgo and & factors are defined in this scenario as

A% (p)dp
i §A2 (p)dp’ 24
i6 50 [ Ac(p)Au(p)e’s° P dp

- , 2.49
VI A?(p)dpfAi(p)dp .

where the integrals are performed over all points p of the phase space of DK7w. The Schwarz
inequality® applied to Equation implies 0 < k < 1. The case where k = 1 would give
identical equations for the BY = DK™ mode as for the B~ — DK~ mode. The distribution of
the k parameter can be obtained by simulation studies based on realistic models for the different
resonance contributions to the B. — DK~ nt decays, and is estimated to be 0.95 £ 0.03 when
a region within 448 MeV /c? around the nominal K** mass is used .

The number of events measured by an experiment in these channels is directly proportional
to the widths quoted above. From Equations —, it can be seen that the interference
term governed by the « phase is enhanced in the suppressed modes of and , where
the dominant term is multiplied by 7“1230. If we take fp = K7, this means that C'P violation is

5The Schwarz 1nequahty states that, for two functions 1 (x),¢2(x) integrable in [a,b], the relation
[fab 1(z)ha(z dac] < f [¢1(z)]?dx f;[wz(x)}Qdm is always verified.

30



2.6 Extracting v from the B’ = DK™ channel

maximal in the case where the two K mesons in the final state” have opposite charge, while the
effect is diluted in the modes that give same charge K mesons in the final state. For the GLW
method, we only consider C'P-even final states for the D meson, namely K™K .

We can finally write the C'P violation observables sensitive to vy analogous to those shown in
Section for the GLW and the ADS methods applied to the B’ = DK™ mode. We get
(B’ = [KTK-]pK"") —T(B® — [K+* K| pK*0)
Acpr = —— — (2.50)
I'(B = [KtK~|pK ")+ I'(B° = [K+K~|pK*0)
2Kk7pgo sin dgo siny

1+ r]25,0 + 2K7 5o cos dgo cos

(B’ = [K*K-|pK*’) + T(B° - [K+* K~ pK*)
Repr = ——p — - (2.51)
B’ = [kt pK ") + T(BY = [K 7] pK*0)

1+ r%o ~+ 2K71 o cos d go COS Y

1+ 72,1% + 2krgorp cos(dpo0 + 6p) cosy’

(B’ = [KTn | pK") — T(B° — [K—n+]pK*0)
Aaps = —— — (2.52)
(B’ = [Ktn-|pK") +T(B® = [K~7t]p K*0)

2krpgorpsin(dgo — dp) siny

7'}290 + 1% + 2krgorp cos(dgo — dp) cosy’
T(B° = [K*+n |pK ") + T(B® - [K~nt|pK*0)

Raps = ——5 —0 (2.53)
I'(B — [K—nt]pK )+ T(BY— [K+t7n~|pK*)

r230 + 7% + 2krgorp cos(dgo — dp) cosy

1+ 72,13 + 2krgorp cos(po + 0p) cosy’

Experimentally, the factors rgo, dgo and  are extracted together from the C'P observables.
Indeed, the knowledge of rOB and 5% is also poor and inherent to this measurement, and can not
be taken from external inputs. This means that a single measurement of C'P observables from
either the GLW or the ADS method is not enough. The fact that there are three unknowns
(rgo, dgo and +) implies that measuring the observables from both methods is needed (which
would provide four equations to constrain these unknowns, two from each method). The current
measurements for rgo and dgo are given in Table together with the rest of inputs involved
in the C'P observable computation.

In addition, the phases only contribute through cosine functions in Equations and ,
so ambiguities arise in the determination of . There are four ambiguities, as the relations are
invariant when flipping signs or exchanging terms in the following ways:

(g0 — 0027) = (G0 — 6,7, (2.5
(6po —6p,y) — (=0po+dp,—7), (2.55)
(6p0 — 6,y) = (7,650 — 6p), (2.56)
(6o —dp,7) — (=7, —0po +p) (2.57)

Furthermore, an irreducible global 7 ambiguity is present, that can be added to each one of
the four previous cases. The ambiguities from Equations (2.54) to (2.57)) can be reduced to two
by using Equations (2.44]) and (2.45)), that contain the phase dgo + dp. These two remaining

"The K*° meson decays to K*® — K7~ with a branching fraction of ~ 66.6 %. With the given choice of fp,
there are two K mesons in the final state: one coming from the D decay, an another one from the K*° decay.
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2. TOWARDS A MEASUREMENT OF THE CKM WEAK PHASE v FROM

—0

B’ - DK™ DECAYS. EXPERIMENTAL STATUS

parameter value source
o € [0.07,0.41] @ 95 % CL BaBar
dpgo (62 £57)° BaBar
rin (6.16 4 0.16) x 102 PDG
SR (151.579:8)° CLEO

K 0.95+£0.03 phenomenology estimate

Table 2.2: Summary of the current measurements on the different parameters contributing to the

B

— DK™ OP observables together with ~.

ambiguities can be resolved by measuring the B’ — DK™ CP observables with additional
modes for the D meson decay.

The work of this thesis has been centred in measuring these observables. These analyses are
presented in Chapters [5] and [6]

2.7 (P observables experimental status

The experimental status of the C'P observables for the GLW method and the ADS method for
the discussed decays is summarised in Table 2.3] The result concerning the GLW observable for
the B” — [CP*]DF*O is the product of this thesis analysis.

mode experiment Acp+ Rop+ ref.

B~ — [CPT]pK~ BaBar 0.25 £ 0.06 + 0.02 1.18 + 0.09 + 0.05 60
Belle 0.29 £ 0.06 + 0.02 1.03 +0.07 + 0.03 39

CDF 0.39 4 0.17 4 0.04 1.30 + 0.24 +0.12 61

LHCb 0.14 4 0.03 £ 0.01 1.01 + 0.04 + 0.01 62

HFAG average 0.19+£0.03 1.03 £0.03 63

B’ - [CP*]pK " LHCb —0.47%92% £0.02 1.421041 1 0.07 64
mode experiment Aaps Raps ref.

B~ — [KTr |pK~ BaBar —0.86 + 0.477018 0.011 = 0.006 + 0.002 65
Belle —0.397055 Toos | 0-0163T000, “Goors | 60

CDF —0.82 4 0.44 4 0.09 | 0.0220 + 0.0086 + 0.0026 | [67

LHCb —0.52 4 0.15 4 0.02 | 0.0152 4 0.0020 + 0.0004 | [62

HFAG average —0.54 4 0.12 0.0153 4 0.0017 63

B’ [Ktn | pK" BaBar - <0.244 @ 95 % CL 58
Belle - <0.16 @ 95 % CL 68

Table 2.3: Status of the measurements of the CP observables from the GLW and ADS methods.
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Chapter 3

The LHCb experiment

The LHCb detector at the CERN Large Hadron Collider is designed for precision measure-
ments in the heavy flavour sector of particle physics. Diverse searches are being performed with
the data recorded in 2011 and 2012, looking at processes involving b or ¢ quarks. The LHCb de-
tector is particularly well suited to study b decays to final states containing open charm mesons,
which are the subject of the analysis of this thesis. An overview of the experimental setup is
presented in this chapter.

3.1 The LHC machine

The Large Hadron Collider (LHC) is a two ring superconducting proton accelerator. It is installed
in the existing tunnel of the former Large Electron-Positron Collider (LEP) at the French-Swiss
border close to Geneva in Switzerland at CERN (European Organization for Nuclear Research):
it has 26.7 km of circumference and lies around 100 m underground. Two separate rings allow to
accelerate counter-rotating protons beams'. They are fed by a chain of smaller accelerators, part
of the full CERN accelerator complex, as shown in Figure protons are obtained by removing
electrons from hydrogen atoms; they are then injected from the linear accelerator (LINAC2) into
the PS Booster, then the Proton Synchrotron (PS), and finally the Super Proton Synchrotron
(SPS), before reaching the LHC rings. The LHC has 8 circular sectors, 4 of which contain an
interaction point, installed in the middle of long straight lines, as shown in Figure The
LIC is designed to reach a nominal centre-of-mass energy of the collisions of 14 TeV and an
instantaneous luminosity of 103* cm=2s7 1.

Several experiments are installed at the LHC. The very large ATLAS (A Toroidal LHC
ApparatuS) and CMS (Compact Muon Solenoid) detectors, installed at Point 1 and Point 5
respectively, are general purpose experiments, aiming at discovering and studying the Higgs
boson, performing direct searches of physics beyond the Standard Model and continuing the
measurements in the electroweak sector. LHCb (Large Hadron Collider beauty), at Point 8,
is a heavy flavour physics oriented experiment. ALICE (A Large Ton Collider Experiment), at
Point 2, aims for reasearch on quark-gluon plasma from heavy ion collisions, which are also
provided by the LHC. Smaller than these are: TOTEM (TOTal Elastic and diffractive cross-
section Measurement) experiment, at Point 5, to study the total proton-proton cross-section,
elastic scattering and diffractive dissociation and also to monitor the LHC luminosity; LHCf
(Large Hadron Collider forward), at Point 1, for engineering measurements useful for astroparticle

! As a difference compared to particle-antiparticle colliders, where the two beams can share the same ring.
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Figure 3.1: CERN acceleration complez.

experiments, which simulates cosmic rays in laboratory conditions; MoEDAL (Monopole and
Exotics Detector At the LHC), at Point 8, which looks for the magnetic monopole.

Proton beams were injected for the first time in the LHC in September 2008, but a few weeks
later a quench in one of the superconducting magnets produced a leak of liquid helium in the
tunnel, inducing some damage in the accelerator that forced to halt the LHC operation. After
this incident was fixed, the LHC began providing collisions to the experiments in 2010. This first
data taking period has lasted until the beginning of 2013, when the LHC stopped to prepare for
nominal design conditions. In 2012, the centre-of-mass energy of the collisions was 8 TeV (7 TeV
in 2010 and 2011) and the intensity of the colliding beams was of the order of 10'* protons per
beam. The peak instantaneous luminosity delivered to the ATLAS and CMS experiments was
of 6000 (ub x s)~!, while the instantaneous luminosity delivered to LHCb was 400 (ub x s)™1,
approximately constant?. More details on the LHCb operations during this first period of data
taking are given in Section [3.5]

The expected bb production cross-section at a centre-of-mass collision energy of v/s = 14 TeV
is around 500 ub; this makes the LHC the most prolific source of B mesons in the world, quite
more significant than the B-factories (BaBar, Belle). LHCb measured with the 2010 data set the
cross-section at /s — 7 TeV to be o(pp — bbX) = (284 4 20 4 49) ub . The LHC provides
LHCb with a large sample of b- and also c-hadrons (as in addition to b also an even larger sample
of ¢ quarks are produced) to perform the searches of its physics program. For the nominal LHCb
luminosity of 2 x 1032 cm™2s~! and centre-of-mass energy of 14 TeV, 102 bb pairs are produced
in a canonical year of data taking (107 s). In addition, the large LHC collision energy allows to
produce all types of b-hadrons: not only B* and BY mesons, but also B and BF mesons, and
b-baryons, in contrast to the B-factories, which worked mainly at an energy corresponding to
the Y(4S) resonance.

21 ub =1073%° cm?2.
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Figure 3.2: Schematic view of the LHC.

3.2 The LHCDb detector

LHCD is a single arm spectrometer designed to perform precision measurements in the area of
heavy flavour particle physics. In particular, the experiment aims at further constraining the
Unitary Triangle of the CKM matrix and to study C'P violation by looking at processes involving
b and ¢ quarks decays, and it also searches for physics beyond the Standard Model in this sector.

LHCDb has an angular coverage from 10 mrad to 300 (250) mrad in the bending (non-bending)
plane® (equivalent to a pseudorapidity* region of 2 < n < 5); this particular geometry is adopted
to account for the fact that, at high energy collisions, bb pairs are mostly produced in a narrow
cone in the forward or backward direction of the collision point, as shown by simulation, see
Figure [3.3]

The design instantaneous luminosity of LHCb is of 2 x 1032 ecm™2s~!. This is a particularity
of this experiment, as the LHC provides two orders of magnitude more to ATLAS and CMS
(103 ecm=2s7!). This modest instantaneous luminosity is chosen to benefit from the advantage
that, at this value, events are dominated by a single proton-proton interaction per bunch crossing,
as shown in Figure Analyses are then more manageable than when events present multiple
primary interactions: the production vertex can be identified and reconstructed more easily, as
well as the whole decay chain. In addition, the occupancy in the detector remains low, reducing
the radiation damage. A “luminosity leveling” system that controls the separation between the

2

3 According to the dipole magnetic field, the bending plane is the horizontal one, while the non-bending
corresponds to the vertical plane. The minimum acceptance covered by the subdetectors is conditioned by the
high radiation dose levels close to the beampipe.

“The pseudorapidity is defined as n = —In [tan (%)], where 6 is the angle between a particle momentum and
the beam axis. This quantity is commonly used to characterise the geometry of a detector in particle physics,
using (¢,n) coordinates with ¢ the polar angle rather than Cartesian ones.
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Figure 3.5: The LHCb detector. The different subdetectors are indicated.
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3.2 The LHCDb detector

two beams at the interaction point perpendicularly to the collision plane allows to keep the
instantaneous luminosity constant in LHCDb, see Section This is a major difference with
respect to the other LHC experiments.

LHCD is located at the interaction Point 8 of the LHC. An overview of the LHCb detector
is shown in Figure 3.5 It is composed of several subdetectors to measure the trajectory of the
particles passing through (vertex locator, trackers) and to identify them (RICHs, calorimeters,
muon system). The whole detector is described in this section, together with the trigger system.
The LHCD experiment is described in greater detail in [69].

3.2.1 VErtex LOcator

The closest subdetector to the beam interaction region is the VErtex LOcator (VELO). It is
conceived to reconstruct displaced vertices, characteristic of b- and c-hadrons decays, in an
extreme radiation environment. The good performance of this subdetector is vital for LHCDb,
as the identification of primary and secondary vertices allows to measure the decay lifetimes of
these hadrons, and also to know the impact parameter of particles, which is one of the main
discriminating variables to control the background in physics analyses. In addition, it has a
role in the trigger, due to two pile-up sensors installed upstream of the interaction region, see
Section The VELO measures precisely the position of the vertices in (R, ¢) coordinates.

The VELO layout is shown in Figure It is 1 m long and is divided in two halves, each
one of them containing 21 half-circular stations (Figure placed along the beam direction®,
5 of which are located before the interaction point. Each station contains a R-sensor, to measure
the radial distance to the beam axis R of the hits of the traversing particles, and a ¢-sensor, to
measure the azimuthal coordinate around the beam axis; the third spatial coordinate is provided
by the position of the sensors. One of the halves is shifted 1.5 cm with respect to the other on
the z-axis, so that the two halves overlap to cover the full azimuthal acceptance.

Fach sensor is composed of 2,048 silicon strips. They operate inside vacuum vessels that
play the role of beampipe in this region®. A system of RF-foils provides shielding against beam
radiations. The sensors have an external radius of 42 mm and an internal one of 8 mm, being
this the closest possible distance of the sensitive material to the beam. The distance between
the stations in the interaction region is 3.5 cm, set to fulfill the requirement that any particle
must cross at least three stations. The VELO covers a pseudorapidity range of 1.6 < n < 4.9.

The two halves of the VELO are retractable, allowing to put the subdetector in the shadow
of the beam pipe during the injection of the beams (when the beams do not have yet their
optimal sizes and characteristics, and so the sensors need to be protected), separating the halves
up to 6 cm. The closing and opening of the VELO is done fully automatically from the LHCb
control room under the supervision of the shifter. However, very good alignment of the stations
is crucial. In spite of the fact that it is retracted for every LHC fill, the alignment of the two
VELO halves is stable over time to better than 5 pwm.

The VELO is required to have high signal to noise ratio S/N, efficiency and impact parameter

"The beam direction corresponds to the z-axis in the LHCb reference system.

5These vessels can be filled with gas in dedicated periods to perform absolute luminosity measurements with
the Beam-Gas Imaging (BGI) method. The absolute luminosity needs to be known in order to determine the
absolute cross-sections of the collision processes and is also an estimate of the performance of the accelerator. In
the BGI, relatively light elements such as hydrogen, carbon and oxygen are injected, and the beam-gas interaction
is used to measure the beam parameters to extract the absolute luminosity. The VELO plays a crucial role here, as
its high resolution allows to measure precisely the beam profiles and positions. The BGI method is an alternative
to the “van der Meer scan” method, which provides a direct measurement of the effective cross-section by scanning
the two coliding beams, one with the other, in both transverse directions. Special fills are scheduled for this in
LHCD. In the end, the results from both methods are combined .
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Figure 3.6: Scheme of the VELO subdetector layout, seen from the top. Also the front face of the
sensors is shown (in blue a ¢-sensor, in red a R-sensor).

resolution. In 2012, the VELO was showing a signal to noise ratio S/N > 17, an impact parameter
resolution of 20 um for high pr tracks and a primary vertex resolution of 12 wm in the z- and
y-axis for a 35 track vertex.

3.2.2 Trackers
Magnet

LHCb uses a warm dipole magnet, shown in the left panel of Figure 3.8] to bend the trajectory
of the charged particles traversing the detector in order to measure their momentum. It consists
of two identical coils of conical saddle shape placed mirror-symmetrically to each other in a

Figure 3.7: VELO sensors.
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Figure 3.8: (left) Picture of the LHCbH magnet, installed in the cavern. (right) Mapping of the y
component of the magnetic field B, along the z awis, for the two magnet polarities.

window-frame yoke with sloping poles. The conductor has a specific ohmic resistance below 28
Qm and works at a nominal current of 5.85 kA.

The integrated magnetic field is 4 Tm. Mapping measurements have been performed for the
three spatial components; as an example, the y component field mapping measurement is shown
in the right panel of Figure [3.§ for both magnet polarities. The non-uniformities of the field are
of the order of 1 %. To control the detector systematic uncertainties related to the left-right
detection asymmetries, the polarity of the field is reversed periodically.

The Silicon Tracker: Tracker Turicensis and Inner Tracker

Precise track detection in a high occupancy environment is achieved in LHCb by means of the
Silicon Tracker (ST), which is composed of the Tracker Turicensis (TT) and the Inner Tracker
(IT). Both of them consist of silicon microstrip sensors with a strip pitch of 200 um optimised to
meet the 50 wm single hit spatial resolution required for this subdetector. There is one station
in the T'T, placed upstream of the magnet, and three in the I'T, downstream of the magnet. The
TT station is a rectangular area of 150 cm (width) x 130 cm (height), covering the full LHCb
acceptance, and has an active region of 8.4 m?, while the IT is a 120 cm wide and 40 cm high
cross-shaped plane with a 4.0 m? active region.

Schematic representations of a TT and an IT detection layer are shown in Figure 3.9 Each
one of the four stations has four detection layers, formed by strip sensors which are vertical in
the first and the last, while the second is rotated by a stereo angle of —5° and the third by +5°
(x —u—v—2x geometry). The length of the readout strips is chosen in each case to keep maximum
strip occupancies at the level of the percent with a minimum number of readout channels. Each
TT half detection module is composed of basic blocks of 7 sensors grouped in 2 or 3 readout
sectors, covering half of the LHCb acceptance in height. There is one such block above and one
under the beampipe, and 7 (in the two first layers) or 8 (in the two last layers) full detection
modules of 14 sensors at each side. Each one of the three I'T stations is formed by four individual
detector boxes arranged around the beampipe (in a cross shape), with an overlap between them
to avoid gaps and for alignment purposes. The boxes above and below the beampipe contain
single silicon sensors, while the ones at the left and the right have two rows of them.

The TT and IT share the same readout electronics, power distribution and control, and
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Figure 3.9: Scheme of Silicon Tracker detection layers: from the TT station (left) and an IT
station (right).

monitoring systems. They are light tight and thermally and electrically insulated, and they
operate at 5 °C to minimise radiation damage. In addition to a 50 pm spatial resolution, they
are required to provide full single-hit efficiency for minimum ionising particles while keeping the
noise hit rate low; this means to achieve a signal-to-noise ratio higher than 12. This requirement
was nicely met in 2012.

The Outer Tracker

The Outer Tracker (OT) is a drift-time device for track detection and precise momentum measure-
ment, covering an acceptance of 300 mrad in the bending plane and 250 mrad in the non-bending
plane. Its three stations are placed at the IT positions, covering the outer acceptance around
the IT modules, where the occupancy is lower, Figure[3.10] Each OT station is composed of four
layers of 64 drift tubes of 4.9 mm diameter, placed following a * —u — v — x geometry. The total
active area covered is 5,971 x 4,850 mm?. The gas in each straw-tube is a mixture of 70 % Argon
and 30 % COs3, which provides fast drift time, smaller than 50 ns, and a good drift-coordinate
resolution of 200 pm.

In 2012, LHCb was showing a momentum resolution of Ap/p ~ 0.4 % at 5 GeV/c to 0.6 %
at 100 GeV/c. Track reconstruction efficiency was 96 % for long tracks’. The impact parameter
resolution was 20 um for high-pr tracks.

3.2.3 Ring Imaging Cherenkov detectors

Two Ring Imaging CHerenkov detectors (RICHs) have the role of separating pions from kaons
in hadron decays, task which is fundamental in LHCb. Charged particles going through this
subdetector, when travelling faster than the speed of light in the material that fills it, produce
a cone of Cherenkov light, from which the velocity of the particle can be extracted®. The

"Long tracks are tracks with reconstructed hits in the VELO and all the tracking stations.

8The Cherenekov angle 0 is defined as cos = %, where n is the refractive index of the medium and 3 the

ratio between the speed of the particle in this medium, or velocity, and the speed of ligt, 8 = %"

40



3.2 The LHCDb detector

y
X\[/Z

Figure 3.10: Illlustration of the LHCb tracking subdetectors: the Quter Tracker (green) and the
ST (purple); the IT deals with the central, higher occupancy region, while the OT covers the
surrounding area.

tracking system provides an independent measurement of the momentum; combining velocity
and momentum allows to deduce the mass of the particle, which identifies it. Tilted spherical
mirrors collect this light, which is then guided by planar mirrors to photon detectors, located
outside of the LHCDb acceptance. A schematic description of each one of the two RICHs is
available in the left and central panels of Figure [3.11]

Two RICHs are needed to cover the full momentum range. RICHI1, placed upstream of
the LHCb magnet, is low-momentum oriented, covering a range from 1 to 60 GeV/c¢, which
corresponds to large polar angles; it extends over the full LHCb acceptance, from 25 to 300
(250) mrad in the bending (non-bending) plane. It uses an aerogel and C4F;¢ radiators. RICH2
is located downstream of the magnet and is high-momentum oriented: it covers a range from 15
to 100 GeV/c and has a limited angular acceptance, covering small polar angles from 15 to 120
(100) mrad; it uses CF4 radiators. The choice of the radiators is illustrated in the right panel of
Figure 3.11]

Each RICH has two Hybrid Photon Detector (HPD) boxes, which are placed outside the
acceptance and are shielded with iron to protect them from the magnetic field. The RICH1
is arranged in a vertical layout, with the HPD boxes above and under the beampipe, while
the RICH2 has a horizontal layout, with the HPD boxes at the left and the right sides of the
beampipe. The system of spherical and flat mirrors focuses the Cherenkov light emitted by the
crossing particles and reflects the image out to the HPDs (only the spherical mirrors are inside
the acceptance, all other optical components are outside). These are vacuum photon detectors
in which an electron, released from the conversion of an incident photon in the photocathode,
is accelerated by an applied high voltage to a silicon detector. Each RICH1 plane comprises 7
rows of 14 HPDs hexagonally closely packed, with centres separated by 89.5 mm; RICH2 planes
have 9 rows of 16 HPD each, Figure[3:12] The HPD main characteristics are large coverage, high
active-to-total area ratio, high granularity and high speed.

Very good RICH performance is crucial for LHCb, as it is very important for its physics
program to identify all the particles in a B hadron decay chain. In 2012, the kaon identification
efficiency was excellent, of 95 %, for 10 % pion to kaon mis-identification probability over a
momentum range of 2 to 100 GeV/c?.
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Figure 3.11: (left) Scheme of RICHI1. (centre) Scheme of RICH2. (right) Cherenkov angle as a
function of the momentum for different particle identities, justifying the choice of the radiators
in each RICH detector.
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Figure 3.12: (left) Photograph of RICHI1 upper box HPDs. (right) RICH online monitoring plots.
Each plot corresponds to one RICH box, the circles being the HPDs. The colour scale represents
the hit multiplicity.
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Figure 3.13: (top) Illustration of the shower development in the calorimeter system for different
particle identities. (bottom left) ECAL and (bottom right) HCAL cell sizes.

3.2.4 Calorimeters

The goal of the calorimeter system is the identification of electrons, photons and hadrons and a
measurement of their energies and positions, but it is also used in the trigger, having as a task
the selection of high transverse energy electron, photon and hadron candidates, as described
in Section [3.3.1] Photons and neutral pions are also reconstructed.

An electromagnetic (ECAL) and a hadronic (HCAL) calorimeter are installed, required to
have good resolution and particle shower separation. For the identification of electrons, the
rejection of charged pion background needs longitudinal segmentation of the electromagnetic
shower detection, thus a preshower detector (PS) is present in front of the ECAL. A scintillator
pad detector (SPD) located before the PS identifies charged particles. A lead converter is placed
between the SPD and the PS. All the four subdetectors work with shashlik technology: they
are sampling devices using scintillator material, and the scintillation light is transmitted to
photomultiplier tubes (PMT) by wavelength-shifting (WLS) fibres. The electronics of this system
of subdetectors is designed to be as fast as possible, for trigger purposes, see Section [3.3.1]

The top panel of Figure provides a simple explanation of the particle identification done
by the calorimeter system. In 2012, the invariant mass resolution provided by the detector to the
LHCb physics analysis was ~ 100 MeV /c? for BY — ¢; the electron identification efficiency was
of 90 %, for 5 % electron to hadron mis-identification probability. Each calorimeter component
is described in the following.

Scintillator pad detector and preshower detector

SPD and PS are two almost identical planes of rectangular scintillator pads of high granularity
(12,032 channels), separated by a distance of 56 mm, with a 15 mm lead converter of 2.5 radiation
lengths thickness placed between them. The sensitive area is 7.6 m wide and 6.2 m high. All
SPD dimensions are 0.45 % smaller than the PS ones to achieve a projective geometry. To match
the ECAL segmentation, the SPD and PS are divided into three regions: Inner (composed of
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Figure 3.14: Picture of the ECAL at the time of its installation in the pit. The three regions
corresponding to different cell sizes are visible.

3,072 cells), Middle (3,584) and Outer (3,376). The WLS fibres are read out by multianode
photomultiplier tubes (MAPMT), which makes them fast, multi-channel detectors.

Electromagnetic calorimeter

The ECAL (Figure is placed at 12.5 m of the interaction point, covering an acceptance of
300 (250) mrad in the bending (non-bending) plane to match projectively the tracking system
geometry; it is 7.8 m wide and 6.3 m high. As the hit density is a function of the distance to the
beampipe, and it varies by two orders of magnitude over the active surface of the calorimeters,
this subdetector is divided into three regions. They have different dimensions and cell sizes in
order to provide good granularity, see bottom left panel of Figure [3.13

The ECAL modules alternate 2 mm thick lead layers and 4 mm thick scintillator tiles. It is
84 cm deep, equivalent to 25 radiation lengths, which guarantees full containment of high energy
photon showers. This detector design choice provides modest energy resolution but fast response,
uniformity, acceptable radiation resistance and reliability. The energy resolution of the ECAL is

% = 1\0/%0 @1 %, where E is expressed in GeV.

Hadronic calorimeter

The HCAL is located at 13.33 m of the interaction point and is 8.4 m height, 6.8 m width and
1.65 m depth, equivalent to 5.6 interaction lengths (the ECAL upstream adds 1.2 interaction
lengths to this value). It is transversally segmented in two regions, with double cell size in the
Outer region with respect to the Inner one, see Figure bottom right (HCAL cell borders
match ECAL ones, in a non-projective way). It is a sampling device made from tiles of scintillator
as active material and iron as absorber. As the light yield in the HCAL is a factor 30 smaller
than in the ECAL, the HCAL PMTs operate at higher gain. The resolution is %% = % P9I %
(E expressed in GeV).

An interesting feature of the HCAL is its embedded self-calibration system equipped with a
137Cs gamma source. The periodic calibration of the calorimeters has become an important task
during operation, to recover from ageing effects that have appear in both HCAL and ECAL in
2011, and to maintain good performances and constant trigger rates.
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Figure 3.15: (left) Schematic muon system overview. (right) A quadrant of one of the muon
stations, where each square represents one muon chamber. The segmentation of the chambers for
each different region is shown on the right-hand side of the picture, for M1.

3.2.5 Muon system

LHCb has five muon stations (M1 to M5), placed along the beam axis, dedicated to the identifi-
cation of muons. The transverse geometry is projective between the stations, and their angular
acceptance is of 306 (258) mrad in the bending (non-bending) dimension. The muon chambers
are used also for trigger purposes, and their design is strongly conditioned by this. The muon
system layout is illustrated in Figure|3.15

M1 is located upstream of the calorimeter system, to provide a better transverse momentum
measurement (for trigger purposes), while stations M2 to M5 are placed downstream of the
calorimeters. 80 mm thick iron absorbers are inserted between these last four stations in order
to select penetrating muons; the total absorber thickness of the whole muon system (including the
calorimeters) is equivalent to 20 interaction lengths, which means that the minimum momentum
of a muon crossing all the five stations is 6 GeV/c. Each station is divided into four regions
(R1 to R4). The dimensions and segmentation scale from the inner (R1) to the outer (R4)
region as 1:2:4:8, see right panel of Figure [3.15] in order to have uniform particle flux and
channel occupancy over the four regions of the same station. They are all multi-wire proportional
chambers (MWPC) except for the R1 of M1, which uses triple-GEM detectors due to the higher
particle rates in this region (for radiation protection issues). There are 1,380 chambers in total,
covering a full active surface of 435 m?.

The muon trigger requires hit coincidence in the five chambers in a certain time window
and is based on stand-alone muon track reconstruction and transverse momentum measurement,
c.f Section [3.3.1] Stations M1 to M3 are designed to have high spatial resolution along the
horizontal direction, to define the track direction and to calculate the transverse momentum of the
muon candiate with a 20 % resolution. Stations M4 and M5 do the identification of penetrating
particles, and therefore they can have more limited spatial resolution. High efficiency in the five
stations is important in order to meet the 5-hit coincidence. Other important features required
to the muon system are time resolution, rate capability, ageing resistance, and fast electronics.

In 2012, the muon identification efficiency was excellent: 97 %, for 1-3 % pion to muon
mis-identification probability.
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3.3 The LHCD trigger system

The LHC bunch crossing frequency is 40 MHz. For LHCb, this means 10 MHz of crossings
containing visible interactions in the detector. A trigger system is necessary to reduce this rate
to 5 kHz, which can be written to storage. At a luminosity of 2 x 1032 cm™2s~!, 100 kHz
of bb pairs are expected; only 15 % of them includes at least one b-hadron with all its decay
products contained in the spectrometer acceptance. Thus, the trigger has the task of efficiently
selecting interesting events for physics analysis while rejecting as much as possible uninteresting
background.

Two trigger levels are present in LHCb, Figure [3.16] The Level 0 (L0) is implemented in
hardware using custom made electronics, and operates synchronously with the 40 MHz bunch
crossing frequency, reducing it to 1 MHz, at which the whole detector can be read out. The L0
selects events containing particles of high transverse momentum, using the information from the
VELO pile-up system, the calorimeters and the muon chambers. The High Level Trigger (HLT)
is implemented in software using commercially available equipment; it uses the full event infor-
mation and its algorithms are executed asynchronously on a processor farm. The combination
of trigger selections or “trigger lines” to be used during operation, both for the L0 and the HLT,
are configured in the Trigger Configuration Key (TCK), which is preloaded before each fill. The
trigger source information of each event is saved for off-line analyses.

The final output rate of the LHCD trigger is 5 kHz . The trigger efficiencies at the end
of 2012 were around 90 % for dimuon channels and around 30 % for multi-body hadronic final
states.

3.3.1 LO trigger

The first level of trigger at LHCb, the Level 0 (L0), is a fully synchronous hardware trigger
that uses the information of the VELO pile-up system, the calorimeters and the muon system
to reduce the 40 MHz LHC crossing rate to 1 MHz. As the B hadrons that LHCDb aims to study
have large masses, their decay products are particles with large transverse momentum (pr) or
transverse energy (Et); the calorimeter and muon triggers reconstruct and select the highest
Er electron, photon and hadron and the two highest pt muons of the event, respectively. In
addition to this, a few global quantities are extracted: the total observed energy is calculated by
the calorimeters and an estimate of the total number of tracks is performed using the number
of hits in the SPD; the number of primary proton-proton interactions in each bunch crossing is
estimated by the pile-up system. The L0 Decision Unit (DU) evaluates the final trigger decision
for each bunch crossing.

The pile-up system distinguishes between crossings with single and multiple visible interac-
tions. It is composed of two planes (A and B) perpendicular to the beam line, upstream of the
VELO, Figure Each plane contains two R-sensors, see Section [3.2.1] measuring the radial
position of the tracks, which are then extrapolated to the beam axis to identify the position of
the primary vertices with a resolution of 3 mm. This allows to measure the backward charged
track multiplicity and to detect multiple interaction events, to be vetoed.

The calorimeter trigger system looks for high Er particles. It builds clusters of 2 x 2 cells and
selects the highest Et candidate, whose type (electron, photon, 7° or hadron) is determined using
the information of the different calorimeter elements (SPD, PS, ECAL, HCAL). A measurement
of the total Fr in the HCAL and the total SPD multiplicity of the event is also performed. As

9This value corresponds to the end of 2012 operation. The output trigger rate evolved during this first period
of data taking, from 2 kHz in 2010, which was the design output rate, to this final value. The deferred HLT,
explained later in this section, helped remarkably to achieve this larger rate.
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Figure 3.16: Scheme of the LHCb trigger system.
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L0 decision line | 2011 threshold | 2012 threshold | SPD multiplicity
LOMuon pr > 1.48 GeV/c pr > 1.76 GeV/c < 600
LODiMuon pi? > 1.296 GeV/e | pt > 1.6 GeV/c < 900
LOHadron Er > 3.6 GeV Er > 3.5—3.74 GeV < 600
LOElectron Er > 2.5 GeV Er > 2.5—2.86 GeV < 600
LOElectronHi Er > 4.2 GeV Er > 4.2 GeV < 600
LOPhoton Er > 25 GeV Er > 25—-296 GeV < 600
LOPhotonHi Er > 4.2 GeV Er > 4.2 GeV < 600

Table 3.1: L0 trigger cuts for each type of decision as set on the TCKs in 2011 and 2012.

part of the work of this thesis concerns the L0 hadronic trigger, more details on the L0 calorimeter
system are given in Chapter [4]

The muon trigger performs a stand-alone muon reconstruction, with a p resolution of ~ 20 %,
to select the two muon tracks with largest pt in each quadrant of the muon detector. It looks
for hits defining a straight line through the five muon stations (with hits in all of them) and
pointing towards the interaction point. The first two stations perform the pr measurement. The
algorithm starts from the hits in M3, which are extrapolated to M2, M4 and M5 by a straight
line to the interaction point, searching for hits in a defined interest window in the surroundings
of the extrapolation points. The hits in M1 are found by extrapolating the ones in M2 and M3.
The two tracks reconstructed in this way with the highest pr values are selected to perform the
trigger decision.

The cuts'® applied for each LO decision line configured in the TCKs for operation during
2011 and 2012 are available in Table 3.1l The LO Decision Unit collects the information of
each LO system, at 40 MHz, and performs a logical computation to combine all signatures into
one decision per crossing. It allows overlap of different trigger conditions (OR computation)
and prescaling of them. The DU decision is sent to the Read Out Supervisor, which makes
the ultimate decision of accepting the event depending on the status of the different detector
components, in order to prevent overflows. The system latency!! is fixed to 4 ps, which includes
the time of flight of the particles as well as cables and electronic delays, meaning that 2 ps are
left in the end for the L0 data processing.

3.3.2 High Level Trigger

The second trigger level at LHCb, the High Level Trigger (HLT), is a software trigger. It consists
of a C++ application running on each one of the CPUs that form the so-called Event Filter Farm
(EFF). It reduces the 1 MHz output rate of the L0 trigger to 5 kHz to be stored on disk. Each
HLT application has access to the whole data in each event, but due to CPU limitations it
uses only a part of the full event information to reject uninteresting events in the most optimal
possible way. The limit time for an event to be processed by the HLT is fixed to ~ 30 ms. As
it is fully implemented in software, the HLT is flexible and can evolve to meet the changing
experiment needs and physics priorities.

The HLT consists of independent trigger lines, which are optimised to cover different types
of interesting events, containing dedicated selection parameters and scaling factors. It is imple-
mented in two levels: the HLT1 performs a partial event reconstruction by using primary vertex

. ! ¢ ond | ¢
10512 is defined as pi? = \/pT‘"ges X pp & taraes

two muons with largest values for this quantity.
"The system latency is the time between a proton-proton interaction and the moment when the L0 delivers its
decision to the Front End electronics.

, that is to say the square root of the product of the pr of the
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identification together with the information from the trackers, and the HLT2 uses the whole
event information to select interesting inclusive and exclusive decays. The HLT performance is
checked on “no bias” samples, recorded without any trigger requirements applied.

The HLT1 uses the VELO reconstruction algorithm to perform a full 3D pattern recognition.
Vertices with at least 5 VELO tracks originating from them and within a radius of 300 pm
from the reconstructed mean position of the proton-proton interaction envelope are considered
to be primary vertices. Tracks are selected by minimising their impact parameter to any primary
vertex, and additional cuts are applied on the vertex quality based on the number of hits per
track. In the case of muon dedicated lines, a fast muon identifiction is performed to tag VELO
tracks associated to muons. For each selected VELO track, its track-segment is reconstructed
in the trackers to determine their momentum, and minimum momentum criteria are applied.
A simplified fit is performed on reconstructed tracks, and their x? and convariance matrix are
measured. The output rate at this stage is around 30 kHz.

The HLT2 can perform a full event reconstruction, as the rate coming from HLT1 is low
enough to allow it. VELO tracks are built using a seeding algorithm, and their measured mo-
mentum from the trackers is required to be p > 5 GeV/c and pr > 0.5 GeV/c. An identification
algorithm is applied for muons, and also electrons are identified by matching tracks with ECAL
clusters. Finally, a set of lines are run to select particular types of events. The so-called topo-
logical lines are defined for triggering on partially reconstructed b-hadron decays, in an inclusive
way: they require at least two charged particles in the final state and a displaced decay vertex.
Exclusive lines also exist that require all particles in the decay to be reconstructed, mainly ori-
ented for prompt c-hadron production studies, as well as dedicated lines for decays containing
muouns in the final state.

In 2012 the so-called “deferred HL'T” was implemented: the idea was to take profit of the
time between two LHC fills to process data by the HLT trigger and so to increase the output
trigger rate. As explained before, the HLT rate is limited by the event processing time; instead
of throwing the excess away, some of the data selected by the L0 trigger was temporary written
to disk waiting to be processed by the HLT during the next interfill period. The HLT deferral
fraction was around 35 % at the end of the year.

3.4 The LHCD software: data processing, stripping, simulation

The different LHCb applications are built in a software framework called Gaudi , see Fig-
ure [3.17] Data recorded by the LHCb detector is reconstructed with the Brunel application
and stored in “data summary tape” (dst) files for physics analysis. The stripping is a first, very
loose selection which is applied on these files, dividing the data in different groups or streams
depending on the type of analysis for which the set of cuts is conceived. Doing this first selection
centrally notably reduces the processing time for analysis. In each stream, different stripping
lines are written that select candidates for specific decays on which exhaustive physics analyses
will be performed. The selected candidates from one stream are stored in output files, ready
to be used by analysts. Examples of stripping streams are “calibration”, “charm”, “Bhadron”,
“semileptonic” and so on. Stripping selections are revisited and broadened from time to time and
new processings and stripping versions are released and run periodically, for new and older data.

B hadron candidates selected by the stripping for physics analysis are retrieved by running
the DaVinci application on the stripped data files. The decay of interest is specified inside a
Python script using LHCb specific classes, and a ROOT'2 tree is produced that contains as

2ROOT is a C++ object-oriented program and library developed by CERN. It was originally designed for
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Figure 3.17: LHCbH software applications.

leaves the properties of each one of the particles in the decay chain. The physics analyses are
then performed on these ROOT files.

Monte Carlo simulation is also produced in LHCb, which models real data. Physics processes
are generated within the Gauss application [74] using the PYTHIA package'® for proton
collisions and the EvtGen package'? for particle decays. The detector response (its geom-
etry and the interactions of the particles with the matter in it) is simulated using the Geant4
package®® , interfaced also to Gauss. The digitisation of the simulated data is done by the
Boole application, in order to obtain raw data similar to that produced by the detector. During
this thesis some work has been done on the calibration of the calorimeter simulation, which is
detailed in Appendix [A]

Other applications are available inside the Gaudi architecture. Moore, for example, is the
HLT application. Bender is an alternative to DaVinci to perform physics analysis in a more
interactive way. Finally, Panoramix is the event display application of LHCb. It allows to show
physics events in a 3-dimensional representation of the LHCb detector, where vertices, tracks
and hits can be seen. This can be done live on prompt data, but can also be useful for analysts
to investigate particular events in detail in a more visual and intuitive way.

particle physics data analysis and contains several features specific to this field, but it is also used in other areas
such as astronomy and data mining.

I3SPYTHIA is a package for simulation of particle collisions in accelerators, taking into account parton distri-
butions and the interactions involved in such a physics process. Originally written in FORTRAN 77, the latest
versions are now released in C++ language.

'EvtGen is an event generator designed for the simulation of the physics of B decays. It was initially developed
for the CLEO and BaBar experiments.

'5The Geant4 (GEometry ANd Tracking) package is an object oriented C+4+ program for simulation of the
passage of particles through matter. In addition to particle physics, it also has applications in the fields of nuclear,
space and medical physics.
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Figure 3.18: Integrated luminosity delivered by the LHC to the LHCb experiment and recorded by
the detector in 2011 (left) and 2012 (right).

3.5 LHCDb performance between 2010 and 2012

LHCb data taking

LHCb has taken proton collisions data from Mars 2010 to December 2012 6. The instantaneous
luminosity has evolved in time within this period, increasing from the cautious few (ub x s)~! at
the start-up to 400 (ub x s)~! at the end of 2012 (which corresponds to approximately twice the
design instantaneous luminosity value). The data taking efficiency has been in average higher
than 90 %, and 99 % of the data has been checked to be good for analysis. The recorded
luminosity on disk is 38 pb~! in 2010, 1 fb~! in 2011 and 2.2 fb~! in 2012. The energy of the
collisions has not been constant either: in 2010 and 2011 it was of 7 TeV at the centre-of-mass
(each beam circulating at 3.5 TeV), while in 2012 the choice was made of increasing this energy
to 8 TeV (each beam at 4 TeV), for physics reasons'” but also as a technologic challenge. The
Figure [3.18|shows the evolution of the integrated luminosity of LHCbD as a function of time. Also
important in LHCDb are the p parameter, or average number of visible proton-proton interactions
per bunch crossing, and the pile-up, or average number of proton-proton interactions in visible
events. The design p value of LHCb was around 0.6, but even if the LHCb design aims to keep
these quantities low to facilitate analysis, in 2012 it was coping very well with a maximum pile-up
of 1.7, thanks to the good performance of the LHCb reconstruction software.

As a member of the LHCb Collaboration, I have been involved in the data taking of the
experiment as Data Manager. I have done several series of shifts in the LHCb control room (on
the surface of Point 8), where my role is to check and interpret the histograms that monitor the
data being taken, in order to make sure that every element of the detector is working fine.

Luminosity Leveling

As previously pointed out, the LHCb instantaneous luminosity has two particularities with re-
spect to that of the other experiments of the LHC: it is lower, and approximatively constant
in time. These are provided by the so-called “luminosity leveling” mechanism. This procedure
consists simply in separating the beams perpendicularly to the collision plane, to avoid head-on

16The LHC stopped its operation in February 2013, but the collisions scheduled during these last months were
of protons with heavy ions.

'"The main reason to raise the collision energy in 2012 is to increase the cross-section of the Higgs boson
production; its discovery was the major goal of the ATLAS and CMS experiments. Of course LHCb searches also
benefit from this higher energy, as the bb cross-section becomes larger.
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Figure 3.19: Instantaneous luminosity of a fill as a function of time, for the different LHC
experiments. While the instantaneous luminosity in ATLAS and CMS decreases exponentially,
the luminosity leveling technique allows to have an approximately constant value in LHCb.

collisions and so to operate at a luminosity lower than the total available. Beam separation is
done fully automatically in communication with the LHC. First, the distance betweem beams is
set to be quite large, then the beams are gradually brought closer to the optimal positions by
steps that are chosen taking into account the beam size. As the fill goes, the luminosity drops
due to the dispersion of the beams and the collisions themselves, so beams are again moved
closer to each other periodically to maintain the luminosity level. When the fill is a long one
(more then 12 hours approximatively), beams will eventually collide head-on, the leveling will be
disabled and luminosity will begin to drop with time as it does in the other experiments. This
is illustrated in Figure [3.19|

It is important to take into account that other parameters of the machine play a role on the
luminosity seen by an experiment, which makes that the LHCb head-on luminosity is not the
same than the one in ATLAS or CMS. The g* parameter regulates the focusing of the beams in
the interaction point'®. It is set to 3 m in LHCb, while in these other experiments it is around
1 m. This means that luminosity leveling could also be achieved tuning this parameter instead
of varying the beams separation. On the other hand, this has implications on the pile-up of the
experiment and the divergences of the beams. The different technical choices have to be studied
for operation after the long technical stop, when luminosity will be nominal and new settings
will be necessary.

'8This parameter, together with the emittance €, determines the beam transverse size as o = /¢8* which is
equal to 40 pm in LHCb.
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Chapter 4

L0 Hadron trigger efficiencies

The trigger system is a fundamental element in a hadronic machine environement such as that
of LHCb. As explained in Section [3.3] it reduces the huge amount of data produced by the
proton-proton collisions to a reasonable size that can be written to disk. This is done by means
of dedicated trigger decisions that select interesting events for the LHCb offline analysis, while
maximising the background rejection. The L0 Hadron is part of the calorimeter hardware-
implemented trigger, and it is of prime importance for the selection of hadronic B decays.

A significant task of this thesis is the computation of the L0 Hadron trigger efficiencies:
not only for monitoring the calorimeters and its trigger-related behaviour, but also for offline
analysis use when hadronic channels are involved. A tool has been created in order to provide the
LHCb Collaboration with a simple way of computing the L0 Hadron trigger efficiencies that enter
physics results computations. The L0 Hadron trigger architecture, the algorithm for efficiency
computation and the interpretation of the efficiency curves are presented in this chapter.

4.1 The calorimeter trigger system

The LO calorimeter trigger [79] identifies and selects the highest transverse energy Etr deposit
associated to an electron, a photon, a 7° or a hadron candidate. Two types of 7° candidates
are considered, local and global, which depend on the separation of the energy deposits of the
two photons that the 7 decays to'. The system uses the information of the four calorimeter
detectors (c.f. Section : the SPD, which identifies charged particles and thus differenciates
electron from photons; the PreShower, which identifies electromagnetic particles; the ECAL,
which measures electromagnetic showers; and the HCAL, which measures hadronic showers.
The calorimeter trigger is hardware-implemented, and operates synchronously with the LHC
collisions.

A schematic overview of the L0 calorimeter trigger is presented in Figure A trigger
candidate is a cluster of 2 x 2 cells. Considering the typical size of the particle showers in the
calorimeter, this choice is large enough to contain most of the shower energy (95 %), and at the
same time small enough to avoid overlaps between different particles?. The selection of the final
candidates is performed in three steps, in different electronics boards:

!The architecture for the local and global 7° triggers is in place. However, these are not used for the moment
in LHCb.

*However, in for offline analysis 3 x 3 cell clusters are considered, so that no energy is lost. The 2 x 2 cell
cluster choice in the trigger is a good compromise and reduces the complexity in the electronics.
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Figure 4.1: The LO calorimeter trigger system. The scheme shows the electronics architecture,
which provides an overview of the system operation.

e The Front End (FE) Cards: the highest Ep 2 x 2 cell cluster in each card is selected as a
trigger candidate.

e The Validation Cards: the type of electromagnetic candidate is identified; the ECAL energy
deposit is added to each HCAL candidate; the SPD multiplicity of each card is computed.

e The Selection Crate: the final highest Er candidate of each type over the whole calorimeter
is selected; the total Er in the HCAL is computed; the total SPD multiplicity is computed.

A single energy deposit can produce several trigger candidates, as the electron, photon or 7°

triggers are not mutually exclusive. In addition, a hadron leaving a large energy deposit in the
ECAL can produce an electromagnetic candidate. This overlap is useful for the robustness of the
system, although it makes the study of the trigger performance of each candidate type difficult.

The FE Cards and the Validation Cards are located on the platform of the calorimeter
and are designed to cope with the radiation dose resulting from the collisions in this area; the
Selection Crate is located in the barracks behind the detector, which are radiation safe. The
latency of the system, taking into account the internal processing time, the transport time and
the delays for synchronisation of the inputs, is 750 ns. Once the final candidates are selected,
the L0 Decision Unit (LODU) produces a trigger decision. This is done by comparing the energy
of each type of selected candidate to the thresholds set in the Trigger Configuration Key (TCK)
(c.f. Section . In addition to the calorimeter trigger, the LODU receives the inputs from
the muon and the pile-up trigger systems, and produces also decisions from them.
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4.1 The calorimeter trigger system

Figure 4.2: Neighbour access scheme for the Front End Cards, required to perform the 32 Er
sums corresponding to the 2 X 2 cell clusters.

4.1.1 The Front End Cards

A Front End (FE) Card covers an area of 8 x 4 ECAL or HCAL cells. There are 188 FE Cards
in the ECAL, and 50 in the HCAL. After digitisation of the energy deposit measurements from
the calorimeter PMTs, the sum of the Er in each 2 x 2 cell cluster is performed, in parallel for
the 32 possible clusters. To do so, access to the neighbour cards is needed, more precisely to 8
right neighbour cells, 4 top ones, and the top-right one, as shown in Figure £.2] It should be
noted that cells of different sizes are not connected, to avoid introducing too much complexity;
neither are the two halves of the detector, which needs to be opened regularly for maintenance.
The inefficiency due to these missing connections is very small, of the order of 0.1 %.

The 2 x 2 cell cluster Er sums are saturated at 5.1 GeV. This does not have an effect on
the trigger performance, as the trigger thresholds are always kept below this value. The highest
of the 32 sums is selected by performing a 5 step binary comparison (first, 16 comparisons of 2
sums, then 8 comparisons of the previous results, and so on).

Besides, the total ET of the card is calculated by summing the Er of the appropriate 2 x 2
cell clusters. This sum is the input for the local 7° trigger. Finally, three pieces of information
per card are sent to the next stage: the highest Er sum, its position and the total ET of the
card.

A different FE Card deals with the PreShower and SPD information. It covers an area
of 8 x 8 cells. For the two selected candidates from the corresponding ECAL FE Cards, the
PreShower FE assigns the boolean PreShower and SPD information: the PreShower and SPD
signals are compared to a threshold, and are classified as “hits” when they pass it>. The total
SPD multiplicity of a card is also computed, by counting how many cells have fired.

4.1.2 The Validation Cards

The Validation Card has two tasks: to determine the type of the electromagnetic candidates,
and to add the corresponding ECAL deposit to each HCAL candidate.

3The reader should keep in mind that the PreShower detect electromagnetic showers, and the SPD identifies
charged particles; no energy measurement from these two detectors is used in the trigger. A “hit” signals an
electromagnetic candidate for the PreShower, and a charged particle for the SPD.
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4. LO HADRON TRIGGER EFFICIENCIES

There are 28 Validation Cards, each one of them connected to a maximum of 8 ECAL FE
Cards. To determine the type of the electromagnetic candidates, it uses the information provided
by the PreShower FE Card. A photon flag is assigned when PreShower hits are present but there
are no SPD hits. An electron flag is assigned when there are hits in both the PreShower and
the SPD. No PreShower or SPD conditions are required for a 70 trigger. In the case of the
local-7% decision, the two photons coming from it are expected to be on the same FE Card, and
the Ep sum of this card is used as a measurement of the 7° Ep. For a globaI—TrO candidate,
the two photons will appear on two neighbouring FE Cards, and its Et is obtained by adding
the Bt of the candidates of these two cards. The position of the global-7° candidates is chosen
arbitrarily as the position of the candidate in the first card. For each type of electromagnetic
trigger candidate, the one with highest Et out of the 8 FE Cards associated with each Validation
Card is kept, and sent to the next stage together with its position.

Regarding the HCAL candidates, the Validation Card adds to each one of them the Er
deposit from the ECAL candidate in front. To do so, the information on the HCAL candidates is
sent to the Validation Cards. As the cell size is different in the ECAL and the HCAL, sometimes
more than one ECAL candidate can be in front of an HCAL one. In such a situation, the
candidate is duplicated to save all cases.

In addition, the SPD multiplicity of each group of 8 PreShower FE Cards is computed at
this level, in the SPD Control Boards.

4.1.3 The Selection Crate

The Selection Crate identifies the highest E1 candidate of each type, by successive binary com-
parisons, out of 28 inputs from the ECAL and 50 from the HCAL. In the case of the HCAL,
the duplicate candidates from the Validation Cards are removed beforehand, by keeping the one
with highest ET out of each pair. The final candidates and their positions are sent to the L0
Decision Unit. The total SPD multiplicity is also computed, adding the information from all
the SPD Control Boards. The Et of each HCAL FE Card is added, to compute the total Er
deposited in the event in the HCAL. This information is used for two purposes: on one hand,
to detect minimal activity in the detector, by comparing the total ET with a threshold of a few
hundreds of MeV, and on the other hand to identify and veto dirty events.

4.1.4 The LO Decision Unit

The L0 Decision Unit (LODU) receives the inputs from the calorimeter, muon and pile-up L0
trigger systems, in order to perform the decision of keeping or rejecting the event. The subdetec-
tors send their information synchronously with the bunch crossing frequency. The latency of the
LODU is 500 ns. The LODU performs a simple algorithm to combine all the signatures into one
decision per crossing. The different conditions set to select different trigger types are called trig-
ger lines. Several thresholds can be set for each trigger type, and downscaling® of the trigger lines
is also possible. In addition, events with high SPD multiplicity are rejected, as they take too long
to be processed in the HLT (c.f. Section . The different trigger lines are added by a logic
OR, which means that overlap between them is allowed. The thresholds for each trigger decision
are set in the Trigger Configuration Keys (TCKS), and detailed in Section The thresholds
for the L.O Hadron trigger line in 2011 were E1 > 3.6 GeV and SPD multiplicity < 600, while in
2012 Et > 3.5 — 3.74 GeV and SPD multiplicity < 600.

“To meet the limitations of the system, the output of the trigger lines can be reduced by a proportional factor,
or “downscaled”. In this case not all the events passing the line thresholds are kept, but only the chosen proportion.
For example, if the downscaling is 0.5, only one out of every two events will be selected, in a random way.
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On top of the LODU, the Readout Supervisor controls the trigger rate, taking into account
the status of the different components in order to prevent overflows. Thus the final decision
of keeping the event is done here: the Readout Supervisor can disable triggers, send a forced
trigger, etc.

The readout of the detector data is done by TELLI boards. If the LO trigger decision is
positive, the event is then sent to the next stage, the HLT1 trigger (c.f. Section (3.3.2]). The
global output rate of the L0 trigger system is 1 MIlz.

4.2 The role of LO Hadron trigger efficiency in physics analysis

Knowing accurately the efficiency of the trigger in an experiment is essential, for several reasons.
First of all, the performance of the trigger needs to be watched and understood, to make sure that
the detector is working properly througout the data taking. Looking at the trigger efficiencies is
a way of monitoring the trigger and the relevant subdetectors behaviour.

In addition to this, the trigger efficiencies need to be known for physics analysis. As the trigger
rejects inevitably some signal events together with the undesired background, the efficiency of
this “cut” is used in physics analysis to recover the real number of events decaying to a certain
channel produced by the proton-proton collisions.

Most of the searches in LHCD are based on measuring ratios and asymmetries between branch-
ing ratios. Classically, an analysis consists on the application of a certain selection criterion to
the data, optimised to increase the significance of a certain decay channel with respect to the
background in the sample, followed by a fit to the invariant mass of the selected B candidates.
The yields extracted by the fit are related to the branching fraction of the decay of interest as

N = Lipt X 035 X 2 X fg X BRyis X €tot, (4.1)

where N is the measured number of events from the fit, L;,; is the integrated luminosity on which
the analysis is based, o, is the cross-section of the production of a bb pair from the proton-proton
collisions (o (pp — bbX) = (284 & 20 4 49) ub measured by LHCb at the centre-of-mass energy
Vs =T TeV ), the factor 2 is needed to take into account the decay and its charge-conjugate
at the same time (ignoring C'P violation), f, is the probability of a b-quark to hadronise into
a given type of B meson, BR,;s is the visible branching fraction of the decay, which takes into
account the sequence of subdecays down to the final particles visible by the detector, and ey is
the product of the efficiency of all the cuts applied to the data sample. In its most general way,
this efficiency can be written as

€tot = €acc X €rec X €sel X €trig, (42)

that is to say the product of the geometrical acceptance, the reconstruction efficiency, the selec-
tion efficiency and the trigger efficiency. €;4 should include the efficiency of the L0 trigger and
the efficiency of any specific HLT trigger lines to the channel of interest.

The analysis presented in this thesis studies a B meson decay to purely hadronic final states.
The efficiency of the L0 Hadron trigger is one of the inputs needed in the computation of the
final result. The study of the L0 Hadron trigger efficiency, together with the implementation of
a method for the LHCb Collaboration to work out the LO Hadron efficiency corresponding to
any hadronic decay, has been an important part of this thesis work, which is presented in the
following sections.
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4.3 Trigger simulation

A great amount of effort has been made in order to simulate the calorimeter trigger system in
the LHCh Monte Carlo productions. Every step, from the Front End electronics to the different
possible trigger configurations, is included and implemented in the simulation. This is extremely
useful to understand the trigger behaviour and also to monitor the trigger performance during
operation. However, this simulation, as exhaustive as it is, can not include all effects playing
a role in the trigger. Elements like ageing, disabled cells or occupancy strongly influence the
trigger behaviour, but they are very difficult to predict and model, and implementing them in
the simulation becomes a hardly conceivable task. This is also the case for other elements of the
LHCb detector.

This is the reason why trigger related quantities can not be rigourously extracted from Monte
Carlo simulation, and data-driven methods are necessary. Measurements such as L0 trigger effi-
ciencies, necessary in physics analysis as explained in Section can only be reliably performed
using real data. More details on this subject are given in Section and

4.4 “Real” transverse energy: what the HCAL measures

The measurements given by the calorimeter cells correspond to transverse energies®: the hadrons
arrive to the HCAL and are stopped there, depositing their energy in the cells, which is then
transformed into transverse energy using the coordinates of these cells. Let (z,y,z) be the
position of the centre of the cell in cartesian coordinates (for the HCAL, z = 13.33 m measured
from the interaction point), then the transverse energy is calculated as

Er = FE xsin#,

: | x?+y?
sinf = m, (43)

where E is the energy carried by a particle that it deposits in the calorimeter cells, and 6 is the
angle between the beam direction and an imaginary straight line linking the centre of the cell
and the interaction point. This energy corresponds to E = 1/p2? + m?2, where p is the momentum
of the particle and m is its invariant mass. The same is true for electromagnetic particles being
stopped by the ECAL.

In addition to the energy of the particles, LHCb also measures their momentum. The mag-
net bends the trajectory of charged tracks, which allows the tracking system to measure the
corresponding momentum p and transverse momentum pr (c.f. Section . It is important
to note that, while the energy is conserved, the same is not true for transverse quantities, due
to the magnet bending the particle tracks. One should be careful when studying calorimeter
performances, as the pr of a particle is not the same when crossing the tracking system and at
the HCAL level, and thus it is not directly correlated to the Er that the HCAL measures.

This is illustrated in Figure Tracks of particles with opposite charge are bent by the
magnet in opposite directions: in the picture, the pink and green tracks correspond to particles
of same charge, as well as the blue and grey tracks (with opposite charge to the previous two).
If we take into account the angle 8 computed from the HCAL cells coordinates, we can see that
a transverse magnitude associated to the grey track (supposing magnet polarity “Up”, charge +,
positive half of the HCAL z > 0) will be overestimated with respect to the same quantity
measured in the trackers. In the case of the green track (charge —, = > 0) a transverse quantity

STransverse with respect to the beam direction.
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Figure 4.3: Diagram representing tracks coming from the interaction point and impacting on the
HCAL, seen from the top. The tracks are bent by the magnetic field in one direction or the
other depending on their charge Q). The dashed lines show the difference between the transverse
energy carried by the particles when produced at the interaction point and the Et measured by
the HCAL. The same effect applies to any other transverse quantity. The conclusions are the
opposite if the magnet polarity is reversed (up in the scheme).

will be underestimated at the HCAL level with respect to the trackers measurement. For the
same charge, the conclusions are the opposite when taking into account the other half of the
HCAL: the blue track (charge +, negative half of the HCAL x < 0) will be underestimated, the
pink track (charge —, negative half of the HCAL x < 0) overestimated. It should also be noted
that all these statements become the opposite when reversing the magnet polarity.

In order to perform a correct comparison between the transverse energy carried by a particle
and the associated transverse energy ET measured by the HCAL as shown in Equation , it
is necessary to compute the first one using tracking information, but at the HCAL 2z position.

We call this quantity Effe“l,
E%eal — sin ok Vp? +m2, (4.4)

where 07%* is computed as in Equation (4.3) but using the coordinates of the particle track
projection from the tracking system to the HCAL, p is measured by the trackers and m is the
mass of the particle.

The LO Hadron trigger efficiencies are not constant throughout the Et spectrum, due to the
fact that there is a threshold that rejects particles not carrying enough energy. That is why these
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efficiencies need to be given as a function of the energy or, for practical reasons, as a function of
a transverse quantity. To avoid inconsistencies, the efficiencies need to be given as a function of
E%eal computed at the HCAL level using Equation , instead of the more straightforward pr
measured by the tracking system.

4.5 LO Hadron trigger efficiencies computation:
algorithm development

To study the L.O Hadron trigger behaviour, a part of the work of this thesis has been dedicated to
develop an algorithm that retrieves the calorimeter information related to the trigger for selected
particles. Two different methods resulted, which are detailed and compared in this section.
Before this, the concept of “trigger independent of signal” is introduced, needed in the efficiency
algorithms.

4.5.1 An important concept: triggering independently of signal

As discussed in Section [4.3] to study the detector performance, and particularly the trigger, we
need to use real data. But, in order to be kept and written on disk to be analysed, any data
needs to trigger. In other words, all available data has necessarily been triggered by a L0 line.

When we study the performance of the LO Hadron trigger, we need to make sure that we
are not allowing any bias. This can happen when using data that has been mostly triggered by
the L0 Hadron line, which would give misleadingly high efficiencies. That is to say, we need to
ensure that we use a data set which corresponds to a “trigger independent of signal”, or TIS data
set, where the “signal” are the tracks that we use for the L0 Hadron efficiency computation.

Several TIS methods have been developed and tested. The way to test them is to use
simulation data, where a trigger requirement is not applied beforehand and so they are not
biased by default, without needing additional requirements. The three TIS methods that have
been studied are:

e TIS Hadron: requires that there is at least one L0 Hadron trigger object (i.e. one 2 x 2
cell cluster candidate) above the threshold in the event which is independent of the signal
(where the signal is defined as a 3 x 3 cell cluster around the cell corresponding to the track
projection).

e TIS Muon/Dimuon: requires that there is at least one LO Muon or one L0 Dimuon trigger
object above the threshold in the event which is independent of the signal.

e TIS from distance: requires that, in addition to the L0 Hadron candidate associated to the
track projection to the HCAL using the method explained in Section there is another
one in the event above the threshold which is at least 450 mm away from the projection
(the 450 mm cut is chosen taking into account the size of the HCAL cells).

The L0 Hadron efficiency is computed for simulation data as a function of pr, for four different
cases: without TIS, which gives the “true” efficiency (i.e. no signal events are rejected by the
trigger), and with each one of the TIS requirements applied. The results are all fully compatible.

The TIS Hadron and TIS Muon/Dimuon methods are implemented using the L0 TISTOS
tool that is explained in Section [£.5.3} the implementation of TIS from distance is part of the
work of this thesis and has been developed together with the efficiency computation method of

Section {.5.21
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4.5.2 Method 1: efficiency computation using distances

The LO Hadron trigger can be studied through the distance between particle projections on
the HCAL and the available trigger candidates. Tracks measured in the tracking system are
projected to the HCAL, to the plane of maximum particle shower development, z = 13.33 m
from the interaction point. This allows to identify the cell hit by the particle, which deposits
its energy in it and in the surrounding ones. In parallel, the trigger readout system allows to
retrieve offline all the LO Hadron trigger candidates, that is to say all the selected 2 x 2 cell
clusters of highest E1 per Front End Card, see Section [4.1.1]

The distances between the track projection and each one of the LO Hadron candidates is
computed. The candidates close to this projection by a distance lower than 250 mm (450 mm) if
looking at the Inner (Outer) region are retrieved, and the highest Et candidate among them is
kept. These distances are set taking into account the size of the HCAL cells, and are slightly larger
than a cell diagonal®: they can be understood as the maximum distance between a projection and
the trigger candidate that it creates. In the case that no candidate appears inside this distance,
the closest candidate to the projection is selected. When making these projection-candidate
pairs, only LO Hadron candidates with Et higher than the LO Hadron threshold set for the
event, and particles with projection inside the HCAL acceptance, are looked at. In addition, a
requirement to avoid biases, which can happen when taking into account a too large proportion
of LO Hadron triggered events, needs to be applied, as discussed in Section [4.5.1]

The distributions of the distance dr between the particle projections and their associated L0
Hadron candidate are represented for simulation data in the two right hand panels of Figure [4.4]
The top panel corresponds to particles with projection in the Inner region of the HCAL, and the
bottom panel corresponds to the Outer region. There is a peak or accumulation of entries at low
values of the distributions, which contains particles where the association projection-candidate
is the correct one. Particles entering the distribution to higher dr values have their associated
candidate too far away, and are just random associations.

Using these distributions, the LO Hadron trigger efficiency can be computed as

events under the peak
€= , (4.5)
total number of events

where again only events inside the HCAL acceptance are considered. To do so, the distributions
are fitted in order to reproduce the shape at best and to count the number of signal events in the
peak at low distances, corresponding to good projection-candidate associations. Two components
are present in these distributions: the signal, which is fitted using three Gaussian distributions
with different mean and resolution, and the background.

To model the background, random associations are generated using mirror events, as shown
in Figure for each particle, its projection is replaced by its mirror one, that is to say, each
pair of projection coordinates (z,y) is replaced by (—z,—y); then the associated L0 Hadron
trigger candidate to this mirror projection is searched as previously explained. The distribution
of the projection-candidate distance for these random associations is shown for simulation data
in the left hand panels of Figure [4.4] where the top distribution corresponds to projections in the
Inner region of the HCAL, and the bottom distribution to the Outer. Each distribution is fitted
using a polynomial function of order 3 with all parameters floating. The fitted shape for each
HCAL region is then used to fit the background component of the real projection-candidates
association distributions of the right hand side of Figure[£.4] fixing all the parameters except the
normalisation.

5These values can be checked to be appropriate a posteriori when looking at the projection-candidate distance
distributions, shown in Figure
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Figure 4.4: Distributions of the distance between a projection of a particle to the HCAL and the
associated L0 Hadron trigger candidate cluster above the threshold, for ©% from simulation. The
two left panels correspond to random distributions, generated from the mirror projections, used to
model the background in the right hand side plots. The two top panels use projections in the Inner
region of the HCAL, while the two bottom ones use projections in the Outer region. The dashed
vertical lines in the right-hand plots illustrate the distance corresponding to a cell diagonal; the
continuous vertical lines mark 250 mm in the Inner region and 450 mm in the Outer, which

wndicate approzimately the mazimum distance between a projection and its corresponding trigger
candidate when the association is correct.
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signal event
(x )
X

mirror event
(_x: _y)

Figure 4.5: Schematic explanation of mirror events: the coordinates of each projection on the
HCAL are reversed, then treated normally to look for the associated LO Hadron candidate. This
generates random projection-candidate associations, which are used to model the background as
explained in the text.

4.5.3 Method 2: efficiency computation using the “L0 TISTOS tool”
L0 TISTOS tool: a trigger class in the LHCb software

The LHCD software, which is developed and constantly enlarged in a collaborative way, contains
a wide variety of C++ classes to access information from the different detector subsystems. One
of the classes concerning the trigger is the so-called L0 TISTOS tool.

This class takes a particle as signal input, and allows to know if this particle is responsible
for triggering the event with respect to a given L0 trigger line or trigger decision. To do so, in
the case of the L0 Hadron trigger, the particle is projected to the HCAL and a 3 x 3 cell cluster
is built around the cell corresponding to the track projection; this is the signal. In parallel, all
the LO Hadron trigger candidates from the FE Cards which have an Et above the L0 Hadron
threshold are kept: as explained in Section [{.1.1] these are 2 x 2 cell clusters, and only the one
with highest Em per FE Card is kept as a candidate. The signal 3 x 3 cell cluster is compared
with the trigger objects, and the event can be classified in two non-exclusive categories:

e Trigger On Signal (TOS): The particle could be responsible of triggering the event. This
means that at least one of the trigger objects has one or more cells in common with the
signal.

e Trigger Independent of Signal (TIS): The particle is not responsible (or not responsible
alone) of triggering the event. Trigger objects exist, but at least one of them has no cell in
common with the signal cluster”.

"An event can not be TIS if there are no trigger candidates of the requested type (we focus on the L0 Hadron
line, so in our case they are 2 x 2 HCAL cell clusters) above the threshold. This category tells us that the L0
Hadron trigger conditions are fullfiled, by asking that at least one trigger object exists, but that it does not
correspond to the given signal particle. The TIS and TOS classifications depend on each particular trigger line.
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Figure 4.6: Schematic explanation of the LO TISTOS tool algorithm.

This is illustrated also in Figure [£.6] It is important to note that an event can be TIS and
TOS at the same time. Furthermore, an event being TOS does not mean that the trigger would
not have fired without the signal particle, but only provides the information that the particle
gives a trigger object above the threshold. Other particles can exist in the event that produce
a trigger, of hadronic type or other type. The same algorithm exists for the Muon trigger lines,
which projects the particle track to the muon chambers and compares it to the LO Muon trigger
candidates, to perform the same type of classification.

Efficiency computation using TISTOS

The LO TISTOS tool can be used to build an alternative method for the LO Hadron trigger
efficiency computation. This second method is also part of the work of this thesis. The efficiency

can be defined as
_ number of (TOS & TIS) events (4.6)
€= number of TIS events ’ ’

always using only particles with projection inside the HCAL acceptance. The TOS classification
is obviously made with respect to the L0 Hadron line; TIS uses one of the three possibilities listed
in Section [£.5.1] The implementation of this method is much simpler than the one explained in
Section [£.5.2] as it is only a counting exercise and no fits need to be performed, which avoids
problems when the statistics available are low.

4.5.4 Method comparison

At this point, two methods are available for the computation of the LO Hadron trigger efficiencies:

e Projection-candidate distance method, detailed in Section [£.5.2] It uses the LHCb track
projection algorithm and takes into account the cell sizes to interpret the distance between
the projection and the trigger candidates. A fit to the projection-candidate distribution is
needed for each pr bin when computing the efficiencies as a function of this variable.
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e TISTOS method, detailed in Section [£.5.3] Based on the LO TISTOS class available in
the LHCDb software, it counts the number of particles that trigger or not the event and
computes their ratio. It is much faster and less resource consuming that the previous one,
allowing to use a much larger number of pt bins. On the other hand, it is less transparent.

The two methods are compared in order to cross-check each other. We should recall now
that both methods use a TIS requirement applied to the data set, in order to avoid biases, as
explained in Section The L0 Hadron efficiency curves as a function of pt are given in
Figure requiring either TIS Hadron or TIS Muon/DiMuon®, for well identified pions from
DY — 7t K~ decays for 2010 calibration data and simulation. The efficiency goes up with pr, as
expected from the effect of the L0 Hadron threshold. The two regions of the HCAL are treated
separately, and the two methods described are shown.

Let us analyse these plots. If we focus on the TIS Hadron data set (top panels of Figure ,
we can see that there is a difference between the distance and the TISTOS method for both data
and simulation. This is due to the background modelled from mirror events in the fit for the
distance method: these events are not counted as signal, while they are TOS in the TISTOS
method, and thus this latter gives a higher efficiency. This effect is more noticeable in the Inner
region (left panel) than in the Outer (right panel), which is expected as there is more background
in the projection-candidate distance distribution for the Inner region than for the Outer one, as
shown in Figure [£.4] The two plots for the TIS Muon/DiMuon data set (bottom panels of
Figure show a better agreement between the two methods, which is again explained due to
the background, much more reduced in this case (the larger error bars here show that this TIS
requirement rejects a larger number of events than the Hadron one).

We conclude that both methods are understood, as well as the small disagreement between
them. We choose the TISTOS method for a more exhaustive analysis of the LO Hadron trigger
efficiencies, as it is easier to implement and more functional. To avoid biases in the efficiency com-
putation on real data, we will require the data sets to be classified as TIS by the Muon/DiMuon
line decision. Moreover, in LHCb analysis the data are usually required to be TOS by the ap-
propriate L0 line, to enforce the quality of the events being studied, so what is needed to be
known in physics analysis is the L0 Hadron TOS efficiciency, which we actually compute with
the TISTOS method.

There is another important issue that we remark when looking at these plots: the efficiencies
on real data are always lower than the ones on simulation. This is discussed in the next section.

4.5.5 Differences between trigger simulation and data

The plots in Figure [£.7 show a difference between the L0 Hadron trigger efficiencies computed
on real data from those computed on simulation: the trigger appears to be more efficient on
simulation than what it is on real data. This subject has been broadly discussed and it indicates
that the trigger model in simulation is not accurate enough.

Several tests have been made to understand the reason for this, which are shown in Figure[d.8]
The ratio of efficiencies on real data divided by efficiencies on simulation data is shown as a
function of pr. Different L0 Hadron thresholds, namely 2.6 GeV, 3.6 GeV, 4.0 GeV and 4.9 GeV,
have been tested, which are shown on the two top panels, for each one of the HCAL regions. The

8 An additional requirement needs to be made in the case of TIS Muon/DiMuon. In the TISTOS method, we
are using the Hadron decision for the TOS category. The Muon/DiMuon and Hadron lines decisions do not apply
the same SPD cut, as shown in Table the cut being tighter for the Hadron line. In order to prevent cutting
additional events when asking for TOS Hadron in the TIS Muon/DiMuon data set, we need to require that the
SPD multiplicity of the event is smaller than the SPD multiplicity threshold of the Hadron trigger line.
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Figure 4.7: L0 Hadron trigger efficiencies as a function
for 2010 real data and simulation, computed requiring the
decision (top) or by the Muon/DiMuon decisions (bottom).

of the transverse momentum for
data set to be TIS by the L0 Hadron
The two panels on the left correspond

to particles with projection inside the Inner region of the HCAL, while the two on the right
correspond to the Outer. Data are represented in red, while Monte Carlo simulation is in blue.
The efficiencies computed with each one of the two methods explained in the text are shown,
in bright colours for the TISTOS method, in faded colours for the projection-candidate distance

method, as indicated in the legends.
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Figure 4.8: Ratio of L0 Hadron trigger efficiencies for real data over simulation, as a function of
the transverse momentum, for ©% for 2010 data and simulation. Panels on the left correspond
to the Inner region of the HCAL, while panels on the right correspond to the Outer. Top: for
different LO Hadron thresholds, namely 2.6 GeV, 3.6 GeV, 4.0 GeV and 4.9 GeV. Middle: for
a very low LO Hadron threshold, fized at 0.4 GeV, insensitive to calibration effects. Bottom: for
usual Monte Carlo simulation data, and for simulation corrected for a 10 % calibration factor in
the Inner region and 5 % in the Quter region, for the 2010 LO Hadron threshold, of 3.6 GeV.
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discrepancy between data and simulation, manifesting in a ratio different than 1, is visible in all
four cases, especially in the Inner plot, and it does not disapear for high p values (far from the
effect of the threshold). This can be an indication of a calibration problem (in addition to the
other aspects not considered in the Monte Carlo, as discussed in Section . We test a much
lower threshold, down to 0.4 GeV, which is too low to be sensitive to calibration effects: this is
what is shown in the middle panels of the figure, and the agreement becomes remarkably better.

In the LHCb simulation, there is an obsolete 5 % global calibration factor applied to the
energies, to account for former differences between real data and simulation. In addition, another
5 % factor is applied only in the Inner region, to account for the different cell sizes in the Inner
and Outer zones of the HCAL. This makes a total 10 % calibration factor in the Inner region, and
5 % in the Outer, of energy increase in simulation which do not exist in data. We test the real
data over simulation efficiency ratios removing these factors in the bottom plots of Figure [4.8}
the corrected curve, in faded blue, shows a much better agreement between data and simulation
than the default bright blue one, confirming that the difference comes mainly from calibration.

All of this shows that LO Hadron trigger efficiencies can not be reliably calculated from
simulation. This implies that a data-driven method is needed to compute the efficiencies to be
used in physics analysis.

4.6 LO Hadron trigger efficiency for LHCb physics analysis:
a data-driven method

4.6.1 Simulation data reweighting

As explained in Section [£.2] the L0 Hadron trigger efficiencies are needed in the computation of
results in physics analysis: as the trigger rejects inevitably a fraction of signal together with the
undesired background, this fraction needs to be known and taken into account. The philosophy
is the same as for any other cut used in the analysis (acceptance, selection, etc.).

The straightforward way to compute these efficiencies, including the one corresponding to the
trigger, is to use simulation. As a difference with respect to data, simulation does not have any
cuts applied a priori, and so all the events produced in the simulated proton-proton collisions are
present in the data set. The trigger is then also simulated and the effect can be easily estimated.

This would be right if the LO Hadron trigger behaviour was correctly reproduced in the
simulation, which as we have seen in Section [.5.5is not the case. A method has been developed
during this thesis to overcome this problem. The starting point is always a simulation data set
of the signal which is the object of each physics analysis. Now, instead of making use of the
simulation of the trigger effect, look-up tables are generated which give the L0 Hadron trigger
efficiency as a function of pr or E7¢ (defined in Section for hadronic final particles arriving
to the HCAL and thus sensitive of triggering the LO Hadron line, namely pions and kaons.
Combining the final particles from the signal simulation sample, taking into account their pp
or Elfeal distribution, the efficiency of triggering on the B hadron event can be computed: the
simulation data set is reweighted by means of the efficiency tables.

For example, let us take the simple case of a B decaying to two hadronic particles p; and ps.
The efficiency of triggering on the B will be the sum of three terms: triggering on only p; and
not on po, triggering only on py and not on p;, and triggering on both p; and py at the same
time:

€trig(B) = €rig(p1) X [1 — €trig(p2)] + €trig(p2) X [1 — €1rig(p1)] + €trig(P1) X €trig(p2).  (4.7)

The mean value computed over all the B events of the data set can now be used as an input for
physics computations, as part of €44 in Equations (4.1)), (4.2)).
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4.6 LO Hadron trigger efficiency for LHCDb physics analysis:
a data-driven method

This method has been used in the physics analysis object of this thesis, and its application
will be shown in Chapter [5| (¢.f. Section [5.4.3)).

4.6.2 LO Hadron efficiency tables

Look-up tables of the L0 Hadron efficiency in bins of pr or E%eal have been produced? from real
data and released to the Collaboration for pions and kaons for the three years of data taking ,
accounting for the different trigger conditions (i.e. the different LO Hadron thresholds) used in
each one of them. Pions and kaons are taken from well identified D° mesons from D** decays,
with D° decaying as D® — K~n. These D** data belong to the calibration stream of the

LHCb stripping (c.f. Section [3.4).

The method applied for the efficiency computation is the one using the LO TISTOS tool,
detailed in Section [4.5.3] The TIS requirement applied to the data set to avoid biases is L0
Muon/DiMuon decision. The binning of the tables is chosen accordingly with the statistics
available in the data set: small bins are preferred, but at the same time they need to be large
enough in order to avoid bins with 0 % or 100 % efficiency calculated over a too small number of
events to be reliable. The efficiency is given for each region of the HCAL, either Inner or Outer.
Tables are produced separately for each particle type, for each charge, and the choice is given
with respect to the magnet polarity, either up and down separately, either altogether. A look-up
table is shown in Figure §.9 Example plots of these tables are given in Figure for 2012
data.

4.6.3 LO Calo Tuple Tool

At first, tables have been released to the Collaboration as a function of pp. Even if this is not
the optimal quantity for HCAL-related computations, as illustrated in Section this variable
was preferred at the begining, as it is a common one and always present in reconstructed data
for physics analysis by default. The difference in efficiency when using one or the other variable
is on average around 2 %.

Nevertheless, LHCD is an experiment dedicated to perform precision measurements. In order
to achieve this goal and do things precisely, Effeal should be used. Also the HCAL region hit by the
particle needs to be taken into account. This information is not directly present in reconstructed
data, but need to be computed through each particle projection. A tool has been written, as
part of the work of this thesis in order to make them available for each final particle of a decay,
providing the following variables: E%eal, the HCAL region containing the track projection, and
the corresponding coordinates (z,y) of this projection!’. This tool, called “L.0 Calo Tuple Tool”
(as reconstructed data for physics analysis are given as ROOT nTuples), is coded in C++ and
has been added to the LHCD software to make it accessible for the Collaboration. These variables
allow to reweight the simulation data as explained in Section 6.1} using the L0 Hadron efficiency
tables as function of E%e“l and taking into account the two different HCAL regions.

As explained in Section the correct quantity to take into account when looking at particles arriving to
the HCAL is E5°*. These tables are an important part of the work of this thesis. Initially, tables have been also
produced as a function of pr, as this quantity is a very commonly used one that is always present in data sets,
while making E5°% available needed some code developing, see Section

0Extending the tool to use projections on ECAL instead of HCAL is straightforward, thus the tool gives the
choice between the two calorimeters. This allows to extend the trigger efficiency computing data-driven procedure

for LO electromagnetic trigger lines in the future.
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Figure 4.9: Example of an efficiency look-up table, giving the L0 Hadron trigger efficiency in bins
of E,’lle“l for ©% from the 2012 data set, where the LO Hadron threshold was 3.5 - 3.74 GeV, for

both magnet polarities combined.
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Figure 4.10: L0 Hadron trigger efficiencies as a function of pr for pions and kaons for 2012 data,
where the L0 Hadron Et threshold was 3.5 - 3.7} GeV. Both magnet polarities are combined. The
top plots give the efficiency for particles charged +, while bottom plots are for particles charged —.
Left-hand panels correspond to the Inner region of the HCAL, right-hand to the Outer.
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4.7 Interpretation of the LO Hadron efficiency tables

4.7.1 Comment on inefficiency

When looking at the L0 Hadron efficiency curves, one can be surprised that the efficiency is
never 100 %, not even for high pr particles. Actually, its maximum value is never higher than
around 80 %. Qualitative studies have been made to understand this loss of efficiency, leading to
the conclusion that the occupancy together with the HCAL resolution are responsible for most
of this effect.

As there are a lot of particles hitting the HCAL at the same time for a single event, a sort of
masking effect appears. Let us imagine two particles, p; and po, with one over the L0 Hadron
threshold Et(py) > ELVHadron angd the other one under Ex(pe) < EX0Hadron “arriving alone to
the same HCAL FE Card. Normally p; should trigger the L0 Hadron line. But it can happen
that po leaves a larger E1 deposit in the HCAL FE than pq, that is to say p; deposits a large
fraction of its energy in the ECALL. In this case, the highest Et cluster of the FE Card will be the
one corresponding to pe, and as its energy is below the L0 Hadron threshold, there is finally no
trigger candidate kept in this FE Card. In this case, p2 has masked p; and p; does not trigger,
even if its total Er was over the LO Hadron threshold.

All of this is due to the fact that the LO Hadron trigger uses both HCAL and ECAL. This
example illustrates how the ECAL effect is important in the hadronic trigger. As explained in
Section one should remember that the ECAL energy is added to the HCAL clusters only
after the FE Card selection of the highest Et candidate.

The size of the calorimeter clusters considered in the trigger, set to 2 x 2 cells, is another
element playing a role. Although this is enough to detect a large fraction of the energy carried
by a particle, a part of it spills out and is missed. Some particles carrying a transverse energy
higher than the L0 Hadron threshold do not deposit in this 2 x 2 cell area a fraction large enough
to trigger the LO Hadron line. This effect also reduces the trigger efficiency.

Another thing to take into account is that the LO Hadron trigger efficiency defined in this
chapter is, strictly speaking, the efficiency of a particle of being responsible of a hadronic trigger,
or what we call TOS. This efficiency needs to be known for its application for physics analysis.
However, the quantity to take into account for a rigorous analysis of the trigger behaviour are
the trigger rates, more than looking at a particular set of particles. Note that a hadron not being
TOS does not mean that the LO Hadron trigger did not fire, but another hadron in the event
can have fired it independently of the first one.

4.7.2 Charge and magnet polarity studies

The LO Hadron trigger efficiency has been studied for particles of both charges and for the two
different magnet polarities. The corresponding plots, for pions from 2012 data as an example,
are shown in Figure no difference is seen between the efficiency for 7+ and for 7~ ; also the
efficiencies for “Up” polarity of the magnet and for “Down” polarity are compatible!!. The same
is true for kaons.

4.7.3 Efficiency evolution and HCAL ageing

A problem that LHCb had to deal with during this first period of data taking has been the
calorimeter ageing: both ECAL and HCAL degrade due to radiation from the proton-proton
collisions, translating into a loss of gain of the photomultipliers (PMT). In order to overcome

"For simplicity, not all the different combinations of charge and magnet polarities are shown, even if they have
been looked at. They all lead to the same conclusions explained in the text.
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Figure 4.11: L0 Hadron trigger efficiencies for pions as a function of pt for 2012 data, where
the LO Hadron threshold was 3.5 - 3.74 GeV. Top: efficiency comparison for different charge
(both magnet polarities combined). Bottom: efficiency comparison for different magnet polarities

(for ).
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this problem, the high voltages of the PMTs need to be readjusted periodically, to maintain the
particle detection rates as constant as possible.

The drop in HCAL gain between two adjustments means that particles will be detected
with less energy than what they actually carry. This leads to a drop in the LO Hadron trigger
efficiencies. The L0 Hadron trigger efficiencies integrated over pr as a function of time are shown
in Figure , for 2011 and 2012, for 7; kaons give similar results. The ageing was found to
be faster than expected during 2011, especially for the Inner region, where the occupancy and
then the radiation levels are higher than assumed from design. Drops in efficiency of the order of
5 % are visible from March to August. Calibrations of the high voltages were performed during
Technical Stops: between June and July, and in August. The increase in efficiency due to those
calibrations is also visible on the plot. Calibrations were much more frequent in 2012, providing
much more stable L0 Hadron efficiencies, as can be seen in Figure [£.12] More precisely, HCAL
calibrations were performed approximately every 100 pb~! recorded.

However, ECAL calibrations happened only during Technical Stops, and they were done in
such a way that the ECAL is overcalibrated, to delay the next calibration. When this occurs,
the LO Hadron threshold needs to be raised, in order to keep the trigger rate constant'?: as the
energy deposits in the ECAL are added to each HCAL trigger candidate, a raise in the ECAL
gains translates into a raise of the energy detected and thus a raise of the number of particles
passing the trigger. This explains why the 1.0 Hadron threshold was not constant in 2012. Indeed,
while in 2011 it was set to 3.6 GeV, in 2012 it was initially 3.5 GeV and then raised periodically
up to a value of 3.74 GeV at the end of the year. The initial lower value in 2012 was due to a
collaboration choice, in order to increase the L0 Hadron trigger rate. The subsequent updates
raising the threshold (3.62 GeV in May, 3.68 GeV in September, 3.74 GeV in November) were
performed after ECAL calibrations, to compensate for the overcalibration introduced and thus
keep the LO Hadron trigger rate stable.

121 order to meet the system limitations for data storage.
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Figure 4.12: L0 Hadron trigger efficiencies for m as a function of the run number for the 2011
(top) and the 2012 (bottom) data taking periods. Left-hand panels correspond to the Inner region
of the HCAL, right-hand to the Outer. The ageing effect is visible especially for the Inner region
and in 2011, with drops in efficiency up to 5 %. Efficiencies in 2012 are much more steady due
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Chapter 5

Moeasurement of C P observables in
B —- DK withD— KTK™

This chapter presents the main physics analysis which is the product of the work of this thesis.
It consists in the study of the C'P asymmetries and ratios of partial widths of the decay' B? —
DK* with D — KtK~, using 1 fb~! of proton-proton collision data from the LHC at 7 TeV
centre-of-mass energy, recorded by the LHCb experiment during 2011. This decay mode is
interesting because it is sensitive to the v angle of the CKM Unitary Triangle at the tree-level,
through the C'P observables. The so-called time-integrated GLW approach (¢.f. Section
is followed in this analysis.

5.1 Analysis introduction

This analysis describes the first measurements of CP observables with B® and B? decays to the
DK™ final state at LHCb, where D can be a DY or a DY. Both in the BY and in the BY systems,
direct CP violation can arise from the interference between colour-suppressed b — u (CKM
suppressed) and b — ¢ (CKM favoured) mediated amplitudes at tree-level, which gives access to
the relative weak phase v (c.f. Section . The sensitivity to CP violation is sizeable in the
B system given the relatively large value of 7go = [Vip X Ves|/|Vey X Vius| ~ 0.3, the magnitude
of the ratio between the suppressed and favoured amplitudes (where the colour suppression
factors cancel), which governs the size of the interference between the two amplitudes. In the
BY system, r po is suppressed by A2, where \ = sin ¢ ~ 0.22 with 6o the Cabibbo angle. Thus,
interferences and CP violation effects for the BY decay are very small and can be neglected with
the current LHCb data sample size. However, the BY are good control channels and can be used
as normalisation modes. The involved interfering diagrams for the B® and the BY channels are
shown in Figure

We select neutral D decays to two-body final states, which are the CP-even D — K™K~
as the signal channel under study and the quasi-specific flavour eigenstates D — KTzt as
control channels?. The GLW ,@] method can be used for extracting v and the other un-

!Charge conjugation is implied throughout this thesis unless otherwise stated.

2The CP-even D — w7~ decay was also studied as signal channel together with D — K™K~ and the control
channels D — K¥xt. As the branching ratio for this mode is smaller than for the others, very few events were
selected and the result on the C'P observables was strongly dominated by the statistical uncertainty. Hence this
mode was later dropped for publication. However, the preliminary results obtained by this first stage of the
analysis, where all the quoted D decay modes were studied simultaneously, are detailed in the appendix to this

chapter, see Section
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5. MEASUREMENT OF CP OBSERVABLES IN B’ — DK™ WITH D — K*K~
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Figure 5.1: Top: Feynman diagrams for B — DCK*Y (left), B® — D°K*Y (right). Bottom:
Feynman diagrams for BY — DYK*0 (left), BY — D°K*0 (right), where only the second one is
expected to contribute with the current statistics.

known hadronic quantities with these decays. In this analysis we do not attempt to mea-
sure quantities related to the suppressed B? — DOK*0 with D — KTzt channels, corre-
sponding to the ADS method to measure v. We consider only the favoured modes, i.e.
those characterised by same sign (SS) kaons in the final state BY — [KT#a~|pK**(K*n™),
where sensitivity to v is not expected with the current statistics, and the C'P-even modes
BY - [KTK-]pK* and BY — [KTK~]pK*?. The suppressed modes involving opposite sign
(OS) kaons in the final state B — [K~77|pK**(K*7~) are themselves sensitive to . How-
ever, in the analysis presented here, they are only used to constrain specific backgrounds but no
results are computed for them (the B° region is kept blind at all times), as this signal is difficult
to observe with the size of the 2011 data set?.

From the partial widths of the considered decays, we can build the five observables listed
below. These are related to the physics parameters to be measured (c.f. Section and do not
require the knowledge of absolute efficiencies, but can be measured from ratios of reconstructed
signal yields, relative efficiencies and relative D® branching fractions. They are the two CP
asymmetries for the D — K+ K~ mode for B® and B?

(B — [KTK~]pK*?) —T'(B° —» [K*K~|pK*Y)

AEKE = — (5.1)
I'(BY - [K+*K—]pK*) + (B0 — [K+K~|pK*)
= Acpy,
i DB = [KFK]pK™) — T(BY = [K*K~|pK™) 652)

I'(B? — [KtK~|pK*0) + T(BY — [K+K~|pK*0)’

3The analysis of the B — DK*® channel with D — K7~ using the total 2011 and 2012 LHCb data is
presented in Chapter @, where preliminary measurements of the related C'P observables are obtained.
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5.2 Data sets and event selection

the ratio of B? widths for the D — KTK~ over D — K¥n* SS favoured modes

I'(BY = [KTK~]|pK*) +T(B° —» [KTK~]pK*)

REE - — (5.3)
I'(BY - [K—#at]pK*) + T'(BY — [K+7n~|p K*0)
= Repy,
the ratio of B and BY widths for the D — KK~ modes
REK _ F(?O — [K*K~]pK*?) +T(B° — [K+K_}DI£*0) (5.4)
“* T T(BY— [KtK-]pK*) +T(B? = [K+*K~|pK*0)’
and the B® CP asymmetry in the favoured D — K¥7% S5 mode
Afav _ I'(BY = [K nt)pK*) —T(B = [Ktn~]pK*?) (5.5)

['(B® - [K—n+]pK*0) + ['(B? — [K+7~|pK*0)

The branching fraction of the K*V decay is B(K*® — K*m~) ~ 66.6 %. For the considered
decays of the DY meson, we have B(D? — K~nt) = (3.88 4 0.05) x 10~2 (Cabibbo favoured),
B(DY — K+7~) = (1.47 4 0.07) x 10~* (doubly Cabibbo suppressed), and B(D? — KT K~) =
(3.96 +0.08) x 1073 [34].

In order to reduce any risk of bias, a blind analysis is performed on the B® and B signal
mass windows of the D — KTK~: the extracted values and errors of the GLW B® and B°
yields, sensitive to v, were hidden during the first phase of the studies and unblinded only after
all the analysis choices were made and fixed.

As both B? and BY contributions are expected, we denote by B the candidate events entering
this analysis, in a more general way.

5.2 Data sets and event selection

5.2.1 Data and simulation samples

The analysis described here uses 1.03 + 0.04fb~! of data recorded at the LHCb experiment
(c.f. Chapter from the LHC proton-proton collisions at a centre-of-mass energy of /s = 7 TeV
during the year 2011. These data were taken in stable running conditions, with a mean number
of visible interactions per bunch-crossing equal to pu = 1.5.

The B® — DK*? candidates used for this analysis are built from combinations of charged
hadrons reconstructed in the detector. These candidates are preselected by the stripping software
(using the DaVinci application, c.f. Section by a stripping line dedicated to select decays
of B hadrons to particles containing ¢ quarks in the final state. Table details this stripping
selection*. The events are required to be triggered at the hardware trigger level LO by the
signal candidate (Trigger On Signal, “TOS”) by any line. Concerning the software trigger, events
must be triggered at the first level HLT1 by a specific line relying on track information, and
at the second level HLT2 by the topological lines, which select b-hadron decays in an inclusive

“Most of the symbols used in this table are explained in the following sections describing the specific selection.
Those not included there are: the particle lifetime 7; the track momentum p; the x? distance significance with
respect to the related primary vertex (PV); the maximum distance of closest approach “Max DOCA” or impact
parameter significance with respect to any primary vertex; the Boosted Decision Tree output. This last one
corresponds to the value of the classification of events in signal or background performed by a multivariate
algorithm, trained on B — Dh 2011 real data (the sidebands of the D mesons in these decays are used to model
the background), using kinematic, vertex, track quality and RICH variables for the D meson and its daughters.

79
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Meson Variable Cut value
Charged track pr > 100 MeV /c
D > 1000 MeV /c
Track x?/ndf <4
Min IPy? >4
DY DKk gt DT > 1.8GeV/c
Max DOCA(ht,h™) < 0.5mm
Vertex x?2/ndf <10
Distance to PV significance > 36
cos(Ogira) >0
|M(KFr* — M(D°)| < 100 MeV /c?
K*0 p(K*, 7%) > 2000 MeV /c
Max DOCA(K*,7F) < 0.5mm
Vertex x2/ndf < 16
Distance to PV significance > 16
cos(Ogira) >0
pr(K*E) + pr(n¥) > 1000 MeV /¢
M(K*r™) <5.2GeV/c?
B Max DOCA (DY, K*9) < 1mm
pr(D°) + pr(K*0) >5GeV/c
Vertex x?/ndf <10
Min IPy? <25
T > 0.2ps
cos(Odira) > 0.999
M (D°K*9) > 4.75GeV /2
<7GeV/c?
Boosted decision tree output > 0.05

Table 5.1: Stripping selection for B — DK*0 candidates.

way by requiring at least two charged particles in the final state and a displaced decay vertex

(c.f Section [3.3).

The Monte Carlo simulation samples used to determine efficiencies and to model B invariant
mass distribution components were produced with the Gauss software . The signal samples
were obtained requiring all charged tracks from the signal decay to be in the LHCb acceptance

at generator level.

On top of the stripping selection, further specific criteria are applied, which are described in
the following sections and summarised in Table These selection criteria are based on that

optimised for the B — [KT7%]pK*? analysis from . B and B candidates are treated

together along all the selection and background studies procedure.
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5.2 Data sets and event selection

5.2.2 DY selection

DO or D° mesons are reconstructed in the decay modes D — KTn* and D — KTK~. The
transverse momentum pp of the D daughter hadrons (K and 7) is required to be greater
than 400 MeV /c. Particle identification (PID) criteria are applied to distinguish 7 from K,
namely the difference between the logarithmic likelihoods® of the K and m hypotheses, the
DLL g, must be larger than 0 for K and smaller than 4 for «.

A fit to a common vertex is applied to the two-track combination, requiring the corresponding
x2/ndf value to be less than 5. In order to separate D mesons coming from a B decay from prompt
D mesons, the candidates are required to have a minimal impact parameter significance IPy?
with respect to all primary vertices (PV) greater than 4. To suppress background from charmless
decays (B? — K+ K~ K*° for example), for which all four charged hadrons are produced at the
B decay vertex®, a condition on the D flight distance (FD) significance with respect to the B
vertex is applied. This quantity is requested to be larger than 2.5, that is to say we require the
D daughters to come from a D vertex, displaced with respect to the B vertex (see Section.
Finally, only D candidates with an invariant mass within +20 MeV /c? of the D? nominal mass
(1864.8 MeV /c? ) are kept to form B candidates.

5.2.3 K0 selection

K*9 mesons are reconstructed in the mode K*0 — K+7n~. The pr of the K and 7 must be
larger than 300 MeV /c. Concerning particle identification, the DLLg, is required to be larger
than 3 for the K and lower than 3 for the w. Possible contamination from protons in the K
sample (Ag — Eoph_ decays, see Section is reduced by keeping only K candidates with
a difference between the logarithmic likelihoods of the proton and K hypotheses DLL,x smaller
than 10.

To select a K*° coming from a B decay, its minimal IPy? with respect to all PV must be
larger than 25. K** candidates with an invariant mass within +50 MeV /c? of the nominal mass
(891.66 MeV /c? ) are selected. This cut value was used in the Eg — DYK*0 analysis \\
It is chosen as it offers a reasonable compromise between the efficiency loss and the amount of
non-resonant background which dilutes the CP asymmetry (see Section . It corresponds
to an expected value of the coherence factor x = 0.95 , involved in Equations to

(c.f. Section [2.6)).

5.2.4 B selection

B hadron candidates are formed combining D and K*° candidates selected with the above re-
quirements. Events are required to be triggered by any particle in the B® — [h*hT|p K*O(KT7™)
final state by the L0 Hadron line (“TOS”), or by any L0 line by the other B hadron decay in
the same event (“OtherB”) (see Section [5.4.3). A fit to a common vertex is done, keeping only
combinations with a y?/ndf lower than 4. Since B mesons are produced at the PV, only candi-
dates with a minimal impact parameter significance IPx? with respect to all PV lower than 9 are

5The DLL are the typical variables used in LHCb to apply particle identification requirements. As explained
in Section the information coming from the RICH subdetectors is combined with the momentum measured
by the tracking system in order to determine the particle species associated to each track. To cope with the high
occupancy in the RICHs, an overall event logarithmic likelihood algorithm is employed to treat the overlap of
Cherenkov cones properly, in order to achieve an efficient reconstruction of events. For each track, the DLL gives
the difference in the overall event logarithmic likelihood when that track is changed from the pion hypothesis to
each of the electron, muon, kaon and proton hypotheses. These values are then used to identify particle types.

5The K*° meson has a very short lifetime compared to the D or the B® ones, so it decays very fast and it does
not produce a displaced vertex with respect to the B vertex.
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retained. Additionally, the momentum of the reconstructed B is requested to be pointing back to
the PV, requiring the cosine of the pointing angle 6gi, to be larger than 0.99995, corresponding
to an angle of 10 mrad. g, is defined as the angle between the B momentum direction and the
direction of flight of the B candidate from the PV of smallest IPx2. Furthermore, the sum of
the square roots of the IPx? of the four charged tracks with respect to this PV must be larger
than 32.

Using the fact that the signal decay modes are decays of a pseudo-scalar particle (B°) to
a pseudo-scalar particle (D°) and a vector particle (K*V), the helicity angle §* of the K from
the K*0 is required to have an absolute value of the cosine larger than 0.4. The helicity angle
is defined as the angle between the K momentum direction in the K*V rest frame, and the
K*0 direction in the B rest frame. This variable is expected to follow a flat distribution for the
combinatorial background and to follow a cos? #* distribution for the signal candidates. It should
be noted that the distribution of this variable is modified by the transverse momentum cuts.

Specific peaking backgrounds from B? — D, 7t or BY — D K T decays are eliminated by
applying a veto on candidates for which the invariant mass of three of the four charged mesons in
the final state is compatible with them being produced by a D or a DT decay (see Section.
Namely, candidates are rejected when the invariant mass M (K*7TnT) is within +15 MeV/c?
of the DT nominal mass or when the invariant mass M (KTK*7T) is within +15 MeV/c? of the
DF or DT nominal mass, corresponding to a mass window approximatively equal to +2.5 times
the D mass resolution.

After all selections are applied, 0.5 % of the events contain more than one B candidate. For
the final measurement, and in particular for the mass fit described later, only one candidate per
event is retained, keeping the one with the largest B flight distance significance with respect to
the PV of smallest IPy?2.

5.2.5 Selection optimisation

As already mentioned, the selection presented before is based on the optimal selection developed
for the BY — [KT7¥]pK*0 analysis from . In addition to the D — K¥7% decay modes,
the analysis that is presented here also uses D — KK . Due to the differing kinematics of its
decay products, the selections specific to the D daughters are reoptimised for this mode, namely
the PID and pt requirements.

The optimisation process makes use of the PS — [KTK~]pK*? signal and of the background
contribution in the B blind signal region, both from data. The expected signal yield in the
B — [K*K~|pK*° blind signal region is calculated from the yield of the B? control sample
multiplied by a factor which depends on the rgo, 7p, dgo, 0p and v parameters’, for which
sensible estimates are taken from the experimentally allowed ranges for these parameters. This
factor is calculated using a value for the strong phase §go that results in the highest possible
signal yield, dgo =0, since no dpo estimate is available.

All offline selections are applied apart from the cuts on DLLg, and pt on the D daughters
in the D — K™K~ mode. The expected significance of the blind signal, defined as S/v/S + B
where S is the expected B signal computed as explained and B the background in the B? signal
region, is then represented as a function of both of these cuts as shown in Figure [5.2] Both
the yield of BY signal and the background B are estimated using a simplified version of the fit
presented in Section . The selections for the D — KK~ mode favoured by this procedure are
DLLg, (K) > 0, pr (K) > 400 MeV /¢, since they maximise the significance. These requirements
are identical to those applied to the 7 in the D — K 7% mode.

"The factor 7’%61603 is the ratio of the suppressed to favoured B° — DK*° amplitudes, while rpe®? is the
ratio of the suppressed to favoured D° — K¥r* decay amplitudes (c.f. Section .
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Meson Variable Cut value
DO pr(K*,7%) > 400 MeV /c
DLL g, (K¥) >0
DLL g, (7%) <4
Vertex x2/ndf <5
Min IPy? >4
Flight distance significance > 2.5
|M(KFr%) — M(DY)| < 20MeV/c?
K*0 pr(K*, %) > 300 MeV/c
DLL g, (K¥) >3
DLL g, (77%) <3
DLL,k (K¥) <10
Min IPy? > 25
|M(K*n~) — M(K*0)| < 50MeV/c?
B Vertex x2/ndf <4
Min IPy? <9
cos(Ogira) > 0.99995
Ztracks V IPX2 > 32
|cos 67| > 0.4
|M(KFrtr®) — M(D%)| > 15MeV /c?
|M(K*K¥7%) — M(DE,D¥)] > 15MeV/c?

Table 5.2: Selection criteria for B — DK*Y candidates.
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Figure 5.2: Ezpected significance S/\/S + B of B® — [KTK~|pK*? as a function of the DLL
and pr cuts on the D daughter tracks, calculated using a value for the strong phase dgo that
results in the highest possible signal yield, ogo = 0.
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5.3 Specific backgrounds studies

5.3.1 Charmless background

Peaking backgrounds are anticipated from charmless BY — hh'K*? decays (h,h = KT, 77%).
To keep this source of background at a negligible level, a tight flight distance significance cut
at > 2.5 on the D is applied, as mentioned in Section The D flight distance significance
is defined as the difference in the longitudinal direction z of the D and the B decay vertices,
divided by the square root of the sum of the squares of their uncertainties,

ZD — ZB
/ 2 2
op+top

To study this source of background and determine this requirement, the D flight distance
significance cut and mass window are relaxed. A simple fit to the D mass is performed using
a Gaussian function for the signal, a linear function for the combinatorial background and a
Crystall Ball function for contributions due to particle misidentification (mis-ID). Figure
allows to identify the D mass sidebands which do not contain real D events (no requirements
on the B?S) mass is applied, that is to say the whole B mass distribution is considered). The

sidebands are defined as |M (K¥7%) — M(D)| > 40 MeV/c? in the D — K¥7rF categories and
M(K*tK~) < 1835MeV/c? in the D — K+ K~ category.

The background from charmless B decays is assessed from the reconstructed B mass of the
events in these D sidebands. The B invariant mass distribution for each mode is fitted with a
linear combinatorial background and double Gaussian functions for the BY and Eg signals, the
parameters of which are taken and fixed from the full fit to data described in Section [5.5] with B
and B candidates added together. The yields of any peaking backgrounds from charmless decays,
resulting from these fits, are then scaled to give an expected number of charmless background
candidates for events selected in the D signal region, using the relative sizes of this signal region
and of the sidebands.

Figure[p.4lshows that, when the flight distance significance cut is relaxed, there is considerable

FDSp = (5.6)

peaking background from charmless decays, as can be seen from the peaks at the B? and ES
nominal mass positions. From Figures and [5.6] which show the scaled yield of the peaking
BY and ES charmless background as a function of the D flight distance significance cut, one can
see that the category most affected is the B° for the D — K+K~ mode. The scaled yield of
this peaking background goes to zero at a flight distance significance cut greater than 2.5 on the

Candidates / ( 3.2 MeV/c? )

1920 1940 0 1990 0 1040
m(D) (MeV/c?) m(D) (MeV/c?) m(D)(Mev/c?)

Figure 5.3: Fit to the D invariant mass distribution after oll offline cuts, relazing the D mass
window and the D flight distance significance cut, for D — K¥T7%(SS) (left), D — K7t (0S)
(middle) and D — K™K~ (right). The black line superimposed on the distributions is the fit
result, sum of a linear combinatorial background (dashed blue line), a Gaussian function for the
signal (red line) and a Crystal Ball function for the mis-ID of D — KTn* into D — KTK~
(green line, right only). The grey arrows indicate the sideband region defined in the text.
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D, thereby motivating its inclusion in the event selection criteria. This cut also serves to reduce

combinatorial background, as shown by the much cleaner D samples in Figure [5.7] compared
with Figure [5.3]

g8 3 3

Candidates /  33.3333 MeV/c?)
8

Candidates / ( 33.3333 MeV/c?)
Candidates / ( 33.3333 MeV/c?)
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m(B) (MeV/c) m(B) (MeV/c?) m(B) (MeV/c?)

Figure 5.4: Fit to the B invariant mass of the reconstructed events in the D sidebands as defined
in the text, relazing the requirement on the D flight distance significance, for D — KTn% (SS)
(left), D — K¥7+(08) (middle) and D — K+ K~ (right). The black line superimposed on the
distributions is the fit result, sum of a linear combinatorial background (dashed grey line) and

two double Gaussian functions, one for the B® signal (red line) and the other for BY signal (blue
line).

B" yield in MW
B yield in MW
o
T
B’ yield in MW

5 5 5
D FDS cut D FDS cut D FDS cut

Figure 5.5: Yields of peaking backgrounds from charmless B° decays scaled to the D signal
region in all three categories, as a function of the flight distance significance cut on the D. The
uncertainties are subject to fluctuations from the fit procedure on Figure as when a peak is

not found the likelihood curve for the yield is not well-behaved. Categories are (left to right):
D — KTr*(SS), D — KTn* (0S) and D - KT K~.

B, yield in MW
B yield in MW

B, yield in MW

N S O - N SR SN
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5 5 5
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Figure 5.6: Yields of peaking backgrounds from charmless Eg decays scaled to the D signal
region in all three categories, as a function of the flight distance significance cut on the D. The
uncertainties are subject to fluctuations from the fit procedure on Figure [5.3, as when a peak is

not found the likelihood curve for the yield is not well-behaved. Categories are (left to right):
D — KTn*(SS), D — KTr* (0S) and D — KtK~.
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Figure 5.7: Fit to the D invariant mass distribution after all offline cuts, relazing the D mass
window but applying the flight distance significance cut on the D at > 2.5, for D — KTn+ (SS)
(left), D — K¥7% (08S) (middle) and D — K+K~ (right). The black line superimposed on
the distributions is the fit result, sum of a linear combinatorial background (dashed blue line),
a Gaussian function for the signal (red line) and a Crystal Ball function for the mis-ID of
D — K¥7% into D — KT K~ (green line, right only).

5.3.2 Cross-feed of D modes

From the PID selections listed in Table the same event can eventually be reconstructed
in both D — K*7F and D — KtK~, since the regions of phase space allowed by the cuts
overlap. The cross-feed background of D — K* 7T into the D — KK~ mode can be assessed
from Figure which shows the D invariant mass distribution after all cuts except the D mass
window cut, in the [5.1;5.6] GeV/c? B mass window. The yield of the D — K*7T mis-ID inside
the 20 MeV /c? signal region of the D — KK~ mode is found to be approximately 0.005 %
of the signal yield.

One expects the mis-ID shape for the cross-feed of D — KTK~ into D — K*nT to be
slightly different, as the momentum distribution of the daughters is not the same. However,
the lower branching fraction (B(D° — KTK~) = (3.96 £ 0.08) x 1073, compared to B(D" —
K—n%) = (3.88 £ 0.05) x 102 ) means that it is not expected to contribute more than
0.005 % of the signal yield in D — K* 7.

We can therefore assume that all D cross-feed backgrounds are negligible.

5.3.3 Non-resonant K*° background

Possible background from decays of the type B — DK Tx~, that is to say a non-resonant K+
contribution, is studied analysing the K*0 invariant mass distribution, where the background is
subtracted using the sPlot technique . All selection cuts are applied to the data sample
except the K*0 mass window cut. The K*0 mass distributions are studied for the most favoured
modes in the analysis, namely ES — [K~n*]pK*™ and B® — [K*7~]pK*®, adding B and B
together. A simplified version of the B invariant mass distribution fit presented in Section is
used to determine the weights for the background subtraction.

The background subtracted K*7F mass distributions are fitted using a relativistic Breit-
Wigner function,

fBW(x;Marv‘]vR) =

TM (M | (2®— (My+ Mg)?) (22 — (M; — Mg)?) o
x \ x| (M2~ (M; + Mg)?) (M2 — (M, — Mg)?)
1+ % (22 — (M + Mg)?) (2% — (Mr — Mg)?)
L+ i (M2 — (Mg + My)?) (M? — (Mg = Mg)?)’

(5.7)
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Function Parameter Value
Relativistic Breit-Wigner M (K*0) (§2 mode) 902 + 2MeV /c?
M(K*%) (BY mode) 900 + 3 MeV /c?
['(K*9) 49.7 MeV /c? [Fixed]
J(K*0) 1 [Fixed]
R (Radius) 4 [Fixed]
M, 140 MeV /c? [Fixed]
My 494 MeV /c? [Fixed)]

Gaussian (resolution)

Polynomial (background)

o
slope (ES mode)
slope (B? mode)

9MeV/c? [Fixed|
1+£19 (MeV/c?)~!
54250 (MeV /c?)~!

Table 5.3: Parameters of the fit model for the background subtracted K*° invariant mass distri-
butions.

Mode Yield Result Scaled

B = [K~7*]pK*®  N(resonant) 602428 462+ 21
N (non — resonant) 61 £ 27 167

BY — [Kt77|pK*®  N(resonant) 283 +31  217+24
N (non — resonant) 42 + 31 11£8

Table 5.4: Result of the fit to the background subtracted K*O invariant mass distribution. The
last column shows the result scaled to the K*O mass window applied in the selection.

convolved with a Gaussian resolution function for the resonant K*° component (signal) and a
first-order polynomial for the non-resonant component (background). The Breit-Wigner param-
eters are the mass M and width I' of the resonance, its total angular momentum J, the mass
of the two decay products Mg and M, and the range parameter R; o is the resolution of the
Guassian. The list of the parameters used in this model is shown in Table 5.3} all parameters
except the background slopes and the mean M of the Breit-Wigner are fixed. The results of this
fit for each one of the two studied categories are shown in Table and in Figures and 5.9
The non-resonant K=7F contribution to the signal in the K* mass window (+50 MeV /c?) used
in the selection is found to be (3.3 £1.4) % in the ES — [K=7T]pK*® mode and (4.8 +3.4) %
in the B® — [KTn~]pK*Y. Since these fractions are small, they are neglected in the final result
of this analysis.

5.3.4 Other backgrounds

AY — D%h~ (h =7, K) background

A potential background is anticipated from Ag — DYh~ decays where the proton in the final
state is misidentified as the K or the 7 from the K*O decay. Indeed, from signal Monte Carlo
samples of Ag — DYph~ some events are reconstructed as B — DK*Y candidates. It is found
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Figure 5.8: K* invariant mass distribution for the ES — [K=7T]|pK*° mode before (left) and
after background subtraction (right). All selection cuts are applied except the K*O mass win-
dow cut. On the right-hand plot, the red line represents the result of the fit, and the blue area
corresponds to the non-resonant contribution.
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Figure 5.9: K** invariant mass distribution for the B® — [KT 7~ |pK*® mode before (left) and
after background subtraction (right). All selection cuts are applied except the K*O mass win-
dow cut. On the right-hand plot, the red line represents the result of the fit, and the blue area
corresponds to the non-resonant contribution.

that, after all stripping selections and offline cuts except PID, the only background that is ex-
pected to contribute significantly is Al? — D%n~ with the proton misidentified as a K. The
number of events expected in the D — K7 category after all kinematic selections is approxi-
mately 20 (split equally between Same Sign and Opposite Sign categories) and approximately 2
in the D — KT K~ category. These numbers are estimated from the yield of B° events in the
D — KTr* Same Sign mode, extracted from a simplified version of the fit in Section scaled
using the ratio of branching fractions and selection efficiencies of the A(g — DYh~ decay
with respect to BY — DK*0.

Therefore a PID cut designed to veto protons, namely DLL,x < 10, is applied to the K from
the K*0 to remove this background. The number of expected background events in both the
D — K¥7% Same Sign and Opposite Sign categories is reduced by this requirement to 2.4, and
in D — KTK~ to 0.44. This contamination is small and neglected in the final result.
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5.4 Efficiencies

AY — Af (pPK 7nT)h™ (h = 7, K) background

Events of the type A) — Al (pK~n")h™ can potentially become a background to BY — DK*?
when the proton in the final state is misidentified as a K or 7. It is studied in exactly the same
way as the AY — D%ph™ background and is not expected to contribute significantly after offline
selection. The tight flight distance significance cut on the D meson is observed to be the most
powerful kinematic selection in discriminating against this background.

B » D,
Peaking background could arise from BY — D~ (K'h”’h")h* and B® — D} (h'h"h") h~, since
they have exactly the same final state as the signal. This background source is studied from all
possible K7 and K K7 invariant mass combinations with three out of the four particles in the
final state in data. Very few events are found in the invariant mass region around the DF and
D* nominal masses. Nevertheless, a £15MeV/c? cut on the difference between the KT K¥n+
invariant mass and the DF or D* nominal mass is applied, and also between the KTr*n® and
the D* nominal mass (see Table , since these decays represent respectively the favoured
decays of the D and DT mesons. The efficiency of these cuts on signal is higher than 99 %.

(h’h"h”)h (h,h’,h” h" = 7+ K%*) background

5.4 Efficiencies

The efficiencies are split into three categories: the efficiency of the geometrical acceptance and the
kinematic selections e, including stripping and High Level Trigger (HLT), which is reproduced
correctly by the Monte Carlo simulation, and the efficiencies of the particle identification eprp
and of the Level 0 (LO) trigger erg, that need to be determined directly from data. The total
efficiency is the product of the three terms,

Etot = €sel X EPID X €LQ- (5.8)

5.4.1 Kinematic selections

The efficiencies of the kinematic criteria e applied at the stripping or at the selection level (ex-
cept PID or trigger efficiencies) are computed from Monte Carlo simulation, using reconstructed
candidates matched to a true B signal. Only one kinematic cut is added at a time on these true
signal events, and the remaining number of them is used to calculate the efficiency. The results
are shown in Tables and 5.7] where the uncertainties are statistical. The total kinematic
selection efficiency for each mode is simply the product of all the lines in the corresponding table.
It can be seen from the tables that BY and B' efficiencies are compatible. The ratio of efficiencies
between the B — [KT7F]p K*0 and B® — [KTK~]pK*? modes is computed from these tables
to be

eset(BY — [KT ] p K*0)
Esel(BO — [K+K_]DK*O)

This factor is used in the computation of the RXX observable of Equation (5.3).

rsel (REE) = =0.94 4+ 0.03. (5.9)

5.4.2 Particle identification

The DLL distributions are not well reproduced in the Monte Carlo simulation, thus a data
driven method is used to determine the efficiencies of the PID cuts epip. Control channels
containing specific particle types exist in LHCb, where high purity samples can be isolated
without the use of the RICHs particle identification information. The channel used in this
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5. MEASUREMENT OF CP OBSERVABLES IN B’ — DK™ WITH D — K*K~

Cut

BY Efficiency

B’ Efficiency

Acceptance

Stripping

Vertex x?/ndf (B°) < 4
Min IPy? (B%) <9
cos(Bgira) > 0.99995

|cos 6*| > 0.4
Ztracks \% IPX2 > 32
|M(KFntr®) — M(D*)| > 15MeV/c?

|M(K*KF7r%) — M(D%)| > 15MeV/c?
|M(K*KFr%) — M(DF)| > 15MeV/c?
Min IPy? (K*0) > 25

|M(K*77) = M(K§pe)| < 50 MeV/c?
pr(K+0) > 300 MeV /c

pr(mx+0) > 300MeV /c

Vertex x?/ndf (D) <5

Flight distance significance(D%)> 2.5
Min IPy? (D?) > 4

|M(D°) — M(D% )| < 20MeV /c?
pr(Kp) > 400 MeV /¢

pr(mp) > 400 MeV /¢

0.1580 +5-50040
0.0274 555035
0.9610 550330
0.9610 *5:50550
0.9780 +5-00180
0.9220 565350
0.9740 550330
0.9940 450120
1.0000 +3-99000
1.0000 *5:55030
0.9920 50140
0.7640 *5:50550
0.9980 +9-00070
0.9220 {60430
0.9550 60360
0.7380 +:99730
0.9980 +9-00080
0.9530 560410
0.9820 000260
0.9630 +:99370

0.1570 +5-00040
0.0277 565033
0.9550 60360
0.9580 *5-00250
0.9770 +5-00190
0.9310 565310
0.9710 560510
0.9960 *5-509%0
1.0000 +3-90099
1.0000 550030
0.9920 56140
0.7600 *5-50280
0.9990 +9-00020
0.9160 560430
0.9560 60360
0.7170 +3:99750
0.9980 +5-00090
0.9520 560450
0.9840 555350
0.9650 +3:99370

Total Efficiency

+3.210~5
0.0015 231105

+3.110°°
0.0015 230105

Table 5.5: Efficiencies of the kinematic selection on B® — [K 7% pK*0.

analysis is D*t — D°(K~7T)7". The large charm cross-section at the LHC, together with
the unique decay kinematics of this mode, allows high statistics samples of K and 7 to be
unambiguously identified through kinematic requirements alone. These pure samples of K and
7 are used for calibration, and since no PID cuts have been applied, their true DLL distributions
in data can be known.

It is assumed that the efficiency of a cut on DLL g, on a particular track depends on a small
set of kinematic or event variables. Here, the total momentum p and the pseudorapidity n are
used, because it is found from simulation that the performance of the RICH has the strongest
dependence on these variables. The efficiency of the PID cuts used in this analysis is computed
by applying them on the control channel, and this is done as a function of p and 7. To account
for variations in the performance of the RICH over the course of the data taking period, different
run ranges are considered.

Signal B — DK*? Monte Carlo samples are used to compute the total PID efficiency for
each one of the D modes in study. It is assumed that the p and n distributions of the tracks
in the signal modes are well simulated in the Monte Carlo. For each event in the signal Monte
Carlo sample, an efficiency is assigned depending on its particular kinematics. It is computed
as the product of the individual efficiencies of the final tracks, which are determined from the
results on the calibration sample by taking the efficiency for the concerned type of particle and
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5.4 Efficiencies

Cut

BY Efficiency

B’ Efficiency

Acceptance

Stripping

Vertex x?/ndf (B°) < 4
Min IPy? (B%) <9
cos(Bgira) > 0.99995

0.1570 *5:50040
0.0279 T-00033
0.9610 *5:00540
0.9660 *5-50220
0.9740 *5:56510

0.1570 *5:50010
0.0286 000032
0.9620 560340
0.9550 *5-00250
0.9770 +5-00190

cos "] > 0.4 0.9220 399440 0.9240 *+0:00530
S /P > 32 0.9720 *:00330  0-9770 *0:00210
IM(KFatat) — M(D¥)| > 15MeV/c®  0.9950 +0:00090 (g5 +0.00090
IM(K*KFr%) — M(D%)] > 15MeV/c®  1.0000 T900000 1 g +0-00000
IM(K*K¥7%) — M(DE)| > 15MeV /2 1.0000 *5-00090 1.0000 *4:00030,
Min TPy 2 (K*0) > 25 0.9930 *otmso  0-9920 oo
|M(K+n=) — M(K%,)| < 50MeV/c®  0.7710 T909560 7600 +0.00570

pr(K+0) > 300 MeV /c

pr(mx+0) > 300MeV /c

Vertex x?/ndf (D) <5

Flight distance significance(D%)> 2.5
Min IPy? (D?) > 4

|M(D°) — M(D% )| < 20MeV /c?
pr(Kp) > 400 MeV /¢

pr(mp) > 400 MeV /¢

0.9970 +5-00080
0.9210 *5 00430
0.9560 * 00320
0.7320 8
0.9990 +9-00050
0.9650 * 00380
0.9810 500300
0.9680 * 00350

0.9980 +0-00060
0.9220 *500430
0.9520 *5 00360
0.1280 “4%078
0.9960 +9-00120
0.9500 *0 00450
0.9820 *3 00300
0.9650 “30%8

Total Efficiency

+3.2107°
0.0016 £32107

+3.210°°
0.0016 2371105

Table 5.6: Efficiencies of the kinematic selection on Eg — [KFrE]p K.

cut, from the corresponding p and n bin. The overall efficiency for that particular mode is taken
as the mean of all individual event efficiencies. Therefore, the efficiency of the PID cuts are given
as global efficiencies on each mode rather than individual cuts.

The combined PID efficiencies on all signal modes are summarised in Table [5.8] where the
quoted uncertainty is statistical only. As the efficiencies between the different modes are not
compatible within the statistical uncertainty, correction factors are obtained, to be applied in
the observables measurement. These corrections are computed as ratios of efficiencies,

BO K+*K~|pK*0
ekl ¢ip(B_— | lp = ) 0.99958 + 0.00010 + 0.00988, (5.10)
fPID( —> [K ]
B® — [KFn]p K*0
b Ziul — LSkl *0> — 0.98421 +0.00010 + 0.01553,  (5.11)
GPID(B — [K:FTI' ] K )
K:FW ]DK*O)
REK P (B | = 1.00964 + 0.00010 + 0.01553.  (5.12
re (Rg ™) epp(BY — [KTK | pK*0) (5.12)

The first uncertainty is statistical and the second systematic. This systematic uncertainty is
computed as the variation between the efficiency values when using D** — DO (K—nt)znt
calibration data and the result when the PID calibration procedure is done instead on a D** —
D°(K~mT)a* Monte Carlo sample.
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5. MEASUREMENT OF CP OBSERVABLES IN B’ — DK™ WITH D — K*K~

Cut

B Efficiency

B’ Efficiency

Acceptance

Stripping

Vertex x?/ndf (BY) < 4
Min IPyx? (B%) <9
cos(0gira) > 0.99995

|cos 6*| > 0.4

> tracks VIPX? > 32

\M(K*KF7%) — M(D%)|(K}) > 15MeV/c?
|M(K*KF7r%) — M(D*%)|(Kp) > 15MeV/c?
|\M(K*KFn%) — M(DZ)|(K}) > 15MeV/c?
|\M(K*KFn%) — M(D%)|(Kp) > 15MeV/c?

Min IPx? (K*0) > 25

|M(K*n7) = M(Kpe)| < 50 MeV/c?
pr(K+0) > 300 MeV/c

pr(T0) > 300MeV /¢

Vertex x?/ndf (D°) <5

Flight distance significance(D%)> 2.5
Min IPy? (D°) > 4

|M(D°) — M(D% )| < 20MeV /c?
pr(K}) > 400 MeV /c

pr(Kp) > 400MeV /c

0.1650 F9-00040
0.0273 *505033
0.9590 565350
0.9640 565540
0.9760 F9-00190
0.9240 505330
0.9730 500330
0.9990 +3-90040
0.9950 +5-00100
0.9980 65070
0.9960 565700
0.9930 500130
0.7680 +5-00570
0.9980 565700
0.9170 *5604%0
0.9550 F5-00330
0.7200 F5-00740
0.9970 565140
0.9790 *565310
0.9860 560570
0.9860 *9-00230

0.1640 *5-65010
0.0269 *505033
0.9560 505360
0.9610 *5:50550
0.9780 +5-00180
0.9270 505330
0.9680 506330
0.9960 *5-00080
0.9970 +5-00070
0.9970 555700
0.9980 505080
0.9930 500120
0.7730 +5-00570
0.9970 *5657%0
0.9220 500430
0.9530 +3:99349
0.7020 566750
0.9980 505750
0.9790 50535
0.9860 500230
0.9870 F5-00230

Total Efficiency

+3.3107°
0.0016 T3 510-5

+3.2107°%
0.0016 23970-5

Table 5.7: Efficiencies of the kinematic selection on B — [KtK~|pK*0.

Mode B Efficiency B Efficiency

0.7169 £+ 0.0001
0.7244 £ 0.0001
0.7156 £ 0.0001

0.7284 £ 0.0001
0.7137 £ 0.0001
0.7159 £ 0.0001

BY — [KFnF]pK*0
B - [K¥nt]pK*0

B = [K+*K~]pK*®

Table 5.8: Efficiencies of the PID selection cuts on each considered decay mode.

5.4.3 LO trigger

Regarding the requirements on the L0 trigger, events are selected and classified into two cate-
gories: “OtherB” when the trigger is due to the other B hadron in the event, and “TOS” when
the event is triggered by the signal B candidate through the L0 hadronic calorimeter trigger®.

8Events are usually classified in LHCb with respect to the trigger as Trigger On Signal (TOS) and Trigger
Independent of Signal (TIS) for a considered trigger line (c.f. Section [4.5.3).
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5.4 Efficiencies

Mode BO Efficiency B Efficiency

BY — [KFr¥|pK*0 0.529 4+ 0.006  0.528 4 0.006
BY — [KFrt]pK*0 0.53340.006  0.534 4 0.006
BY — [K*K~|pK*®  0.5374+0.006  0.533 £ 0.006

Table 5.9: TOS efficiencies of the L0 Hadron trigger line, for each considered decay mode.

e The “OtherB” category is defined requiring that any TIS decision is satisfied (LOGLobal_TIS,
where the L0 decision can be due to the Electron, Photon, Hadron, Muon or DiMuon L0
trigger lines); 56.6 % of the candidates (including background and combining the two decay
modes considered for the D meson) after selection belong to this category. The efficiency of
this trigger category is assumed to be equal between all D decay modes and also between
BY and EO, thus not affecting the measurement of the asymmetries.

e The “TOS” category contains the events that satifisfy the TOS decision on the L0 Hadron
line (LOHadronDecision_TO0S), that is to say when at least one of the charged tracks of the
signal decay gives a cluster of high enough transverse energy in the HCAL to pass the L0
Hadron trigger threshold. 62.2 % of events after selection belong to the “TOS” category.
The efficiency of this trigger requirement depends on the D decay mode and can potentially
show asymmetries between positive and negative tracks, as explained below.

Selected events in the “OtherB” or “T'OS” categories are kept. The candidates that are both
in the “OtherB” and in the “TOS” categories represent 23.1 % of the total sample. Around 4.3 %
of events after all selection criteria are found not to be in either category, and they are not
considered in this analysis®.

The “TOS” efficiency is extracted from signal Monte Carlo samples for B — DK* modes
where the D meson decays as D — KTn% or D — KTK~, following the procedure presented
in Section After applying the selection, each Monte Carlo sample is reweighted to account
for differences seen in the LO Hadron performance between data and simulation, using efficiency
tables that provide the L0 Hadron trigger efficiency as a function of the transverse momentum
for an individual track, depending on its type (K or 7) and its charge. These efficiency tables are
computed using K and 7 from prompt D° out of the calibration stream . The total “TOS”
efficiency of triggering on the B event is computed by combining the efficiencies corresponding to
the four final tracks supposing that at least one triggers (c.f Section . The final efficiency
for each decay mode is computed as the mean efficiency over the B events in the corresponding
Monte Carlo sample. The L0 Hadron efficiencies computed in this way are summarized in
Table for the different B meson flavours and the different D decay modes considered.

The total L0 trigger efficiency is the sum of the “OtherB” and “TOS” efficiencies,

ero = (1 — f)eotherB + feTOS, (5.13)

where f is the fraction of events that belong to the “T'OS” category but not to the “OtherB”
category, that is to say “I'OSOnly”. This fraction and the efficiency of the “OtherB” category are
computed using the number of signal events in the B® — [KT7~]pK*" and ES — [K~ 7] pK*®

9These are events where the L0 decision is due to particles from the signal B but not from the hadron line
(electron or photon for example). For these events, the computation of the trigger efficiency would be too complex
and difficult to control.
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Mode B Efficiency B’ Efficiency
BY — [KFr*|pK*0 0.48 4-0.03 0.48 4 0.03
BY — [KFrt]pK*0 0.48 & 0.03 0.48 & 0.03
BY — [Kt*K~|pK*° 0.48 4 0.03 0.48 4 0.03

Table 5.10: Total L0 trigger efficiencies computed for the different decay modes, measured with
respect to the events passing all selection cuts.

Decay mode Efficiency

B° = [KFr]p K0 0.00052 + 0.00003

BY - [KFrt]pK*° 0.00055 £ 0.00004
BY — [K*K~|pK*®  0.00055 + 0.00004

Table 5.11: Total efficiencies.

modes on data, extracted from the result of the fit described in Section performed separately
for each trigger requirement.

The fraction of “I'OSOnly” events is computed as

N
NTOS or OtherB
and it is found to be f = 0.43 +0.02. This fraction is assumed to be identical for all the modes,
as the same pr cuts are applied to the four particles in the final state everywhere. The efficiency
of the “OtherB” category is computed as

€OtherB = X €TOS- (5.15)

This efficiency is assumed to be identical for all B modes and for the two B flavours, as it does
not depend on the signal. It is found to be equal to eogherp = 0.44 + 0.03. The total trigger
efficiencies computed in this way for each mode are shown in Table [5.10] It can be seen that
these efficiencies are compatible for all the modes and therefore they cancel when taking the
ratio.

5.4.4 Total efficiencies

The total efficiencies, including geometrical acceptance, reconstruction, stripping, selection and
trigger effects are summarized in Table [5.11] for all decay modes used in this analysis. The mean
value of the efficiencies between B and B decays is taken when these are different. These total
efficiencies are not used for the final observable computation, but are shown here for illustration
purposes.
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5.5 Fit strategy

5.5 Fit strategy

The event yields necessary to compute the ratios and asymetries presented in Section are
extracted from an extended unbinned maximum likelihood fit to the mass distributions of the
reconstructed and selected events. The DK*0 invariant mass of the B candidates is computed
from the combination of the four final state particles. A constraint on the D meson mass is
applied, forcing it to be equal to D° nominal mass (1864.84 + 0.17) MeV /c? , in order to
improve the B signal resolution. The B candidates invariant mass window considered is defined
as [5.0;5.8] GeV/c2.

5.5.1 Categories

B — DK*Y events are grouped into categories, according to the D decay mode in which they
are reconstructed and the flavour of the B-hadron at its decay time. The following categories
are defined (the signal contributions in each category are also indicated):

e B (K7) Opposite Sign (0S):

BY — [K~7t]p K**(K*7n™) and B? — [K~7nT|p K**(K+77);
e B (Kn) Opposite Sign (OS):

B - [K*77|p F*O(K_WJF) and B? — [K*77|p f*O(K_ﬂ'JF);

e B (Km) Same Sign (SS):

BY - [K*77|p K**(K*7n7) and B? — [K*t7~|p K**(K+7™);
e B (Kn) Same Sign (S95):

B - [K—7t]p F*O(K_WJF) and B? — [K~7t]p F*O(K_ﬂ”r);

e B (KK):

BY - [K*K~|p K**(K*t7n7) and BY — [KTK~|p K**(K*+717);
e B (KK):

B 5 [K+*K-|p K (K—n*) and BY — [K*K~|p K" (K~ n™).

Events in the D — K T7* Opposite Sign categories are used to constrain with a high statistics
sample the shape of the low mass Eﬂ background described in Section [5.5.2.3 but they are not

entering any physical observable measured in this analysis (in particular, the yield of B® and B’
signal candidates will be kept blind, since they are the sensitive modes for the ADS analysis).

5.5.2 Fit probability density function components

For each category of events, the mass distribution is fit with a model which is the sum of
probability density functions (PDF) describing the different types of contributions. They are
detailed in this Section. The B invariant mass variable on which the fit is performed is denoted
as M.

5.5.2.1 Signal

The PDF describing the signal is, for each category, a sum of two double Gaussian functions,
one for the BY signal peak and one for the ES signal peak. A double Gaussian function is the
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sum of two Gaussians with a common mean value. The PDF for the signal is then

202 —|— —e 204K

B, T _M 1 — . (M- )2
fsignal(M;NBO,NBS,M7J) = NBO |:fcoee 5 Jeore =) :| n
oV 2w oRV 2T

 (M—p—AM)? 1 — feore  (M—p—AM)>

202 + ———e 20212 , (b.16
oKV 2T } ( )

Nﬁg |: fcore e
oV 2

where

e NB" is the number of signal B° events.

0 _
e NBs is the number of signal BS events.
e 4 is the central value of the Gaussian function for the B° peak.

e o is the resolution of the Gaussian function out of the doublet which has the smallest one,
or “core” resolution. The same value is used for the B® and the Eg peaks'?.

e x is the ratio of the largest resolution to the smallest resolution of the double Gaussian
function. It is fixed to the value obtained from Monte Carlo simulation, x = 2.1, and the

. -0
same value is used for B® and B.

e feore 18 the fraction of signal events in the Gaussian with the smallest resolution. It is fixed
to the value obtained from Monte Carlo simulation, f.oe = 0.87, and the same value is

0 =0

used for BY and B,.

e AM is the mass difference between the mean values of the Eg peak and B° peak. It is
fixed to the nominal value AM = 87.35MeV /c? .

-0
Except for the signal yields, N B” and N Bs  the values of all the other parameters are common
between all the fit categories. The B? and ES signal yields for the D — KT7* Same Sign category
are fixed to 0 since no signal is expected with the current size of the data sample.

5.5.2.2 Combinatorial background

The combinatorial background is parameterised by a decreasing exponential function with slope
parameter c,

fcomb(M; Neombs C) = ]\fcombejwC X ‘C|a (517)

where Neomp is the number of combinatorial background events. The value of the slope c¢ is
the same for all event categories, and the numbers of combinatorial background candidates are
constrained to be equal between B and B. Using the same slope for all modes can be done as
there are in all cases four particles in the final state; a previous version of the fit with different
slopes for each D decay mode resulted in compatible values for all of them. The upper limit of
the B invariant mass window used in the fit is set to 5.8 GeV/c? in order to take into account
a large region at high mass, where only the combinatorial background contribution is present,
which constrains this slope to a proper value.

107t was checked that this is justified on Monte Carlo simulation samples: the core resolution for both signal
B° - [K¥ %] p K*° and signal B. — [KT7%]p K0 is (10.8 & 0.2) MeV/c2.
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Figure 5.10: Ffj — DK*Y invariant mass distributions for fully simulated Eg — D*K*0 decays
selected by the analysis selection with D*0 — DOy (left) and D** — D% (right) and D —
K~7t in the “001” configuration (top), “010” configuration (middle) and the “100” configuration
(bottom). The superimposed curves are non-parametric PDFs describing the distributions.

5.5.2.3 Low mass background from partially reconstructed B — D*K*" decays

This category of background is due to B?S) decaying to B® — D*K*0 or Eg — D*K*0 where

. =0 .
D* denotes either a D*® or a D” , with D*0 — D% or D* — D%20 and reconstructed as
B - DK*0 or Eg — DK*°. Because of the missing soft v or 7° momentum, the invariant mass
of such candidates peaks at values below the nominal B® and B? masses.

Total angular momentum conservation in B® — D*K*° or Eg — D*K*0, which are decays of
a pseudo-scalar particle into two vector particles, implies three non zero (but unknown) helicity
amplitudes:

e Ago1, the amplitude for the decay where the D*V is produced in helicity state —1 and the
K*% in helicity state +1 (configuration “001”, A(D*?) = —1, A(K*Y) = +1).

e Agio, the amplitude for the decay where the D*0 is produced in helicity state 0 and the
K*Y in helicity state 0 (configuration “010”, A\(D*?) = 0, A\(K*%) = 0).

o Ajo, the amplitude for the decay where the D* is produced in helicity state +1 and the
K*% in helicity state —1 (configuration “100”, A\(D*?) = +1, A\(K*?) = —1).

FEach helicity configuration results in different shapes of the reconstructed B® — DK*? or
ES — DK*% mass. The shape for the D*0 — D%y decay is also different from the shape for
the D*¥ — D70 decay. Figure shows the invariant mass distributions obtained with fully
simulated events generated in the configurations “001”, “010” and “100”, and selected by the
analysis selection, for the D*® — D%y decay in the left panels and D** — D%70 in the rigth
panels.
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5. MEASUREMENT OF CP OBSERVABLES IN B’ — DK™ WITH D — K*K~

The function describing this background category is thus chosen, without interference between
the different helicity configurations, as

B’ .po B Goot ~ Poo1 70 ]
M;NZs NBY = N8 d o | =200 £Y (M) + ——20L 0 ()| +
Jon( pb pb ) pb { 001 [Gom T Pooy Joo1 (M) Goor + Poor Joo1 (M)

Go1o Y Po1o 0 ]
010 | 5o foh (M) + 20— (M) | +
010 [Gom + Poio Joro (M) Go1o + Poio Ji0(M)

G1oo

]. — — —_—
( 010 =~ @oo1) [Gloo + Pioo

Pioo ]
T(M)+ —————— T (M +
f100( ) Coo + Pioo f100( ) }

Goot Pyor 0
NBO ['y M-AM)+ —— (M — AM)| +
pb {5001 Goo1 + Poot Joon ) Goo1 + Poot Joon( )
Boto [Gom foro(M — AM) + _ P fo0(M — AM)} +
Goio + Poio Goio + Poio
G100 Pioo

(1 — Boto — Boot) [ floo(M — AM) + Fio(M — AM)} }

(5.18)

G100 + Pioo G100 + Pioo

-0
Nfbo and NI% are the the number of partially reconstructed background events from the B® —

D*K*0 and ES — D*K* contributions respectively. In this function, [y and f}r(o are non-
parametric functions reproducing the mass distribution of fully simulated Eg — D*K*0 events'!,
with D*0 — D% and D*® — D0 respectively and D° decaying to KTr™ Opposite Sign
mode, and generated in the configuration “X” (“0017, “010” or “100”), reconstructed as ES —
DK*Y. These functions are the ones superimposed on the invariant mass distributions shown
in Figure The mass distributions obtained from the Monte Carlo simulation are smeared
and shifted to take into account the different mass resolutions of the data'?, ¢ = 12.4 MeV /c?
and of the simulation ¢ = 10.8 MeV/c?, and the different mean values of the B? peaks, M =
5368.7MeV /c? for the data and M = 5366.2 MeV /c? for the simulation.

The Gx and Px factors in Equation (5.18)) are the products of the branching fraction of
D*Y — D% or D*® — DO7Y decays respectively and of the corresponding efficiency factors in
order to correctly normalise the different helicity amplitudes contributions,

Gx = B(D* — D) €ace(D%) €X,(D ) and (5.19)

sel
Px = B(D*® = D10) €, (D 7°) X, (D 70), (5.20)

where €,.c and €y are the geometrical acceptance and the selection efficiency, respectively, both
computed from fully simulated events for each configuration. Table shows the value of each
one of the factors entering this computation. The geometrical acceptance is computed as the
number of events with all the final tracks inside the detector acceptance, over the total number
of simulated events. The selection efficiency is computed as the number of events remaining after
all selection cuts, over the number of simulated events with all the tracks inside the acceptance.

" These non-parametric functions are implemented using the “RooKeysPdf” class from the RooFit package in
ROOT. It provides a one-dimensional estimation which models the distribution of an arbitrary input data set, by
superposing Gaussian functions.

12This value of the mass resolution is found with a modified version of the fit, where B and B are not separated,
and therefore is slightly different from the final value presented in Table
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5.5 Fit strategy

Quantity D* — DO70 D*Y — D%
Branching fraction 62 % 38%
€ace 13.7% 15.6 %
et 0.369 % 0.356 %
)10 0.657 % 0.602 %
€lto 0.357 % 0.244 %

sel

Table 5.12: Branching fractions and efficiencies of the BY — D*K*0 modes, with D — KT r*.

The same functions f;r(o and f3 are used to fit all categories, as well as the values of the
parameters ago1, ao10, Boor and Bopig, that give the relative normalisation between the different
helicity configurations, are common to all of them. A first fit is performed letting these parameters
free, leading to the values

e agop = 0.00 £ 0.11,
e ap10 = 0.67 £ 0.07,
e [go1 = 0.0+ 0.6,

e (Bp10 = 0.93 £ 0.10,

where each value is constrained to be between 0 and 1. These results are constrained mainly by
the D — KTnT Opposite Sign category. In order to avoid introducing too much complexity and
control possible background correlations, these parameters are fixed to these values for the final
iteration of the fit.

The yields of partially reconstructed candidates for the Eg background are constrained to the
same value for the B and B categories. The same constraint is applied to the yields of partially
reconstructed candidates for the B° background in the D — KTr® Same Sign category, where
the CP violation effects are expected to be negligible. However, this can not be done for the
other B and B yields of partially reconstructed background candidates, because of the expected
sizeable CP violation effects to which they are sensitive. This is due to the interference between
the b — w and b — ¢ amplitudes in D*K*? final states, which follows the same pattern as that
in DK*? (the Feynman diagrams are the same). Hence CP violation effects can be significant
for B — D*K*Y in the D — K¥7* Opposite Sign category or the D — K+tK~ categoory.

The following yields of partially reconstructed background are left free in the fit: N£S+Bg (Kﬂos),

-0 -0 -0
NIHE (KrsS) | NI (m08) | N B UmOS) | N B N The BY and B yields in the
D — KTr* Same Sign categories are fixed to 0 as for the corresponding signal yields, since
these modes have a much lower branching fraction than the other ones. The yield of partially
reconstructed Eg + BY background in the D — KK~ category is constrained from the Eg + BY
yields in the D — KTx® Opposite Sign category, using the branching fractions and relative

selection efficiencies,

N§§+BQ (KK) _ N§2+BQ (KmOS) B(D® - KtK™) ea(B®— [KTK~]pK*?)

= 21
pb pb BDY = K1) exa(BY — [KFr%] pK*0) (5:21)

assuming that the efficiencies are equal between the B and the E‘j decay modes. The values
used are B(D? — KTK~) = 0.396 % and B(D" — K—nt) = 3.78 % [84]. The efficiencies are
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Figure 5.11: BY — DK*Y invariant mass distribution for fully simulated B® — Dp® decays
with D — KTn%, selected by the analysis selection. The red line is the non-parametric function
describing the distribution, used in the mass fit to model the cross-feed background component.

measured from fully simulated Monte Carlo events and found to be e (BY — [KTK~|pK*Y) =
0.827 % and €4 (B? — [K 77| pK*?) = 0.830 %. Because of possible sizeable CP violation, the
B partially reconstructed background yields for D — K+ K~ cannot be directly related to the
B background yields for D — K¥z* Opposite Sign.

5.5.2.4 Cross-feed background from B° — D)’

The last source of background considered is that due to B® — Dp° decays with p® — 7+ 7~, when
one 7 from the p° is misidentified as a K and used to reconstruct the K*V in the B® — DK*?
decay. Similarly, the invariant mass shape of these events is modelled with a non-parametric
PDF f;ross_feed(M ) extracted from B® — Dp® Monte Carlo simulated events, with a K mass
hypothesis assigned to one of the 7 from the p°, applying a selection as close as possible to the
one used for B® — DK*? events'®. The resulting distribution is shown in Figure It has
also been smeared and shifted to account for the differences between data and simulation, using
the same factors as in Section [(.5.2.3
The function used to model this background category is

fcrossffeed(M; Ncrossffeed) = Ncrossffeedf;mss*feed(M)‘ (522)

The numbers of cross-feed candidates are constrained to be equal in the B and B candidates in
the D — K¥7% Opposite Sign and Same Sign categories,

B (Kn0OS) _ A;B (KnOS) _ ;B (KnSS) _ /B (K=nSS)
cross—feed T N, cross—feed T N, cross—feed — *'cross—feed * (523)
C(fg;;)_fee 4 1s constrained in the fit by means of a Gaussian constraint to the expected value,
K
N(fm;)_feed = 52 £ 2, computed from:

e The number of signal B® — Dp", D° — K—7t candidates reconstructed in the same data
sample. This number is extracted from a maximum likelihood fit to the Dp° invariant
mass distribution with a probability distribution function which is the sum of a double

13In practice, only the PID requirements have been relaxed in order to select enough events to compute the
shape of the cross-feed distribution.

100



5.5 Fit strategy

Gaussian representing the signal and an exponential function describing the background.
The number of signal Dp" candidates is equal to NDP* = 4106 + 95.

e The efficiency to reconstruct a B — Dp", D — K7t signal candidate as a BY —
DK*0, D — K¥n% with the selection described above. This efficiency is computed from
fully Monte Carlo simulation samples, using PID calibration tables for the PID efficiencies
and mis-ID fractions, and is found to be equal t0 €cposs—feed = (1.26 = 0.02) %.

The numbers of cross-feed candidates in the D — KT K~ category are constrained from the
D — KTr* one using the branching fractions and relative selection efficiencies measured from
simulation, reported in Section [5.5.2.3]

BB (KK) _ BO4B° (knss+0s)  B(DY = KTK™)  eu(B? = [KTK™|pK*?)

= . (b.24
cross—feed cross—feed B(DO N K_7T+) esel(BO N [K:Fﬂ.:t]DK*O) ( )

5.5.3 Fit results

The total fit function is the sum of the individual PDFs described above, and all categories
are fit simultaneously. The 23 free parameters are summarized in Tables and [5.14 The
result of the unbinned extended likelihood fit to the DK*° invariant mass distributions of the B
candidates in data is shown in Table [5.15] and Figures to

5.5.4 Validation of the fit procedure

In order to test the fitting procedure, toy Monte Carlo simulations have been generated. This
method consists in generating samples following the fit model to be tested, using the result of

Group Parameter Description Category
Signal " Central value of the B® mass Common to all
o Core resolution for B® and ES Common to all
NB® (KK) Number of B signal candidates B (KK)
NB (KK) Number of B’ signal candidates B (KK)
NB! (KK) Number of ES signal candidates B (KK)
NBS (KK) Number of BY signal candidates B (KK)
NB® (KnS5) Number of B signal candidates B (K7SS)
NB (KxSS) Number of B’ signal candidates B (KnSS)
(blind) NB® (Km05) Number of BY signal candidates B (KmOS)
(blind) NB’ (K70s) Number of B’ signal candidates B (K7OS)
NB. (KxOS) Number of ES signal candidates B (K7OS)
NBS (Kn0S) Number of BY signal candidates B (KmOS)

Table 5.13: Free fit parameters of the invariant mass distribution (signal).
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Group Parameter Description Category
Combinatorial ¢ Exponential slope Common to all
background N C((f;[g) N. combinatorial background B+ B (KK)
candidates
C(mSS) N. combinatorial bkg. cand. B+ B (K7SS)
Nc(mos) N. combinatorial bkg. cand. B+ B (KmOS)
Low mass N;io (KK N. BY — D*K*? candidates B (KK)
background NEDO (KK N. B’ - D*K™ candidates B (KK)
N£O+§O (KmSS) N. B = D*K*0 and B+ B (KnSS)
B’ — D*K™ cand.
Nﬁ)o (K7OS) N. B — D*K*? candidates B (K7OS)
NE) (Km0OS) N. B’ - D*K™ candidates B (K7OS)
N§O§+BS (KmOS) N. BY = D*K** and B+ B (Kr0S)
BY — D*K™ cand.
Cross-feed Ngg;?;ee(deSS+OS) N. BY — Dp° candidates B+ B (KnSS+ 0S8)

Table 5.14: Free fit parameters of the invariant mass distribution (background).

Signal Parameters Result Background Par. Result
u (5282.3 4 0.6) MeV />
o (12.2 £ 0.5) MeV /2 c (—4.4+£0.3) GeV 12
NB° (KK) 21+ NEE) 170+2
NB’ (KK) 8+4 NEmSS) 495+44
NBS (KK) 2416 NKrOS) 396149
NB? (KK) 2341(53 ka’)o (KK) 13ﬂé
NB (KmSS) 108712 NE)O (KK) ~3+10
NB (KmSS) 94+ 11 Nﬁf@o (KmSS) 308 + 37
NB® (KnOS) _ Nﬁo‘) (KmOS) 18722
NB’ (K708) o NE‘J (KrOS) 17422
NBY (K70S) 245417 NE)SJFBS (Kr0S) 597 4 33
NB2 (KnOS) 226 + 16 e 2+ 1

cross—feed

Table 5.15: Fit result on the floating parameters.
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Figure 5.12: Invariant mass distributions of the Opposite Sign [K~nt]pK*® category (left),
corresponding to B and BY candidates, and [K+W_]Df*0 (right), corresponding to B® and B?
candidates. The black points are the data, while the solid black line represents the result of the
fit. The different contributions are visible: the signal peak is indicated by a dashed black line,
while the different grey areas correspond to the different backgrounds which are, from darkest to
lightest, combinatorial, cross-feed from BO,EO — Dp°, and low-mass from partially reconstructed
BO,ES — D*K*Y and EO,BS — D*K™. The coloured lines represent the different helicities
amplitudes contributing to the low-mass background: red is “001”, blue is “010”7 and green is
“100”; solid lines correspond to the B? low-mass background, dashed lines to the B®. The signal
region of the suppressed decay B — DK*O,E0 — DK™ is kept blind. The bottom histograms
are the differences between the value of the bin in the data histogram distribution and the value of
the fit function in the center of the same bin, divided by the uncertainty on the number of entries
in that bin.
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Figure 5.13: Invariant mass distributions of the Same Sign [K+tn~]pK*" category (left), cor-
responding to B® and B candidates, and [KVr*]DF*O (right), corresponding to B® and BY
candidates. The different contributions are represented as in Figure ,
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Figure 5.14: Invariant mass distributions of the [KTK~|pK*Y category (left), corresponding to

BY and BY candidates, and [K+K_]DF*O (right), corresponding to B and B? candidates. The
different contributions are represented as in Figure [5.13,
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5.5 Fit strategy

Parameter Pull bias Yield correction
NB" (K=SS) 0,025 4 0.013 —0.29 £0.15
NB (KxS8) 0,033 +0.013 ~0.36+0.14
NB® KK —0.052 £ 0.013 —0.29 + 0.07
NB' KK —0.076 +0.013 —0.30 £ 0.05
NB: KK —0.050 +0.013 —0.28 £0.07
NB. KK —0.055 £ 0.013 —0.30 4 0.07

Table 5.16: Biases on the signal yields observed from the toy Monte Carlo samples. The pull
biases, gien in the second column, are multiplied by the statistical uncertainty on the correspond-
ing parameter resulting from the fit on data, in order to compute the actual bias on the signal
yields in the third column. These are used to correct the central value of the yields obtained from
the fit on data.

pull mean =-0.0517+0.013 |pu|l mean =-0.0761+0.013
1 _pull width = 1.016+0.010 1pull width = 1.0017+ 0.0099

1 2 3 1 _ 2 —
Pull N(B? -> [KK]pK*?) Pull N(B? -> [KK]p K*?)

Figure 5.15: Pull distributions for the B® (left) and B’ (right) signal yields in the D — KTK~
category.

the fit on data as input for each parameter where possible. For the parameters corresponding
to blind yields, sensible estimates have been used as input value for the generation of the toys.
These samples are then fitted with the same fit model to check its validity. For each toy Monte
Carlo sample, the pull distribution of a given parameter x is defined as the difference between
the fitted and the generated value divided by the uncertainty on the parameter fit result,

LFit — LGen
O '

P, = (5.25)

An example of pull distributions is given in Figure .15 Well-behaved pulls must show
Gaussian shapes centred in 0 and with width equal to 1. For the signal yields, small but significant
biases appear for the D — K™K~ modes, see Table . Studies show that they are due to the
low statistics in these modes. The central value obtained from the fit on data for these parameters
in Table are corrected according to these biases. In addition, for the D — K™K~ modes,
the pull distributions for the combinatorial and low mass backgrounds are not Gaussian. This is
due to correlations between their corresponding parameters. Several tests have been performed
showing that this effect does not affect the final results of this analysis.
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5.6 Result computation and systematic uncertainties

The five observables outlined in Section are computed from the yields resulting from the fit,
using the following relations,

N o B 0
KK agmd 6{{()1{ EPI)(IIS NB (KK) _ NB° (KK)
d

- d ~KK KK EO (KK) BO (KK)’ (526)
Aprod €10 €PD IV + N
N ~ -0 0

LK Broa €0 épip NP O — N (D (5.27)

! @ rod ef K ek K NB! (KK) 4 NB? (KK)’

d sKn:Kr nB° (KrSS BY (KnSS
Afav o aprod €10 €PID N ( ) — N ( ) (5 28)

= _ , |
agmd éf(o“ éffﬁg NB (KnSS) 4 NB° (KnSS)
d KK KK nNB. (KK BY (KK
REK _ Uprod €10 €piD IV (KK) 4 NB® (KK) g (RIEEY
¢ ¢ ¢ B° 0 d
al q € épn NB (KmSS) - NBY (KmSS) 520
B(D - K—71)
KK KK
xrpip (R ™) X reet(RG ™) x B S KK
d KK KK nNB (KK BY (KK
RKK . prod L0 €PID NE ) + N ( ) fs - -
ds = o KK KK NBY (KK) 4 NB (KK) X TLT X 7 X g (5.30)
hrod L0 €PID Y7 ° + s

The corrections entering these formulas are:

o CLd _ 1fndprd
prod 1+KdAprod

respect to B', with k¢ = 0.456 £ 0.011 and Apyeq = 0.010  0.013, see Section [5.6.1}

= 0.991+0.012, the correction for the production asymmetry of B® with

® ajoq = 1, the correction for production asymmetry of BY with respect to ES, see Sec-
tion [5.6.1}
. . . . 0 . =0 . _
e ¢ro = 1, the ratio of the L0 trigger efficiency for B" to the efficiency for B, see Section ,

o rro(REE) = 1, the ratio of LO trigger efficiency for D — KTn* with respect to D —

K™K, see Section [5.4.3

e épp, the ratio of the PID efficiency for BY to the efficiency for EO, € = 0.99958 £+
0.00010 = 0.00988 and é57 = 0.98421 & 0.00010 = 0.01553, see Section

e rpip(REE) =1.00964 40.00010£0.01553, the ratio of PID efficiency for D — K¥7* with
respect to D — KTK~, see Section m;

. rsel(RffK) = 0.94 + 0.03, the ratio of selection efficiency for D — KTn* with respect to
D — KTK~, see Section

% = 9.90 £ 0.16, the ratio of branching fractions of the D° — K7t with

respect to D° — KTK~, taken from ;
e rr = 1.07 £ 0.03, the lifetime correction factor, see Section [5.6.2}

. % = 0.267 £ 0.021, the ratio of hadronisation fractions ;
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5.6 Result computation and systematic uncertainties

e = =0.965 % 0.018, the ratio of lifetimes [84].
d

The different corrections are discussed in this Section, together with the evaluation of the
systematics uncertainties on the final results.

5.6.1 Production asymmetry

BY and B’ production rates in proton-proton collisions and in the LHCb acceptance can be dif-
ferent, as well as for Eg and BY. The C'P observables have to be corrected for when computing
them from the signal yields. This production asymmetry is investigated using B® — J/iK*0
decays. It is defined as the difference in the production rate between BY and B, and it is mea-
sured to be Apoq = 0.010 £0.013 . The production asymmetry enters into Equations

to (5.30) as

d
d 1 — K Aprod

=__— “prod 31
Aprod 1+ KdAprod’ (5 3 )

where the factor % (BO — DK *0) accounts for dilution effects due to B® — B" oscillations. This
factor is computed using Monte Carlo simulation as

f0+oo e Tat cos (Amgt) ego_, pre-o (t) dt

f0+°° e~Tat cosh (Agdt> ego_,pi+o (t) dt

k? (B — DK™) = (5.32)

If we assume e 14! dependence in the number of generated Monte Carlo signal events, where

t is the decay time of the B, then Equation (5.32)) simplifies to

1

(B DK*) = ————
" ( ) Nofttine total

—+00

/0 COs (Amdt) Nofiline selected (t) dt. (533)
Here, Nofine total 1S the total number of selected signal events in Monte Carlo after all offline
selections, Amy is the difference in masses of B? and B° mesons and Noffline selected (t) is the
number of offline selected signal events in Monte Carlo as a function of the BY decay time. To
compute this, the Monte Carlo events are binned in ¢ and a numerical integration is performed.
A value of k% = 0.456 & 0.011 is found.

The statistical uncertainties on Apoq and k¢ are propagated to the observables in order to

estimate the corresponding systematic uncertainty associated to the knowledge of this factor. A

S

prod can be defined for BY and Eg production rates. However,

similar production asymmetry a

due to the much faster oscillation in the BY —ES system with respect to B° —EO, this asymmetry
is strongly diluted and we take aj, 4 = 1.

The resulting systematic uncertainties on the C'P observables are:

REN  Alps  REE O AFKaARK
B - BO production asymmetry 0.0005 0.006 0.003 - 0.005

5.6.2 Lifetime difference

A non uniform lifetime efficiency of our selection and of the LHCb trigger may induce a small
uncertainty on the Rg, ratio, because of the different B and E(S) lifetimes. Tables and
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show a difference in kinematic selection efficiencies between B? and ES mesons decaying to the
same final state.

The difference in selection efficiencies arises from the requirements on the vertex x?/ndf (B) <
4, on Min IPx? (B) < 9 and on >, VIPX? > 32, see Table which depend on the B decay
time. Therefore a correction factor is applied to the Ry ratios of rip = 1.07 £ 0.03 to account
for the different efficiencies of these cuts on B and Eg mesons. This factor is computed from
the ratio of kinematics selections between Eg — [KF7rF|pK*® and B — [KTnt]p K*0 obtained
from simulation. The statistical uncertainty on this correction is propagated and assigned as the
systematic uncertainty from this factor.

The resulting systematic uncertainties on the C'P observables are:

KK fav KK KK KK
Rds AADS Rd A Ad

Lifetime difference 0.004 - - - -

5.6.3 Relative trigger efficiency

The LO trigger efficiency has been discused in Section [5.4.3] The total efficiencies are equal
for B and B in all cases, and also for different D modes, as shown in Table , leading to a
correction factor 7 (R(If K ) = 1. The efficiency of the “OtherB” trigger requirement is assumed
to be identical for all categories and thus cancels exactly in the asymmetries and ratios measured
here. The largest deviation of these factors would then be observed if all events were “TOS” for
the LO Hadron trigger. This hypothesis is used to estimate the uncertainty due to the trigger
efficiency, defined as the difference in the value of the C'P observables when using eppg from
Table [5.9] as total efficiencies instead of that on Table 510l

The resulting systematic uncertainties on the C'P observables are:

KK fav KK KK KK
Rds AADS Rd Ag Ad

Trigger efficiency 0.0003 0.0009 0.02 0.004 0.003

5.6.4 Relative PID efficiency

The PID efficiencies for each mode have been shown in Table A correction factor rpip (Rff K )
for differing PID efficiency between the D — K¥7% and D — KTK~ modes is applied to the
R?K ratio. Correction factors are also applied for the difference in PID efficiency between
BY and B’ decays, égﬁg and éfj(flr). These factors are discussed in Section and given by
Equations (5.10), (5.11) and (5.12). The total uncertainty on these factors is propagated and
assigned as systematic uncertainty from the relative PID efficiencies.

The resulting systematic uncertainties on the C'P observables are:

KK fav KK KK KK
Rds AADS Rd As Ad

PID efficiency 0.0003 0.008 0.015 0.005 0.004
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5.6 Result computation and systematic uncertainties

5.6.5 Relative selection efficiency

The selection efficiencies shown in Tables B.5 to are assumed to be identical between all
modes, with the exception of the stripping efficiency and lifetime related cuts, which have different
efficiencies between B and PS and have been addressed in Section , and the efficiencies of the
kinematic cuts, which have different efficiencies between different D decay modes. To take into
account the second effect, a correction factor is applied to the RCII(K ratio only. This correction
factor rge (RffK ) is given by Equation (5.9). The statistical uncertainty on this correction is
propagated and assigned as the systematic from the relative selection efficiencies.

The resulting systematic uncertainties on the C'P observables are:

KK fav KK KK KK
Rds AADS Rd Ag Ad

Selection efficiency - - 0.04 - -

5.6.6 Fit-related systematics

To evaluate the fit-related systematics, toy Monte Carlo samples are generated with variations of
the fit model explained in Section[5.5.2] and then fitted with the nominal model. The bias shown
by the pull distributions for each signal yield is used to calculate the corresponding systematic
uncertainty in the final observables.

Signal shape

To evaluate the systematic uncertainty related to the description of the signal shape, the fit is
repeated on data leaving the parameter fcore of Equation free. The result is feore = 0.93.
The fit is then done on toy Monte Carlo samples generated with this value but analyzed with
the value feore = 0.87 used for the nominal fit.

Low mass background shape from B — D*K*® and By — D*K*°

The shape of the partially reconstructed low mass background depends strongly on the unknown
values of the polarisation parameters in the B — D*K*0 and ES — D*K*0 decays, parametrised
in the nominal fit by the fixed values of ago1, ag10, Soo1 and Bo1g, in Equation . In order to
estimate the effect of the low mass background description on the signal yields, toy Monte Carlo
samples are generated with different intermediate values of the polarisation parameters, namely
apol = %, ap10 = %, Boo1 = % and Byio = +. The fit is performed on these samples fixing the

3
o1, 010, Boo1 and Boig to the values used in the nominal fit.

Cross-feed fraction from B? — Dp°

The fit is performed on data fitting also for the cross-feed fraction which is fixed in the nominal
fit from the value expected from PID calibration samples. The fraction is found to be equal to
€cross—feed = 0.007 & 0.005. In order to estimate the effect of the description of the B — Dp°
cross-feed on the signal yields, toy Monte Carlo samples have been generated with this value but
fitted with the value of the nominal fit, €cross—feea = 0.0126.
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5. MEASUREMENT OF CP OBSERVABLES IN B’ — DK™ WITH D — K*K~

Fit bias correction

In order to take into account the fit bias due to low statistics shown by the toy simulation studies,
the central values of the fit result for the D — KT K~ signal yields are corrected, as explained
in Section [5.5.4] Half of the correction is assigned as systematic uncertainty.

Fit related systematics summary

The resulting systematic uncertainties on the C'P observables are:

REN  Afps  REK O ARK ARK

Signal model 0.0014 0.00019 0.014 0.0005 0.006

Low mass background model 0.010 0.002 0.05 0.0018 0.02
BY — D% cross-feed model 0.0007 0.0003 0.0013 0.003 0.0011
Fit bias correction 0.0007 - 0.014 0.00011 0.005

5.6.7 Additional systematics

The systematics from the ratio of hadronisation fractions fs/ fq, the lifetime ratio 74/74 and the
DY branching fraction ratio are computed by propagating the uncertitude on each quantity. For
each one of them, the resulting systematic uncertainties on the C'P observables are:

RS alpe RPN AEE A
fs/fa 0.006 - - - -
Ts/ T4 0.0017 - - - -
DY decay BFs - - 0.02 - -

5.6.8 Total systematic uncertainties

Table5.17]shows the value of each systematic uncertainty, for each source and for each observable.
These are added in quadrature to give the total systematic uncertainty in the last row.
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5.7 Results

Source Observable
REK  pfm pEK gKK KK
B — BO production asymmetry 0.0005 0.006 0.003 - 0.005
fsl fa 0.006 . . . .
Ts/Td 0.0017 - - _ _
DY decay BFs - - 0.02 - -
Trigger efficiency 0.0003 0.0009 0.02 0.004 0.003
Lifetime difference 0.004 - - - -
PID efficiency 0.0003 0.008 0.015 0.005 0.004
Selection efficiency - - 0.04 - -
Signal model 0.0014 0.00019 0.014 0.0005 0.006
Low mass background model 0.010 0.002 0.05 0.0018 0.02
BY — DY cross-feed model 0.0007 0.0003 0.0013 0.003 0.0011
Fit bias correction 0.0007 - 0.014 0.00011 0.005
Total 0.013 0.010 0.075 0.007 0.025

Table 5.17: Summary of the systematic uncertainties eveluated from each source, for each mea-
sured observable.

5.7 Results

The CP observables are measured to be equal to

AKE — _0.452 70228 4+ (025, (5.34)
AP = —0.084 +0.079 +0.010, (5.35)
AEKE  —0.040 +0.165 £ 0.007, (5.36)
REE = 1.360 )35 +0.075, (5.37)
REX = 0167 1393 +0.013, (5.38)

where the first uncertainty is statistical and the second systematic. The statistical uncertainty
takes into accout the correlation between the different fit parameters. The correlation matrix
between the C'P observables is equal to

1 p(AGTR RER) - p(AFR, AW p(AFE AFE)
, = | A" BET) 1 p(A™ REE) - p(ALF, RIER)
pIAGH,ARY)  p(RT, A™Y) 1 pATH, ARY)
PIAGE,ATE)  p(REE, ATE) - p(ARY, ATE) 1
1.0000  0.1604 —0.0004 0.0024
_ | 01604 10000 0.0014 00038 | (5.40)
—0.0004 0.0014  1.0000  0.0001 '
0.0024 —0.0038 0.0001  1.0000

(5.39)

The GLW CP asymmetry Aé(K is measured to be different from zero, showing the C'P
violation effect in the B® — [KTK~]pK*® decay. On the other hand, the other two measured
asymmetries A™ and AKX are compatible with zero, as expected. These results, performed with
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5. MEASUREMENT OF CP OBSERVABLES IN B’ — DK™ WITH D — K*K~

1 fb~! of 2011 LHCD data, are still limited by the statistics, and more precise results are expected
by combining the 2011 and 2012 data samples. These measurements have resulted in a publication
in the Journal of High Energy Physics . The first observation of the B — [K+K~|pK*°

decay, shown in Figure is performed with a 5.1 ¢ significance (B? and B’ combined).

5.8 Appendix: C'P observables in B’ = DK with D — 7t

In addition to the B® — DK*Y with D — K*TK~, also the CP-even D — nt7n~ mode was
studied at the same time, where D again represents either a DY or a D" meson. Four CP

observables can be defined for this decay in the same way. These are the the two CP asymmetries
for the D — 77~ mode for B® and BY

e (B = [rT77|pK*®) —T(B° — [xt7n~]pK*?) (5.41)
¢ 7 (B [rtr|pK*) + [(B® — [r+7 | pK*0)’ '
* I(BY= [xtr|pK*) + T(B? = [xt7—|pK*0)’ '

the ratio of BY widths for the D — 77~ over D — KFTx+ SS favoured modes

T _ F(EO — [7T+7T_]DI?*O) + F(BO - [7T+7T_]DK*U)
Rg" = T(B0 — [K—7+]pK*0) + I['(BY — [K+trn—]pK*0) (5.43)

= Rcp+,

and the ratio of B and B? widths for the D — 77~ modes

T F<§O — [7T+’/T7]DI?*O) + F(BO N |:7T+7T7:|DK*O) (5 44)
= DB [ 1K) + T(BY — [ ]pK0)’ '

The branching fraction of this D° decay is B(D? — n7~) = (1.401 + 0.027) x 1073 [34]. Due
to the smaller branching fraction of the DY — 77~ with respect to DY — K+ K~ lower yields
are expected in this signal channel. However, the analysis of the B — DK*? with D° — n+7—
on (1.03 £ 0.04) fb~! of 2011 LHCb data has been done simultaneously with D — K+K~ and
D — K¥r% during this thesis, and a measurement of these GLW observables was extracted
together with the ones already presented in this chapter. As sensitivity to C'P violation is
expected in the BY — [xT7~]pK*? decay, the B signal region was kept blind throughout this
analysis until all the choices were made. The specific features related to the D — 77~ channel
are presented in this section.

5.8.1 Selection, specific background studies and efficiencies
Selection

The data sets, simulation samples, stripping and trigger selection requirements are the same
than those presented in Section Regarding the specific criteria to select events in the
B® — DK*0 decay channel with D® — 7+ 77, the requirements that are applied are those listed
on Table 5.2l and detailed in Section 5.2

The optimisation of the requirements on the D daughters pr and PID variables is performed
on data by maximising the significance of the expected B° signal defined as S/v/S + B, where
the blind BY signal yield S is estimated from the decay BY — [rT7n~]pK*? as explained in

Section and B is the background in the B mass region. Both the ES yield and the
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5.8 Appendix: CP observables in B’ = DK™ with D — ntn—
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Figure 5.16: Expected significance S/v/S + B of B — [T 77| pK*? as a function of DLLk, and
pr cuts on the D daughter tracks, calculated using the value for the strong phase dgo that results
in the highest possible signal yield, 6go = 0.

background in the B signal region are extracted from a simplified version of the fit presented
in Section [5.8.2] The result of the optimisation is shown in Figure The selections for the
D — 77~ mode favoured by this procedure are DLLk, (7) < 4, pr () > 400 MeV /c. These
requirements are again identical to those applied to the K in the D — KFx® mode.

Specific background studies

Peaking background coming from charmless B — 7t7~K*? decays is studied following the
procedure explained in Section [5.3.1] The sidebands of the D invariant mass distribution are
used, relaxing the requirement on the D mass window. The D invariant mass is shown on the left
pannel of Figure after applying all the selection criteria but relaxing the D mass window

cut and without any requirement on the D flight distance significance. The D mass sideband is
identified from this plot as M (7t7~) > 1895 MeV /c2.

The B invariant mass distribution for the events in this sideband is shown in Figure [5.18 A
considerable peaking charmless contribution is present, especially at the B® mass. This distri-
bution is fitted with a linear combinatorial background and double Gaussian functions for the
signal BY and Eg peaks. The resulting signal yields, scaled to the D signal mass region, are rep-
resented as a function of the D flight distance significance cut in Figure .19} A requirement on
the flight distance significance of the D meson greater than 2.5 allows to reduce these charmless
background contributions to a negligible level.

The right panel of Figure[5.17|shows the invariant mass distribution of the D after all selection
cuts, including the requirement on the D flight distance significance. One can see that this cut
also helps to reduce the combinatorial background. Cross-feed background from the D — K¥n+
mode into D — w7~ is present at low mass values. However, this contribution is negligeable
inside the 420 MeV/c? signal region selected for the analysis.

Other peaking backgrounds are investigated as in Section Backgrounds from Ag decays
are found also negligeable for D — 7w 7~. A veto is applied to remove backgrounds from B° —
D(q;) (R'R'D"Y B (h, b, B, B = 7% K*), by applying a cut of £15 MeV/c? on the difference
between KTn*r® combinations out of the four particles in the final state and D¥ nominal
mass.
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5. MEASUREMENT OF CP OBSERVABLES IN B’ — DK™ WITH D — K*K~
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Figure 5.17: Fit to the D invariant mass distribution for D — T n~, before applying the D
flight distance significance cut (left) and after (right). All the other cuts are applied except the D
mass window. The black line superimposed on the distributions is the fit result, sum of a linear
combinatorial background (dashed blue line), a Gaussian function for the signal (red line) and
a Crystal Ball function for the mis-ID of D — KTn* into D — nrn~ (green line). The grey
arrows indicate the sideband regions defined in the text.
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Figure 5.18: Fit to the B invariant mass of the reconstructed events in the D sidebands as defined
in the text, for D — wtw—. The black line superimposed on the distributions is the fit result,
sum of a linear combinatorial background (dashed grey line) and two double Gaussian functions,
one for the BY signal (red line) and the other for B signal (blue line).
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Figure 5.19: Yields of peaking backgrounds from charmless B decays (left) and Eg decays (right)
scaled to the D signal region as a function of the flight distance significance cut on the D, for

D — 7t n~. The uncertainties are subject to fluctuations from the fit procedure on Figure
as when a peak is not found the likelihood curve for the yield is not well-behaved.
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5.8 Appendix: CP observables in B’ = DK™ with D — ntn—

Cut Efficiency
Acceptance 0.1561 £+ 0.001
Stripping 0.0285 + 0.0002
Vertex x?/ndf (BY) < 4 0.961 + 0.0016
Min IPx? (B°) <9 0.961 + 0.0016
c0s(0gira) > 0.99995 0.979 + 0.0012
|cos 0| > 0.4 0.927 + 0.0023
> tracks VIPY2 > 32 0.98 + 0.0013
|M(KFrtat) — M(D*)|(nh) > 15MeV/c? 0.998 4+ 0.0004
|M(KTrtnt) — M(D¥F)|(rp) > 15MeV/c? 0.998 + 0.0004
Min IPx? (K*?) > 25 0.992 £ 0.0008
|M(Km7) = M(Kppe)| < 50MeV /c? 0.76 + 0.0039
pr(Kg+0) > 300 MeV/c 0.998 + 0.0005
pr(mR+0) > 300 MeV /c 0.919 + 0.0029
Vertex x?/ndf (D°) < 5 0.956 + 0.0022
Flight distance significance(D%)> 2.5 0.739 + 0.0049
Min IPx? (D) > 4 0.997 £ 0.0007
|M(D°) — M(D% )| < 20MeV/c? 0.923 + 0.0035
pr(r}h) > 400MeV /¢ 0.971 + 0.0023
pr(7p) > 400 MeV /c 0.966 + 0.0025
Total kinematic efficiency 0.00148 &+ 0.00002
PID 0.5921 £ 0.00012
LOHadron TOS requirement (eros), BY 0.539 £ 0.007
LOHadron TOS requirement (eros), B 0.550 + 0.007
L0 total requirement (ezq), B° 049 £+ 0.03
L0 total requirement (ero), B’ 050 £ 0.03
Total efficiency 0.00043 £ 0.00003

Table 5.18: Efficiencies of kinematic selection on B® — [T 7| pK*0.

Efficiencies

Kinematic, PID and trigger efficiency are assessed using the same procedures explained in Sec-
tion Table shows the summary of these efficiencies for the D — 77~ mode*. Selection
and PID efficiencies are equal between B? and B’ modes.

5.8.2 Fit strategy

The signal yields are extracted from the DK* invariant mass distribution of the B candidates
with an unbinned maximum likelihood fit, performed simultaneously for the D — K¥#x® D —
K+*K~ and D — 777~ modes. The fit model used is similar to the one described in Section [5.5
Two additional categories are introduced:

'4The methods for computation of the PID and L0 trigger efficiencies were improved between the first stage of
this analysis, when all the three modes D — KT#% D — KTK~ and D — 77w~ were studied simultaneously for
preliminary results, and the second stage, were only K Frt and D — KT K~ were kept for publication purposes.
This explains the differences between the efficiencies presented in this section with respect to those shown in

Section
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5. MEASUREMENT OF CP OBSERVABLES IN B’ — DK™ WITH D — K*K~

Group Parameter Description Category

Signal NB® (xm) Number of B signal candidates B ()
NB () Number of B’ signal candidates B (77)
NB. () Number of Eg signal candidates B ()
NBS (rm) Number of BY signal candidates B (77r)

Combinatorial bkg. N, C(:;])D N. combinatorial bkg. candidates B+ B (77)

Table 5.19: Free fit parameters of the invariant mass distribution related to the D — whn~

categories.

e B (mm):
BY — [zt 77 |p K**(K*77), and BY — [nT7n~]p K*O(K*77);

e B (nm):
B — [rt77|p F*O(K_W+) and B? — [t77|p F*O(K_W‘*').

Table [5.19 shows the four signal and one background yields that are included corresponding to
this new categories, which together with those presented in Tables and complete the
set of free parameters of this simultaneous fit.

The only significant difference between the fit model used here and the one described in
Section is the description of the combinatorial background. In the first version of the fit,
which included simultaneously the three modes D — K¥7+ D — KtK~ and D — ntn—,
the combinatorial slope common to all the modes was not free but fixed to a value that was
determined from studies on the B® — Dp" decay mode. It has also four particles in the final
state and a very similar topology, and thus can be used to estimate the shape of the combinatorial
background in the B® — DK*? channel. The slope was fixed to ¢ = (—3.89 4 0.12) GeV~!c2.
An additional systematic uncertainty is assigned to account for this choice using toy Monte
Carlo pseudo-experiments varying the values assigned to the slopes. Fixing the slope modeling
the combinatorial background allows to reduce correlations between the different background
contributions at low mass. The yields of combinatorial background in the B and B categories
are constrained to be equal. A too wide mass window for the B candidates invariant mass
distribution is not necessary here, and it was set to [5.0;5.6] GeV/c?>. This mass window was
broadened and the slope left free for the simultaneous fit of the D — K¥7% and D — KTK .
aiming for journal publication. This modification does not introduce significant variations in the
signal yields resulting from the fit.

Low mass background from partially reconstructed B® — D*K*? and Eg — D*K*0 events is
also present in this mode, where D* denotes a D* or a D™ meson which decays as D*0 — D70
or D* — D%y, where the 7% or + are missed by the reconstruction, and D® — 77 ~. These
contributions, taking into account the three different helicity components possible, are modelled
using the same shapes detailed in Section [5.5.2.3] However, no additional parameters are added
to the fit, as the corresponding background yields are constrained from those assigned to the
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5.8 Appendix: CP observables in B’ = DK™ with D — ntn—

Signal Parameters Result Background Parameters Result
BY (nm 3 ()
NE® (mm) 4*3 NI 55+ 11
-0
T 3
NB (7m) 01—2
NB: () 513
NBY (nm) 44:3

Table 5.20: Fit result on the floating parameters related to the D — w7~ categories.

D — Kt K~ categories, scaled using the involved D branching fractions and selection efficiencies,

pb pb B(DY - K+K-) " €e(B° — [K+K~]|pK*0)’
NBO (rm) NBO (KK) B(DO — 7T+7T_) Ese]<BO — [7T+7T_]DK*O) (5 46)
pb b B(DY - K+K-) " €e(B° — [K+K~]|pK*0)’ '
NEO (nm)  _ NEO (KK) |, B(DO — ) " esel(BO — [W*W*]DK*O) (5.47)
pb pb B(DY — K+K—) " eq(B° — [K+K~]pK*0)’ '

assuming that the efficiencies are equal between the B° and the ES decay modes. In these
equations, B(D® — 7777) = 0.14 % [34], and €s1(B® — [#T77]pK*?) = 0.852 % is measured
from fully Monte Carlo simulated events. The yields for the B? background are constrained to
the same value in the B and B categories.

Similarly, cross-feed background from BY — Dp® decays is considered for the D — w7~
category, when one of the 7 from the p° — 777~ decay is misidentified as a K. This background
is modelled as shown in Section and the corresponding D — 77~ cross-feed background
yields are constrained to those in the D — K™K~ categories as

(rm) (KK B(D® — nt77) €sel(BY — [t 77| pK*?)
cross—feed — £¥cross—feed < B(DO N K+K_) X fsel(BO N [K+K_]DK*O)-

(5.48)

The result of the unbinned extended likelihood fit to the invariant mass distribution of the B
candidates for the parameters related to the D — 77~ category are summarised in Table
and Figure [5.20
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Figure 5.20: Invariant mass distributions of the [x7~|pK*0 category (left), corresponding to
B° and BY candidates, and [7’[’+7T_]DF*O (right), corresponding to B® and BY candidates. The
black points are the data, while the solid black line represents the result of the fit. The different
contributions are visible: the signal peak is indicated by a dashed black line, while the different
grey areas correspond to the different backgrounds: from darkest to lightest, combinatorial, cross-
feed from B® — Dp°, and low-mass from partially reconstructed BO,ES — D*K*0 and EO, BY —
DK™, The coloured lines represent the different helicities amplitudes contributing to the low-
mass background: red is “0017, blue is “010” and green is “100”: solid lines correspond to the B?
low-mass background, dashed lines to the B®. The bottom histograms are the differences between
the value of the bin in the data histogram distribution and the value of the fit function in the
center of the same bin, divided by the uncertainty on the number of entries in that bin.
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5.8.3 Results

The CP observables defined in Equations (5.41) to (5.44) are computed from the signal yields
resulting from the fit as

A 7O 0
o Garod 8 B NP () — NP )
d:

d onmoenm B’ () BO (7r7r)’ (549)
Urod €10 €PID NV +N
s AT AT B’ (7mr) BY (7m)
AT Uprod €10 €PID IV -N (5.50)
s s AT AT NEO (rm) 4 NBO (7r7r)7 .
Aprod €10 €PID +
d smm o~ B 0
R?Tﬂ' _ aprod 6€70r E%?D NB (ﬂ—ﬂ) + NB (Wﬂ) < r (Rﬂ'Tr)
d 7§ KrKn NBC (KrSS) BY (Krsg) MOV
Uhrod €10 €PID IV +N (5.51)
B(D® — K—77T)
iwie T
XTPID(Rd ) X Tsel(Rd ) X B(DO - 7T+7r_) s
U B° 0
T agrod 67]:6 67lgTIrD NB () + NP () Js Ts
ds = —5 5 X7rup X —— X —, (552)
@r0a €77 5 NP> (70 4+ N (rm) fa T

where
e rro(R]™) = 1, the ratio of LO trigger efficiency for D — K¥7n% with respect to D — 7w,

e rpip(RE™) = 0.9380 & 0.0002 + 0.01214, the ratio of PID efficiency for D — KTr* with
respect to D — T,

o r51(RY™) = 1.010 £ 0.007, the ratio of selection efficiency for D — K¥r* with respect to
D —atn—,
0 —
%%m = 27.940.5, the ratio of branching fractions of the D® — K ~nT with respect
to DY — 77—, taken from ,
and all the other factors are as shown in Section [5.6]
The systematic uncertainties on the C'P observables corresponding to the D — 77~ mode
are assessed in the same way as detailed in Section [5.6] These are summarised in Table [5.21]

The CP observables in the D — 77~ mode are measured to be

ATT = 1,109 T0845 4 0.247, (5.53)
AT = 0117 T339% £ 0.015, (5.54)
RI™ = 0.516 10532 +0.134, (5.55)

TTo= 0112 13827 4+ 0.013, (5.56)

where the first uncertainty is statistical and the second systematic.

As can be seen from Equations to , all the C'P observables are measured to be
compatible with 0 within their uncertainties, which are dominated by statistics. Nevertheless,
these uncertainties are large, which makes this result barely precise. This is the reason why these
results have not been published. The reconstructed yiels in the D — 77~ mode are however
compatible with the expectation from the D — K™K~ yields, when taking into account the
corresponding branching fractions.
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Source Observable

R RE AT Ay
BO — BY production asymmetry 0.003 0.00010 0.0 0.0013

fs/fa 0.0 0.004 0.0 0.0

Ts/Td 0.0 0.0012 0.0 0.0

DY decay BFs 0.009 0.0 0.0 0.0
Trigger efficiency 0.006 0.0011 0.010 0.002

Lifetime difference 0.0 0.0011 0.0 0.0

PID efficiency 0.007 0.0 0.0 0.0

Selection efficiency 0.004 0.0 0.0 0.0
Signal model 0.07 0.007 0.006 0.13
Combinatorial model 0.07 0.009 0.005 0.13
Low mass background model 0.07 0.005 0.006 0.12
B? — Dp° cross-feed model 0.05 0.003 0.006 0.11
Total 0.134 0.014 0.015 0.247

Table 5.21: Summary of all the contributing systematic uncertainties on each D — w7~ o0b-

servable.
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Chapter 6

Moeasurement of CP observables 1n
B — DK~ with D — K'r

In addition to the 1 fb~! of 2011 data, LHCb has collected another 2 fb~! of LHC proton-proton
collision data in 2012. The complete 3 fb~! data sample is analysed, in order to extract a
measurement of the C'P observables in the B — DK*0 channel using the D — K~ mode.
Sizeable C'P violation effects are expected in this decay, and sensitivity to the CKM ~ angle
arises through the ADS approach (c.f. Section [2.4.2). This analysis is performed in the same
way than the GLW one described in Chapter 5] It completes the work done during this thesis,
and the preliminary results are detailed in this chapter.

6.1 Analysis introduction

This chapter describes preliminary results on the C'P observables for BY and BY decays to
the DK*Y final state, where D can be a DY or a DY. The theoretical motivation is the same as
introduced in Section 5.1} sensitivity to the weak phase 7 arises from the interference between the
b — u and b — c tree-level mediated amplitudes (c.f. Section , both of which are colour-
suppressed. Here, we consider only neutral D decays to the quasi-specific flavour eigenstates
D — K¥x*. The ADS method can be used to extract v from these modes, as the suppressed
B° - DK*0 with D — K—7t is expected to be sensitive to C'P violation effects. This mode is
characterised by opposite sign (OS) kaons in the final state B — [K~7"|pK*0(K*7~). The
favoured B® — DK*Y with D — K+7~ decay, characterised by same sign (S5) kaons in the final
state BY — [K+t7~|pK*(K*77), is not expected to have a sizeable sensitivity to v with the
current LHCDb data sample, and is used in this analysis as a normalisation channel. Contributions
from ES decaying to the same final state are also anticipated for B® — DK*0 with D — KTr*
0S.

CP observables can be built from the partial widths of these decays, which can be experi-
mentally measured from ratios of reconstructed signal yields, relative efficiencies and relative DY
branching fractions. They are the two C'P assymetries for the OS mode for B and BY

(B — [Ktn~]pK*?) —T(B° — [K 7t pK*Y)

A = 2 l (6.1)
F(BO — [K+7r_]DK*0) + P(BO — [K_W+]DK*O)
= Aups,
0 -+ 7o*x0) _ RO +.— *0
4 _ DB = (K ' pE) —D(BY = (K7 |pk™) 62)

I'(BY — [K—nt]pK*0) + T'(B? — [K+7~]|pK*0)’
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the ratio of BY widths for the suppressed OS over the favoured S.S modes

(B = [K*tn~|pK*?) + T(B° — [K 7t pK*Y)

R — = 6.3
a [(BY — [K-7t]pK*0) + [(BY — [K+n-]|pK*0) (6:3)
= Raps,
and the B® CP asymmetry in the favoured SS mode
(B — [K~7"]pK*®) —T(B® - [Kt7~ | pK*°
e _ DB = [K-r*]pR0) ~D(B°  [Kn|p ™) 0.1

I'(B° — [K—nt]pK*0) + I'(B° — [K+7n~]|pK*0)

A blind analysis is performed for the B? and BY signal mass windows of the suppressed OS
decay. As both B? and BY contributions are involved, the candidate events of the analysis are
more generally denoted by B.

6.2 Data sets and event selection

6.2.1 Data and simulation samples

This analysis is based on 3.02 + 0.14fb™! of data recorded at the LHCb experiment (c.f. Chap-
ter [3) from the LHC proton-proton collisions at a centre-of-mass energy of /s = 7TeV during
the year 2011 and /s = 8 TeV during 2012. B candidates are preselected by the stripping soft-
ware! by a line dedicated to select B hadron decays to charmed particles (c.f. Section [3.4)). The
events are required to be triggered at the hardware trigger level L0 by the signal candidate (Trig-
ger On Signal, “TOS”) by any line. Concerning the software trigger, events must be triggered
at the first level HLT1 by a specific line relying on track information, and at the second level
HLT2 by the topological lines, which select b-hadron decays in an inclusive way by requiring at
least two charged particles in the final state and a displaced decay vertex (c.f Section . The
Monte Carlo simulation samples used to determine efficiencies and to model B invariant mass
distribution components were produced with the 2011 configuration of the software, as the 2012
configuration was still being finalised at the time when this analysis was performed.

Further specific criteria are applied in addition to the stripping selection, summarised in Ta-
ble m The cut based selection used in the B — [KTK ] DF*O analysis described in Chapter
(c.f Section is used as reference, but it is substantially modified. In particular, a multivariate
method is implemented by a “Boosted Decision Tree” instead of rectangular cuts for an impor-
tant number of selection variables. The complete selection criteria is described in the following
sections. B and B candidates are treated together along all the selection and background studies
procedure.

6.2.2 Boosted Decision Tree selection
Boosted Decision Tree: a multivariate method

Particle physics analyses need to apply appropriate selection criteria in order to separate the in-
teresting signal from the undesired background pollution. A certain group of variables is identified
that allow to perform this discrimination when suitable cuts are applied on them. Classically,
these variables are treated independently, and a sensible cut is chosen for each variable, usually
by using Monte Carlo simulation of the signal and expected background contibutions to the

!This stripping selection is essentially the same as the one detailed in Table
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Figure 6.1: Illustration of multivariate selections, for two variables x; and x;, and two data species
Hy and Hy (for example signal and background). The left plot represents a classic selection using
rectangular cuts. The middle and right plots show the optimised discrimination between the two
species when taking into account the two variables together (multivariate algorithms): a linear
discriminant is used in the middle plot (Fisher discriminants), a non-linear contour in the right
plot (Boosted Decision Trees, Neural Networks, etc.).

channel in study. These individual “rectangular” cuts applied to each one of the variables in the
set are determined by demanding to retain as much signal as possible, while rejecting as much
background as possible. This is illustrated on the left panel of Figure [6.1]

Modern methods are being developed in order to improve the background rejection while
keeping a high efficiency on signal. The basis of multivariate analysis (MVA) is to take into
account the discriminant variables in the set together, instead of studying them independently.
Instead of applying rectangular cuts, different classifiers built by combining the variables are
obtained from the different multivariate methods, and the best individual cut on this combined
classifier is chosen. The signal-background separation in data can be optimised through this
methods, even when the two species have similar distributions: the selected region is not neces-
sarily a “rectangle”, but other linear and non-linear shapes are applied in order to perform the
most efficient selection, as exemplified in the middle and right panels of Figure [6.1

The multivariate method used in the analysis described in this chapter is a Boosted Decision
Tree (BDT). A decision tree is a sequence of binary splits performed as cuts on the given set
of variables, as illustrated in Figure . Two separate signal and background samples are
needed to train the decision tree. At each node, starting from the “root” node where all the
signal and background events are merged together, the cut on the variable that gives the best
separation between signal and background is applied. That is to say, at every split a fixed
number of cuts on each one of the variables is tested in order to choose the most discriminant
one, according to a certain criterion. The phase space is split in this way into many regions,
until the specified minimum number of events is left on the final nodes or “leafs”, or until the
defined maximum depth of the tree is reached. The leaf nodes are then classified as signal or
background according to the species that the majority of the contained events belongs to. Several
possibilities are available to define the separation of the signal and background evaluated and
maximised in every node. The one we used here is the “Gini index”, defined as p x (1 —p), where
p is the purity p = SJriB, with S the number of signal events and B the number of background
events in the new leaf after the considered splitting.

The “boosted” component arises from the fact that not only one decision tree is used for the
final signal-background discrimination in the data, but a collection of them. This forest is built
by giving a higher weight to misclassified events in the decision trees. That is to say, a new tree
is built by starting from the same signal and background samples, but multiplying the events
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ROOT
NODE

!

Figure 6.2: Diagram of a decision tree. At each node, the most discriminant variable to separate
the signal events S from the background events B is cut on. A set of discriminant variables
T, Tj, Tk, .. 18 tested, and the best cut c1,...,cq 1is determined at every split.

that were misclassified in the previous tree by a common factor, the “boost weight”. In this way,
the classification peformance is enhanced, as well as the stability against statistical fluctuations.

The boosting method used in this analysis is a Gradient Boost. The forest is identified with
a function F'(x) built as a weighted sum of boosted decision trees, represented by parametrised
base functions f(x;a.n,), also called “weak-learners”,

T
F(x;P)=> Bif(x;ct); P e{Bialy, (6.5)
t=0

where x is the set of discriminating variables, the sum on ¢ is performed over the total number
of trees T, ¢; is the set of parameters defining the trees and 3; are the boosting weights. The
boosting procedure consists on adjusting the parameters P so that the deviation between the
BDT model response F(x) and the true value y obtained from the training data samples is
minimised. To measure the deviation between these two, a loss function is defined as a binomial
log-likelihood?

L(F,y) =In (1 t e ?F <X>y) . (6.6)

In order to develop an efficient MVA method, two different sets of signal and background
events are needed as input: a training sample, to perform the MVA learning, and a testing
sample, to validate the learning. An important issue that needs to be taken care of is the risk
of overtraining. That is to say, it can happen that a MVA method “learns to much”, and while
the performance seems to be very good in the training sample, it is not when measured on

2Other boosting methods appear for different definitions of the loss function L(F,y). For example, in the
AdaBoost (adaptative boost) method it is L(F,y) = e~ 7™,
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the testing one. For a BDT, this can happen for instance when the number of trees or nodes
is too high. The main purpose of the testing sample is to detect this possible problem. The
Kolmogorov-Smirnov test is a statistical method that can be used to quantify the overtraining.
It compares two distributions, in this case the training and testing classifier outputs (separetely
for signal and background) and computes the distance between the two corresponding empirical
distributions. The Kolmogorov-Smirnov test can have values between 0 and 1, being 1 the case
where the two distributions are exactly the same. As a rule, we consider 0.1 as the critical value
under which there is evidence of overtraining.

The BDT training produces a set of weights in order to classify the events as signal or
background. The application of these BDT weights on the actual data to be analysed produces,
for each each event in the sample, a BDT response taking values between (0 and 1, that can
be somehow understood as a probability of an event to be signal. This BDT response or BDT
classifier can be used as a new variable to cut on, in order to reject background from the data.

A Boosted Decision Tree using a Gradient Boost is implemented in this analysis by means
of the TMVA package? . Other MVA methods have been tested in order to choose the one
giving the highest performance on the considered data. Roughly tuned versions of a BDT, a
Neural Network and a Fisher discriminant were compared at an early stage. A ROC (Receiver
Operating Characteristic) diagram is used for this comparison: it represents the background
rejection versus the signal efficiency obtained from a MVA method by cutting on the classifier
output for the events on the test sample. This is shown in Figure The BDT provides a
slightly better performance. This together with the fact that the BDT is more transparent and
adjustable motivated the choice of this MVA for this analysis. The specific characteristics of the
final BDT, as well as the training procedure and optimisation for the B® — DK*? candidates
are detailed in the following section.

A Boosted Decision Tree for B — DK*0

A Boosted Decision Tree is developed for B — DK*? implemented using the TMVA pack-
age in ROOT. This BDT is optimised for D — KTx® Opposite Sign, as this is the signal
we are interested in. The following samples are used to train and test the BDT:

e Signal: Monte Carlo simulation of signal B — [K¥7%]p K*°, matched to truly generated
signal decays.

e Background: 2011 real data candidates from the upper sideband of the B® — DK*Y
Opposite Sign mode. This upper sideband is defined as events outside the B candidates
mass window that is used for the invariant mass distribution fit in Section [6.4], that is to
say M(B) > 5.8 GeV/c%.

A small preselection is applied to these data sets, namely the mass windows of the D
and K*O mesons and the cut on the 6* helicity angle: ‘M(Kﬁri — M(DO)‘ < 20MeV/c?,
|M(K*n™) — M(K*%)| < 50MeV/c? and |cos6*| > 0.4. The number of events available after
these cuts is shown in Table for both the signal and background categories. The signal sam-
ple is split randomly in two halves, one to perform the BDT training and the other to test this
training in order to control possible overtraining effects. For the background sample, the same
number of training events as for the signal is assigned, and the rest is left for training, choosing
also the events in a random way.

3TMVA is a ROOT-integrated toolkit for multivariate classification and regression analysis. It integrates a
large variety of multivariate methods, and the appropriate routines for their training, testing and performance
evaluation to apply them to the particular problem of the user.
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Background rejection versus Signal efficiency TMVA
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Figure 6.3: ROC (Receiver Operating Characteristic) diagrams, giving the peformance of differ-
ent MVA methods applied to the B® — [KTn¥]|pK*® Opposite Sign channel. The horizontal azis
shows the efficiency on signal, while the vertical axis shows the background rejection. A method
performs better when the area integrated under the corresponding curve is larger. The four rep-
resented tested methods are: a Fisher discriminant (black line), a Neural Network (red line), a
Boosted Decision Tree (green line), and a slightly better tuned Boosted Decision Tree (blue line).

data sample
Signal Background

training 4664 4663
testing 4664 9154
total 9328 13817

Table 6.1: Number of events in the signal and background samples for the B® — [KTn¥]pK*0
Opposite Sign BDT training and testing processes.

The variables used for the BDT training are chosen among those from the previous cut based
analysis which are oriented to remove combinatorial background. These are listed in Table [6.2}
the transverse momentum of the particles in the final state, the vertex fit x?/ndf of the D and
B mesons, the minimal impact parameter significance Min IPx? for the D, the K*V and the B,
the pointing angle of the B between its momentum direction and its direction of flight, and the
the sum of the square roots of the IPy? of the four charged tracks with respect to the primary
vertex*. Despite their importance for background rejection, the particle identification variables
DLLg, are not included, due to the fact that they are not well reproduced by the simulation.
The distribution of the variables in the training samples for both signal and background are
shown in Figure [6.4]

The linear correlations between these variables are shown in Figure for both signal and
background. Relatively high correlations exist for impact parameter variables, namely the sum of
the square roots of the IPy? of the four charged tracks with the minimum IPy? of the D and K*°

“For a more precise description of these quantities, see Section

126



6.2 Data sets and event selection
%10° x10° 10°
3 ol T T " 2 T T T ™ 3 T T T ]
© wn n 1
> Background o > 03 i > i Y
il s © s = 15
2 os :z S ik
= : 1 EH
S S J8
3 13 13
g 1s E
0.2 < ]
e {3 3
2 1z B
2 48 ]
o {9 ]
S L L S
© 5000 10000 15000 20000 5000 10000 15000 20000 5000 10000 15000 20000
DOK_PT DOPi_PT Kstark_PT
§ 0.001 ! ! = E ! = § 15 T ¢
P4 1= S 1. ¢ 1=
° 45 2 S P4 12
s g = 1= 2 15
= 12 2 4 2+ s
e < 1z < 1z
0.0005 -3 13 ]s
1z 12 E
= 0.2 —1= 0.5 1=
1z ) la
) 1 )
13 43 1:
] ] 12
]e 19 19
0 k el S5 0 S 0 S
5000 10000 15000 5 10 0 5 10
KstarPi_PT Bd_ENDVERTEX_CHI2/Bd_ENDVERTEX_NDOF DO_ENDVERTEX_CHI2/D0_ENDVERTEX_NDOF
@ T T T = - T T ™ < T T .
S 0.001 - ¥ aam 3 = ]
P4 P4 E > ]
: g 3 s 3 EE
> 1 = 1= = 1e
=] 1 Sooots J¢ £ ie
1z 1= 1z
S Js -3
0.0005 13 0.001 5 1s
1< 4 4
1z Ja Ja
1B 0.0005 Je e
H EH oy 15 H
1K K 5 12
0 I i i g 0 & i 'g ,,,,,,,,/,,,(/,///////////////I/IIIA g
10000 20000 30000 5000 10000 15000 20
Kstar_IPCHI2_OWNPV DO_IPCHI2_OWNPV Bd_IPCHI2_OWNPV
[T} T ~ T T ™)
& [ o) 4
2 20000 |- N
< L > .
= : ¢ 3 18
o L = = 0.02 =]
Z 15000 g £ 1é
z 3 2 1=
= : 3 3
10000 - p oo 13
S 4 —1<
[ & 1z
5000 |~ e 12
- 3 H
[ s 128
s 3 13
. | g . \ A
0.9995 1 200 400 600
Bd_DIRA_OWNPV SumlPs

Figure 6.4: Signal and background distributions of the variables used to train the BDT, for the
training sample. See Table @for the explanation of the variables.
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Meson BDT training variables code name
Charged track pr X PT
DO Vertex x2/ndf D0 _ENDVERTEX CHI2/
D0 _ENDVERTEX NDOF
Min IPy? D0 _TPCHI2 OWNPV
K*0 Min IPy? Kstar IPCHI2 OWNPV
B Vertex x2/ndf Bd ENDVERTEX CHI2/
Bd ENDVERTEX NDOF
Min IPy? Bd TPCHI2 OWNPV
cos(Odira) Bd DIRA OWNPV

Y tracks VIPX? SumlIPs

Table 6.2: Input variables for the training of the BDT. A code is provided to match the name of
each variable with the corresponding distribution in Figure .

mesons. In order to improve the BDT performance in discriminating signal from background, the
input variables distributions are preprocessed before the training. Two transformation operations
are applied: a “Gaussianisation”, which transforms the distribution of the input variables into
Gaussian shapes, plus a linear decorrelation (which works better on Gaussian distributions).

Several studies were performed in order to select the BD'T parameters giving the most efficient
BDT for these data. The final BDT has the following characteristics:

e Number of trees in the forest: 200.

e Maximum depth allowed in each decision tree: 2.

e Number of cuts or steps during the node cut optimisation: 20.
e Boosting type: Gradient. Shrinkage (learning rate): 0.1.

These parameters were chosen by training the tree with different values for each one of them, and
comparing the performance while keeping the overtraining at a safe level. Special attention has
been paid to the number of trees and the maximum depth. Higher values for these parameters
give better performance, but at the same time the overtraining becomes important (which can be
understood as the BDT learning “too fast” the difference between signal and background). The
chosen combination is a good compromise between improving the performance while controlling
the overtraining.

The ROC or performance curve and the signal and background output distributions of the
BDT trained in this way is shown in Figure [6.6] The overtraining Kolmogorov-Smirnov test,
quantifying the difference between the training and test sample separately for the signal and
background categories, is shown in the right panel of the figure: the agreement is good and the
test is > 0.1, thus we consider that the BDT is not overtrained.

The total 3 fb=! of real data are thus processed in order to obtain the BDT classifier dis-
tribution, using the weights resulting from the BDT tuned and trained in this way. In order to
determine the best cut on this variable, the expected numbers of events of signal S and back-
ground B in the B® — [K¥ 7] p K*0 Opposite Sign signal region are computed. The background
is extrapolated from the number of events in the B mass window inside [5.5;5.8] GeV /c?, where
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Figure 6.5: Linear correlations of the input variables for the BDT training, for signal (left) and
background (right). See Table for the explanation of the variables.
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Figure 6.6: Performance plots for the BDT described in the text, optimised for the B® —
[KTnt]pK*0 Opposite Sign mode. Left: ROC curve (background rejection versus signal effi-
ciency). Right: BDT classifier output for signal and background, for both the training and testing
sample. The overtraining can be addressed from this plot, where the value of the Kolmogorov-
Smirnov test is provided.
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Figure 6.7: Ezpected significance S/\/S + B of the B — [KT7F|p K** Opposite Sign mode as a
function of the cut on the BDT classifier variable. S is estimated from the number ofES signal

events. The horizontal line represents the expected significance when a cut based selection as the
one optimised for the B — [KtK~|pK*" analysis (c.f. Table is applied.

only combinatorial background contributes, assuming that this background follows a first order
polynomial distribution. As the signal region is blind, S is estimated from the number of events
in the Eg mass window [5.32;5.42] GeV/c?, sustracting the corresponding extrapolated back-
ground, and scaled multiplying it by a factor computed using the CKM matrix elements, and
the ratio of hadronisation fractions fs/fy = 0.276 £ 0.021 . One should note that no fit to
the B invariant mass distribution is used here.

The expected significance in the B° signal region, defined as S/v/S + B is represented as a
function of the cut on the BDT classifier in Figure [6.7 The additional cuts that are described
in the next sections are also applied, using those before their optimisation®. The expected sig-
nificance resulting when applying the cut based selection optimised for the B® — [K+K~]pK*Y
analysis (c.f. Section to the current data sample is represented by the horizontal line, for
comparison. The BDT selection performs better than the cut based one, according to this plot.
A cut on the BDT classifier > 0.6 is chosen.

Additional cuts need to be applied on top of the one on the BDT response in order to obtain
an optimal selection. These are described in the following sections.

6.2.3 DY selection

DO or D° mesons are reconstructed in the D — K¥r+ decay modes. Particle identification
(PID) criteria are applied to distinguish 7 from K, namely the difference between the logarithmic
likelihoods of the K and 7 hypotheses DLLk ., must be larger than -2 for K and smaller than 8
for 7.

To suppress background from the charmless decays B — KTx*K*0 a condition on the
D flight distance (FD) significance with respect to the B vertex is applied, requesting that it

5These additional cuts were optimised after the choice of the BDT, so in this plot the values before optimisation,
shown in Table are considered, for the variables not used to train the BDT (no cut is applied on the BDT
training variables).
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is larger than 3, that is to say requiring the D daughters to come from a displaced D vertex
with respect to the B vertex (see Section [6.3.1). Finally, only D candidates with an invariant
mass within £20 MeV /c? of the D° nominal mass (1864.86 MeV /c? ) are kept to form B
candidates.

6.2.4 K0 selection

K*0 mesons are reconstructed in the mode K*® — K*7~. Concerning particle identification
criteria, the DLLg, is required to be larger than 3 for the K and lower than 3 for the 7.
Possible contamination from protons in the K sample (Ag — 5Oph_ decays, see Section
is reduced by keeping only K candidates with a difference between the logarithmic likelihoods of
the proton and K hypotheses DLL,x smaller than 10. K*0 candidates with an invariant mass
within +£50 MeV/c? of the nominal mass (891.66 MeV /¢ [34]) are selected.

6.2.5 B selection

B hadron candidates are formed combining D and K*° candidates selected with the above re-
quirements. Events are required to be triggered by any particle in the B® — [KT7¥|p K*0(K+717)
final state by the L0 Hadron line (“TOS”), or by any L0 line by the other B hadron decay in the
same event (“OtherB”). Using the fact that the signal decay modes are decays of a pseudo-scalar
particle (B°) to a pseudo-scalar particle (D°) and a vector particle (K*0), the helicity angle 6*
of the K from the K*¥ is required to have an absolute value of the cosine larger than 0.4.

Specific peaking backgrounds from B? — D, 7t or BY — D K T decays are eliminated by
applying a veto on candidates for which the invariant mass of three of the four charged mesons in
the final state is compatible with them being produced by a D or a DT decay (see Section.
Namely, candidates are rejected when the invariant mass M (K*7TnT) is within +15 MeV/c?
of the DT nominal mass or when the invariant mass M (KT K*7T) is within £15 MeV/c? of the
DF or DT nominal mass.

After all selections are applied, 0.9 % of the events contain more than one B candidate. For
the final measurement, and in particular for the mass fit described later, only one candidate per
event is retained, keeping the one with the largest B flight distance significance with respect to
the primary vertex of smallest IPy?.

6.2.6 Selection optimisation

The selection presented before is based on the optimal selection developed for the
B - [KTK™] D?*O analysis from Chapter The cuts applied on the set of selection vari-
ables not used in the BDT training are optimised, to account for the new data and the BDT

based selection.

First, the PID on the K and 7 particles in the final state is optimised. All selection cuts
are applied except the one on DLLg, variables of the K and m from the D meson. The same
procedure as described in Section is used to estimate the B® — [KTnt]pK*? Opposite
Sign signal significance S/v/S + B, that is to say extrapolating the background B from the
upper sideband of the invariant mass distribution, and estimating the blind signal S by scaling
the number of ES signal events. The significance is computed as a function of the cut on the
DLLg, variables of the D daughters and shown in the left panel of Figure [6.8] The preferred
cut for K appears to be DLLg,(K*) > —2, while a plateau is reached for the 7 for cuts larger
than DLLj,(7) < 7. A value of < 8 is chosen, as for the same significance a tighter cut is
preferred in order to reduce the amount of background events. These cuts are looser than the
previous ones (c.f. Table , and there is a risk of allowing larger fractions of cross-feed events
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Meson Variable Cut value
DO DLL g (K*) > —2
DLL g, (7F) <8
Flight distance significance >3
|M(KF7r* — M(DY)| < 20MeV/c?
K*0 DLLg, (K¥) >3
DLL g, (7%) <3
DLL,x (K¥) <10
|M(K*7™) — M(K*)| < 50MeV/c?
B |cos 6% > 0.4
|M(KFrtr®) — M(D%)| > 15MeV/c?
|M(K*K¥r%) — M(DE, DF)| > 15MeV/c?
Combined BDT classifier > 0.6

Table 6.3: Selection criteria for B® — [KTnF|pK*0 candidates.

from different D decay modes because of particle misidentification. This effect is checked to be
negligible in Section [6.3.2]

The same procedure is applied for the K and 7 from the K*° meson, using the new PID
cuts for the D daughters. The S//S + B estimated significance for the B signal as a function
of the cuts on the DLLg, variables is shown in the left panel of Figure[6.8] Here the potential
risk is to allow cross-feed events from B® — Dp?(77~) events, when one of the 7 from the p"
is misidentified as a K. Although the favoured cuts seem to be the looser ones, giving a larger
significance, it has been noticed that for those pairs the number of background events B in the
signal region is larger than the number of expected signal events S, which is not desirable. If we
rule out all the combinations giving a significance larger than 7, the next favoured pairs are those
with approximately the same cut value on DLLg, for K than for 7 (with DLLg, > cut for K
and DLLg, < cut for 7), and the significance is very similar for all of these. It is decided to set
the cut on these variables at the same value than used previously, in order to keep the cross-feed
from B® — Dp°(7T7~) under control, that is to say DLL(K*) > 3 and DLLg,(7%) < 3 for
the K*0 decay products.

6.3 Specific backgrounds studies

6.3.1 Charmless background

Peaking backgrounds from charmless decays, of the type B? — KTatK*0 decays, are removed
by applying a cut on the D meson flight distance significance®, as mentioned in Section

To study this source of background, this requirement on the D flight distance and the D mass
window are relaxed. The upper sideband of the D invarant mass distribution is used’, defined

6This variable is defined in Section
"Only the upper sideband is considered, in order to discard eventual partially reconstructed D events coming
from other background sources, populating the D low mass region.

132



6.3 Specific backgrounds studies

45- 10 7.4 E
[&) . wn
K o
—_

s

R

-5 0 5 10
Ky.DLL, . cut

5 0 5
K, DLL,, cut

Figure 6.8: Ezpected significance S/\/S + B of the B® — [KTrE|pK*® Opposite Sign signal as a
function of the PID cuts on the D daughters (left) and the K*° daughters (right). S is estimated

from the number ofES signal events.
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Figure 6.9: Fit to the D invariant mass distribution after all selection cuts for D — KTn+,
relazing the D mass window and the D flight distance significance requirement (left), or relazing
only the D mass window and requiring the D flight distance significance to be > 3. The black
line superimposed on the distributions is the fit result, sum of a linear combinatorial background
(blue line) and a Gaussian function for the signal (green line).

as M(KTa%) > 1915 MeV /c? as shown in the left panel of Figure [6.9] (where the whole B mass
distribution is considered). B and B events are treated together along the process.

For the events in this sideband, the B invariant mass distribution is studied and fitted with
double Gaussian functions for the BY and the Efj signal peaks, using the same parameters as in
the nominal fit of Section but additionally fixing the mean value and the signal resolution,
and an exponential function for the combinatorial background. The fit is repeated for different
cut values on the D flight distance significance requirement. The resulting yvields of BY and
ES are scaled to the D signal region selected for the final analysis, and then represented as a
function of the D flight distance significance requirement in Figure for B® and for Eg,
separately for D — K Tn+ Opposite Sign and Same Sign modes.

From these plots it can be seen that the charmless contribution to the B? signal is quite
reduced in the D — KT Opposite Sign mode, which is the signal channel of this analysis.
However, as this BY mode is suppressed and the expected final yields are small, we set the D
flight distance significance cut at > 3. This cut is also enough to keep the E‘j contribution at a
level compatible with zero.

6.3.2 Cross-feed of D modes

From the loose PID cuts for the D products listed in Table [6.3] we anticipate cross-feed back-
ground from misidentified events from other D — h™h~ decays. The cross-feed background from
D — KtK~ and D — 7ntn~ into the D — K*7T mode under study is assessed from the in-
variant mass distribution of the D meson in the right panel of Figure[6.9] where D mass window
requirement is relaxed. A clear peak appears, centred around the nominal mass of the D° meson
(M(D°) = 1864.86 + 0.13 MeV /c? ) No other structures are present in this distribution,
neither at lower nor at higher masses, which implies that no sizeable cross-feed is present from
other D modes.

The double mis-ID contribution of the favoured D — K75 (SS) category into the suppressed
D — KTt (0S8) is estimated from simulation to be less than 0.15 %.
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Figure 6.10: Yields of peaking backgrounds from charmless B decays scaled to the D signal
region, as a function of the flight distance significance cut on the D, for the D — K¥n% Opposite
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Figure 6.11: Yields of peaking backgrounds from charmless §2 decays scaled to the D signal region,
as a function of the flight distance significance cut on the D, for the D — K¥Tnt Opposite Sign
(left) and Same Sign (right) categories.

6.3.3 Other backgrounds

In order to avoid possible backgrounds from Ay — Eopﬂ_ and B® — D~ (K'R"W")h* or
BY — DF (Wh'W") h~ decays, the same requirements used for the analysis presented in Chap-
ter 5| (c.f. Section are kept and applied here. These cuts are included in Table The
requirement on the K PID hypothesis with respect to the proton hypothesis DLLpK(Ki) <10
for the K coming from the K* decay fights against Ag — 501977* contributions, when the proton
is misidentified as a K. The requirement on the mass combination of three of the four particles
in the final state, |M(KFat7r®) — M(D*)| > 15MeV/c? and |M(K*KTr*) — M(D%, D¥)| >
15MeV/c?, removes the event when this combination is compatible with a B — D~h* or a
B — Dfh™ decay. The double mis-ID contribution from K*® — 7t K~ into K** — K*7~
is estimated from simulation to be 0.03 % and thus neglected. Other possible background con-
tributions are either considered also negligible, or modelled in the final fit to the B invariant
mass.
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6.4 Fit strategy

The event yields necessary to compute the ratios and asymetries presented in Section are
extracted from an extended unbinned maximum likelihood fit to the mass distributions of the
reconstructed and selected events. The DK*? invariant mass of the B candidates is computed
from the combination of the four final state particles, with a constraint applied on the D meson
mass to be equal to D° nominal mass (1864.86 +0.13) MeV /c? . The B candidates invariant
mass window considered is defined as [5.0;5.8] GeV/c2.

6.4.1 Categories

B — DK*Y events are grouped into categories, according to the D decay mode in which they
are reconstructed and the flavour of the B-hadron at its decay time. The following categories
are defined:

e B (Km) Opposite Sign (0S5):
BY —» [K—7T]p K**(K*7n~) and B? — [K—nT]p K**(K+77);

e B (Kn) Opposite Sign (OS):
B » [K+tn | p K (K-—nt) and B - [K+n~|p K (K—n");

e B (Km) Same Sign (SS):
BY — [KT 77 |p K*(K*7™);

e B (Kn) Same Sign (S95):
B — [K_WJF]DF*O(K_F').

6.4.2 Fit probability density function components

For each category of events, the mass distribution is fit with a model which is the sum of
probability density functions (PDF) describing the different types of contributions. The model is
essentially the same as the one used in the analysis for the measurement of the C'P observables
in the B — [K+K_]DF*O channel described in Chapter (c.f. Section . The modifications
introduced due to the large amount of data used here and a better background description from
simulation are described in this section. In the following, the B invariant mass variable on which
the fit is performed is denoted as M.

6.4.2.1 Signal

The PDF describing the signal is, for each category, a sum of two double Gaussian functions, one
for the B signal peak and one for the ES signal peak. Except for the signal yields, all the other
parameters are common to all categories. The model is exactly the same as the one described in

Section [5.5.2.1 namely:
—0 e _ (M—p)? 1 — feore _ (M=w)?
fsignal(M; NBO,NBS,M,J) = NB0 {fcoee 302 + &e 20702 ] +
oV 2w oKV 2T

2 P 2
_ (M—p—AM) 1— fcore _ (M—p—AM)
e 202 —F—€

20252 ], (6.7)

NES |: fcore
oV 2 TRV 2T

where

e NB" is the number of signal BY events.
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B . . -0 ]
e NPs is the number of signal B, events®.
e 4 is the central value of the Gaussian function for the BY peak.

e o is the resolution of the Gaussian function out of the doublet which has the smallest one,
or “core” resolution. The same value is used for the B® and the Eg peaks?.

e x is the ratio of the largest resolution to the smallest resolution of the double Gaussian
function. It is fixed to the value obtained from Monte Carlo simulation, x = 2.1, and the

: 0 —0

same value is used for B” and Bj.

o feore 18 the fraction of signal events in the Gaussian with the smallest resolution. It is fixed
to the value obtained from Monte Carlo simulation, feore = 0.87, and the same value is

0 —0

used for B” and B,.

e AM is the mass difference between the mean values of the E‘j peak and B° peak. It is
fixed to the nominal value AM = 87.19 MeV /c? .

6.4.2.2 Combinatorial background

The combinatorial background is parameterised by a decreasing exponential function with slope
parameter c,

fcomb(M§ Ncomb» C) = NcombeMc X ‘C|7 (68)

where Ngomp is the number of combinatorial background events. The value of the slope c¢ is
the same for all event categories, and the numbers of combinatorial background candidates are
constrained to be equal between B and B. This model is exactly the same as the one used in

Section [£.5.2.21

6.4.2.3 Low mass background from partially reconstructed B° — D*K*° decays
This category of background is due to B?S) decaying to B — D*K*0 or Eg — D*K*0 where
D* denotes either a D*0 or a E*O, with D*0 — D% or D** — D0 and reconstructed as
B° - DK*0 or Eg — DK*Y. Because of the missing soft v or 7% momentum, the invariant mass
of such candidates peaks at values below the nominal B? and B? masses. This component is
significantly better modelled in this analysis with respect to that described in Section [5.5.2.3]

Total angular momentum conservation in B® — D*K*° or Eg — D*K*% which are decays of
a pseudo-scalar particle into two vector particles, implies three non zero (but unknown) helicity
amplitudes:

e A1, the amplitude for the decay where the D* is produced in helicity state —1 and the
K*Y in helicity state +1 (configuration “0017, A\(D*Y) = —1, A\(K*?) = +1).

e Apig, the amplitude for the decay where the D™ is produced in helicity state 0 and the
K*% in helicity state 0 (configuration “010”, A(D*?) = 0, A(K*?) = 0).

e Aiqo, the amplitude for the decay where the D*¥ is produced in helicity state +1 and the
K*Y in helicity state —1 (configuration “100”, A\(D*Y) = +1, A\(K*?) = —1).

8This term is only present in the Opposite Sign categories.
Tt was checked that this is justified on Monte Carlo simulation samples: the core resolution for both signal
B° - [K¥ %] K*° and signal B. — [KT7%]p K0 is (10.8 & 0.2) MeV/c2.
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6. MEASUREMENT OF CP OBSERVABLES IN B’ — DK™’ WITH D — K*r~

The DK*? invariant mass depends on only one angle ¢, which is the angle between the D
momentum direction in the D* rest frame, and the D* momentum direction in the B rest frame.

The distribution of this angle is given for D*® — D70 decays by ,
1(0') % Aoor | sin @ + | Agro|? cos® ¢ + % | Asoo|? sin2 (6.9)
and for D*0 — D%y decays
I1(0) % | Agor|? (1+ cos®@') + | Ag10|? sin? 0 + % | A100/? (14 cos®8'). (6.10)

Each helicity configuration results in different shapes of the reconstructed B — DK*? or

B = DK*0 mass, and the shape for the D*® — D%y decay is also different from the shape

S
for the D** — DO7% decay. However, these equations state in the two cases that the “001”
component should be indistinguishable from the “100” component, as they both follow the same
distribution. Figure shows the invariant mass distributions obtained with fully simulated
events generated in the configurations “001” and “010”, and selected by the analysis selection, for
the D*0 — D%y decay in the left panels and D*® — DO7Y in the right panels.

A comment should be made at this point for the reader comparing these results to those
described in Chapter [f] (c.f. Section [5.5.2.3). One should note that Figure shows different
shapes for the “001” and “100” configurations of the D*0 — D%y decay, which is not compatible
with what is displayed in Equation . This was found to be due to a bug in the EvtGen
package used in the LHCb simulation (c.f. Section , where some total angular momentum
possibilities for the particles were missing. This bug was discovered late in the publication
procedure of this analysis. It was corrected in subsequent simulation productions, but at the
moment of the publication of the results in [64] it was not possible to check the real impact of
this bug in the results. Nevertheless, simpler tests have been performed, for example forcing
the model to fit the same yields in the “001” and the “100” configurations, that gave compatible
results with the one published.

The function describing this background category is thus chosen, without interference between
the different helicity configurations, as

B° 0 B° Goio Poio 70
fpb(Mépré'?Nﬁ) ) = Npy {04010 {fv (M) + =———fg10(M) | +

Go10 + Poio” °1° Go1o0 + Poio
Goot Poor 0 }
1« (M) + ————— [ (M +
( 010) [(1001-+Fbo1jb01( ) (;001_+‘F5011bo1( )
NE'{ Boto [GOIO foro(M — AM) + _ Mt (M — AM)} +
Goio + Poio Goio + Poio

Goot
Goo1 + Poot

Poor

1— . SYU
(1= Boro) { Goo1 + Poot

foor (M — AM) + fg(;jl(M— AM)] }

(6.11)

—0
Nrﬁf and Nfbj are the numbers of partially reconstructed background events from the B —

=0 o . . .
D*K*® and B, — D*K*° contributions respectively. In this function, [y and f}}o are nomn-

parametric functions reproducing the mass distribution of fully simulated Eg — D*K*0 events!?,

'0These non-parametric functions are implemented using the “RooKeysPdf” class from the RooFit package in
ROOQT. It provides a one-dimensional estimation which models the distribution of an arbitrary input data set, by
superposing Gaussian functions.
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Figure 6.12: ES — DK*0 invariant mass distributions for fully simulated Eg — D*K* decays
selected by the analysis selection with D*° — D%y (left) and D*© — D°z° (right) and D — K7+
in the “0017 configuration (top) and “010” configuration (bottom). The superimposed curves are
non-parametric PDFs describing the distributions.
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Quantity D*0 — DO7Y D*0 — D%
Branching fraction 62 % 38%
€ace 16 % 16 %
et 0.337% 0.268 %
€010 0.643 % 0.532 %

sel

Table 6.4: Branching fractions and efficiencies of the B — D*K*® modes, with D — K¥r7T,

with D*0 — D% and D*® — D70 respectively and D decaying to K Tn* Opposite Sign mode,
and generated in the configuration “X” (“001” or “010”), reconstructed as ES — DK*. These
functions are the ones superimposed on the invariant mass distributions shown in Figure [6.12]
The mass distributions obtained from the Monte Carlo simulation are smeared and shifted to take
into account the different mass resolutions of the datall, ¢ = 12.9 MeV/c? and of the simulation
o = 10.8 MeV/c?, and the different mean values of the B? peaks, M = 5282.1 MeV/c? for the
data and M = 5279.3MeV /c? for the simulation.

The Gx and Px factors in Equation are the products of the branching fraction of
D*Y — D% or D*® — DO7Y decays respectively and of the corresponding efficiency factors in
order to correctly normalise the different helicity amplitudes contributions,

Gx = B(D*® — D%) €ace(D%) €X,(D ) and (6.12)

sel

Px = B(D* = D% €40 (D70) €X,(D70), (6.13)

where €,.. and €5 are the geometrical acceptance and the selection efficiency, respectively, both
computed from fully simulated events for each configuration. Table [6.4] shows the value of each
one of the factors entering this computation. The geometrical acceptance is computed as the
number of events with all the final tracks inside the detector acceptance, over the total number
of simulated events. The selection efficiency is computed as the number of events remaining after
all selection cuts, over the number of simulated events with all the tracks inside the acceptance.

The same functions f}}o and f3- are used to fit all categories, as well as the values of the
parameters agig and fSpig, that give the relative normalisation between the different helicity
configurations, are common to all of them. These parameters are left free in the fit.

The yields of partially reconstructed candidates for the Eg background are constrained to
the same value for the B and B categories. The same constraint is applied to the yields of
partially reconstructed candidates for the B% background in the D — KTn* Same Sign category,
where the CP violation effects are expected to be negligible. However, this can not be done in
the D — K¥x% Opposite Sign category, because of the expected sizeable CP violation effects
to which they are sensitive. Indeed, the B® — D*K*? decays happen through the interference
between the b — uw and b — ¢ amplitudes, which follows the same pattern as that in 0B0 — DK™,
The following yields of partially reconstructed background are left free in the fit: NbeJng (KmOS)

BY4+B° (KSS) NB° (K7OS) NEO (K70S)
pb 7 “'pb 7 “'pb ’

7

1 This value of the mass resolution is found with a modified version of the fit, where B and B are not separated,
and therefore is slightly different from the final value presented in Table

140



6.4 Fit strategy

300

250

200

—_
W
(e

Events / ( 0.01 GeV/c?)
=
(e

W
o

W IIII|IIII|IIII|IIII|IIII|IIII|I
IIII|IIII|IIII|IIII|IIII|IIII|I

(=}

5.2 5.4 5.6 5.8
my (GeV/c?)

Figure 6.13: B° — DK*Y invariant mass distribution for fully simulated B® — Dp° decays
with D — KTn%, selected by the analysis selection. The red line is the non-parametric function
describing the distribution, used in the mass fit to model the cross-feed background component.

6.4.2.4 Cross-feed background from B° — Dp"

The last source of background considered is that due to B® — Dp® decays with p® — 777, when
one 7 from the p° is misidentified as a K and used to reconstruct the K** in the BY — DK*°
decay. The same procedure than the one in Section is used here, updated to account for
the larger data set and the new selection. The invariant mass shape of these events is modelled
with a non-parametric PDF fgmss*f%d(M ) extracted from B? — Dp® Monte Carlo simulated
events, with a K mass hypothesis assigned to one of the 7 from the p°, applying a selection
as close as possible to the one used for B — DK*? events. The resulting distribution for the
selection described in Section is shown in Figure It has also been smeared and shifted
to account for the differences between data and simulation, using the same factors as in Section
6.4.2.3
The function used to model this background category is

fcross—feed(M§ Ncross—feed) = Ncross—feedf;mSSifeEd(M)- (614)

The numbers of cross-feed candidates are constrained to be equal in the B and B candidates in
the D — K¥7% Opposite Sign and Same Sign categories,

B (K7OS)

cross—feed Ncrossffeed

B (Kn0S) _ B (KwSS) _ B (KwSS)

cross—feed — *'cross—feed *

(6.15)

The expected value N (Km)

cross_feed = 187 £ 3 is constrained in the fit by means of a Gaussian, and
is computed from:

e The number of signal B — Dp®, D° — K—7t candidates reconstructed in the same data
sample. This number is extracted from a maximum likelihood fit to the Dp° invariant
mass distribution with a probability distribution function which is the sum of a double
Gaussian representing the signal and an exponential function describing the background.
The number of signal Dp" candidates is equal to NDP* =10108 + 129.

e The efficiency to reconstruct a B — Dp°, D° — K~nt signal candidate as a B® —
DK* D — KTr* with the selection described above. This efficiency is computed from
fully Monte Carlo simulation samples, using PID calibration tables for the PID efficiencies
and mis-ID fractions, and is found to be equal t0 €ross— feed = (1.85 £ 0.02) %.
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6.4.3 Fit results

The total fit function is the sum of the individual PDFs described above, and all categories are fit
simultaneously. The 18 free parameters are summarized in Tables[6.5] and [6.6] The result of the
unbinned extended likelihood fit to the DK*? invariant mass distributions of the B candidates

in data is shown in Table and Figures and

Group Parameter Description Category

Signal J Central value of the B® mass Common to all
o Core resolution for B® and ES Common to all
NB® (KnSS) Number of B signal candidates B (KnSS)
NB (KxSS) Number of B’ signal candidates B (KnSS)
NB® (Kn0S) Number of B signal candidates B (K7mOS)
NB (KxOS) Number of B" signal candidates B (KmOS)
NP (KxOS) Number of Eg signal candidates B (K7mOS)
NB: (Km0S) Number of BY signal candidates B (KmOS)

Table 6.5: Free fit parameters of the invariant mass distribution (signal).
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Group Parameter Description Category
Combinatorial ¢ Exponential slope Common to all
background N C(grﬁ)ss) N. combinatorial background B+ B (KnSS)
candidates
NC(({;LOS) N. combinatorial bkg. cand. B+ B (K70S)
Low mass QQ10 Relative normalisation of the Common to all
background “010” helicity component in
B. = D*K*® and BY — D*K "
Bo10 Relative normalisation of the Common to all
“010” helicity component in
BY - D*K*0 and B’ — D*K "’
0 _
NLHE (HrsS) N. B = D*K*0 and B+ B (KnSS)
B’ = D*K™ cand.
Nﬁ)o (K7OS) N. B — D*K* candidates B (K7OS)
Pb) N . _
N1 (Kmo8) N. B” » D*K" candidates B (KrOS)
—0 — —
N D+ (Kr08) N. BY = D*K** and B+ B (Kr0S)
BY — D*K™ cand.
5 _
Cross-feed NEUHB (KmSS$08) N o DpP candidates B+ B (KnSS+ 0OS)

cross—feed

Table 6.6: Free fit parameters of the invariant mass distribution (background).
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Figure 6.14: Invariant mass distributions of the Opposite Sign [K~nt]pK*® category (left),
corresponding to B and BY candidates, and [K+7T_]DF*O (right), corresponding to B® and BY
candidates. The bottom plots are as the top ones, but using a logarithmic scale instead of a
linear one. The black points are the data, while the solid black line represents the result of the
fit. The different contributions are visible: the signal peak is indicated by a dashed black line,
while the different grey areas correspond to the different backgrounds which are, from darkest to
lightest, combinatorial, cross-feed from BO,EO — DpY, and low-mass from partially reconstructed
BO,ES — D*K*0 and EO,BS — DK™, The coloured lines represent the different helicities
amplitudes contributing to the low-mass background: red is “001” and blue is “0107; solid lines
correspond to the BY low-mass background, dashed lines to the B®. The middle histograms are
the differences between the value of the bin in the data histogram distribution and the value of
the fit function in the center of the same bin, divided by the uncertainty on the number of entries
in that bin. The bottom histograms provide a logarithmic scale for the vertical axis.
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6.4 Fit strategy
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Figure 6.15: Invariant mass distributions of the Same Sign [K+tn~]pK*" category (left), cor-
responding to B® and B candidates, and [K?r*]DF*O (right), corresponding to B® and BY
candidates. The different contributions are represented as in Figure ,
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Table 6.7: Fit result on the floating parameters.

145



6. MEASUREMENT OF CP OBSERVABLES IN B’ — DK™’ WITH D — K*r~

6.5 Results

The four observables outlined in Section are computed from the yields resulting from the fit,
using the following relations,

—0

d :Kn:Kn nB (KnOS BY (K7OS
ASuP _ Uprod €10 €PID IV ( ) - NB )
o=

d  ;Krm :Kr nNB® (KrOS) BY (K70S)’ (6.16)
s s
Uorod €10 €PID &V + N
s ~Kr Kn anrBY (K7OS Eg KnOS
A — Qprod €L0 €PID NBs ( ) — N5 ( ) (6.17)
s — ;) s .
s KK :Kr nBO (KOS B, (KnOS
Aprod €10 épp N B2 (KmOS) N B, (KmOS)
—0
d :Kr:Kn nyB (K7wSS) _ arB° (K#SS)
Aga" _ Aprod €LO €PID N N (6.18)
d  sKn:Kn NB® (KrSS BO (KnSS)’ '
Uorod €10 €PID &V (KwSS)  NB? (KmSS)
—0
d :Kn:Kn nB (KwOS BY (KOS
RE™ — U5rod €L0 €PID IV ( )+ NB ) (6.19)
d —_— .

d K :Kn NB° (KnSS B (K7SS)
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The correction factors appearing in these equations are:

(ld _ 1-kAph0a
prod T 1+kAprod

respect to B, with x = 0.456 & 0.011 and Apreq = 0.010 % 0.013;

= 0.991 £ 0.012, the correction for production asymmetry of BY with

. : : =0
® aloa =1, the correction for production asymmetry of BY with respect to By;

. éﬁ)’r = 1, the ratio of the L0 trigger efficiency for B° to the efficiency for EO;

. é{fff) = 0.98421 + 0.00010 4 0.01553, the ratio of the PID efficiency for B° to the efficiency

for EO,
where the same values as those used for the D — K ¥7¥ in the analysis for the measurement of
the GLW observables presented in Chapter [5| are used (c.f. Section . The results presented
here are thus only preliminary, as a rigorous result requires an update of the efficiencies by
applying the corresponding efficiency computation methods to the 2012 data set and the 2012

simulation!2.

The preliminary measurement of the C'P observables give

ATP = —0.004 0303 (6.20)
A, = —0.037 £0.025, (6.21)
Al = 0,060 =+ 0.042, (6.22)
Ry = 0075 1392 (6.23)

where the only quoted uncertainty is statistical and takes into accout the correlation between
the different fit parameters. This uncertitude is still large, and the C'P violation effects are still
difficult to observe.

12Not available yet at the time when this results were obtained.
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Conclusion

The ~ angle of the Unitary Triangle of the CKM mechanism is one of the parameters of the
Standard Model of particles physics which is still known with a large uncertainty. The study
of the Unitary Triangle involves b-physics, and in particular the v measurements are performed
by looking at B hadron decays. Precision measurements in this sector need to be made, in
order to further constrain the v angle and the CKM Unitary Triangle, which allows to test the
consistency of the Standard Model. Efficient and reliable detectors are needed, and LHCb is
especially designed for heavy flavour physics. A precise measurement of v is one of its main
purposes. LHCb has collected over 3 fb~! of proton-proton collision data at 7 TeV and 8 TeV
between 2011 and 2012. With this first data set, and among many other achievements, the CP
observables for different B decay modes are already measured.

This thesis has presented the analysis of the B’ - DK™ decay channel, which is sensitive
to the v angle through the interference of b — u and b — ¢ amplitudes, where only tree dia-
grams are involved. Both transitions are colour-suppressed, which enhances the interference by
a factor of 3 with respect to B~ — DK, although on the other hand the branching ratios are
smaller. First, 1 fb~! of LHCb data collected in 2011 are analysed using the C' P-even final state
D — KTK—, that is to say the GLW approach is considered. The CP observables in the

B - [K*K‘]DF*O(K_WJF) channel are measured to be

AFE = —0.452 10228 £ 0.025 = Acp,
REE = 1.360 1030 +0.075 = Ropo,

where the favoured B° — [K~n+]pK (K~7+) mode is used as normalisation channel, which
is not sensitive to sizeable C'P violation effects.

The complete 3 fb~! data set is analysed using the quasi-specific final state D — K¥7+, cor-
responding to the ADS approach. A preliminary measurement of the C'P observables of the sup-

pressed B — [K+W_]DF*O(K_7T+) decay mode with respect to the favoured

B - [K_7T+]DF*O(K_7T+) is performed,

0.303
AS'P = —0.094 70308 = Aaps,

Rg= 0.075 79923 = Raps.

These are the first measurements of the ADS and GLW C P asymmetries on the B’ = DK™
decay channel. The uncertainty on these results is still large, and a precise measurement of
these quantities needs a larger data set. With the approximately 50 fb~! of data that the LHCb
experiment expects to collect, at the nominal LHC collision energy and during the upgrade
phase of the experiment, these C'P observables will be measured accurately, and the results will
introduce new constrains for a precise direct measurement of the v angle.
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Appendix A

Calorimeter simulation calibration

The calibration of the calorimeter response in the LHCDb simulation is an additional task per-
formed as part of this thesis. This work is summarised in this Appendix.

LHCb follows the common practise in particle physics experiments of using Monte Carlo
simulation, as a tool for physics analysis on real data. The simulation reproduces the physics
processes and the detector response, making use of the current knowledge in particle physics
and the interactions of particles with matter. Specific software exist in LHCb for simulation
production (c.f. Section [3.4).

Regarding the calorimeters, the key quantity needed in the simulation to reproduce their
performance is the so-called “Active/Total” ratio. It is defined as the quotient between the total
energy actually carried by the particles and the active energy in the calorimeters, which is the
visible energy that they see in the scintillators,

Etotal
r

= Factive" (A1)

This ratio, which is calculated from simulation, allows to make the conversion between sim-
ulated energy and visible energy from the calorimeters response. Assuming that the simulation
is accurate, the Active/Total ratio is the same in simulation than in real data. This ratio is then
used as a calibration factor in real data, with the particularity that an additional cell-by-cell
calibration factor needs to be included. The total energy is then reconstructed as

total __ practive fine
Edata = Lgatq XTXT ’ (AQ)

where 7 is the Active/Total ratio from simulation, /¢ is the additional cell-by-cell calibration
factor, and we assume that the calorimeter photomultiplier gains are set in such a way that
Eggié”e = ngrf,ffjmon. The cell-by-cell calibration factor 7/"¢ is computed using radioactive
sources, namely a ¥7Cs gamma source for the HCAL, and a LED calibration system for both
the ECAL and HCAL.

New simulation productions are done every year to provide the Collaboration with simulation
samples that reproduce as accurately as possible the real data, considering the detector operation
conditions of each period of data taking. The simulation calibration factors need to be updated
with each new software version.

To compute the Active/Total ratio r, special simulation data sets are produced. They are
called “particle guns”, and contain charged pions (as hadronic particles) or photons (as electro-
magnetic particles) generated with a fixed energy and which are sent to a predefined point on
the calorimeter, in order to study its response. Nothing else is generated in the event. Only
the calorimeter geometry is taken into account in the simulation, but not the magnetic field (so
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A. CALORIMETER SIMULATION CALIBRATION
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Figure A.1: Top: distribution of the active energy EU seen by the calorimeters for particles
generated with a total energy of 33.8 GeV, for photons on the left and for charged pions on the
right. Bottom: linear fit to the pairs (E™', Etve) for all the generated values of total energy
Etotal for the ECAL (photons) on the left and HCAL (pions) on the right. The inverse of the
fitted slope is the Active/Total calibration ratio. All these plots correspond to the 2010 simulation
configuration.

year / configuration ‘ pECAL | HCAL
2010 7.75 58.8
2011 / “no cuts” 7.73 59.2
2011 / “LHCb” 9.03 63.17

Table A.1: Active/Total calibration ratios for 2010 and two different 2011 simulation configura-

tions.
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Figure A.2: Distribution of the active energy deposited by simulated pions on the PreShower
detector, showing the Minimum lonisation Particle peak, corresponding to the 2010 simulation
configuration.

the tracks are not bent). The fixed energy with which these particles are generated is the total
energy I The values used for the energy of the particle guns are 1 GeV, 5 GeV, 10 GeV,
16.8 GeV, 33.8 GeV, 50 GeV, 100 GeV, 120 GeV and 168 GeV.

For each particle gun, the visible or active energy seen by the calorimeters is retrieved. In
the case of pions, which are used to study the hadronic calorimeter HCAL, it is required that
very little energy is deposited in the electromagnetic calorimeter ECAL, more precisely less than
100 MeV; in the case of photons, which are used to study the ECAL, it is required that they
deposit less than 100 MeV in the HCAL. This is done in order to be able to assume, with a very
small error, that all of the energy of the particles is deposited in the calorimeter under study.

For each value of total energy of the particle guns, a fit to the active energy distribution in
the concerned calorimeter is performed, using a Gaussian function. Pairs of values are extracted
by taking each total energy value and the fitted mean value of the active energy distribution.
The curve defined by these pairs is again fitted with a first order polynomial: the y-intercept
should be compatible with 0, and the slope is the inverse of the Active/Total ratio r.

The results corresponding to 2010 Monte Carlo simulation are shown in Figure [A.I The
Eactive digtributions and the Gaussian fit for the particle guns corresponding to 33.8 GeV are
shown in the top panels of the figure, for photons on the left and pions on the right. The linear
fits to the pairs (E' Factive) are shown in the bottom panels.

The Active/Total ratios for ECAL and HCAL for 2010 simulation, which correspond to the
inverse of the fitted slope in the bottom plots of Figure [A.I] are shown in the first row of
Table These results represent a 28 % variation for the ECAL and 58 % for the HCAL
with respect to 2008 simulation, that used the previous version of the Geant4 package; the 2010
results are compatible with 2004 and 2006 simulation. Changes in the Geant4 package translate
into a different detector response in simulation, which is the reason why the Active/Total ratio
needs to be recomputed when new versions of the software are released.

Concerning the PreShower detector (c.f. Section [3.2.4)), the quantity that is needed in the
simulation is the Minimun Ionising Particle (MIP) energy. Electromagnetic particles crossing
the calorimeters start developing their shower in the PreShower, while hadrons do it later. That
is to say, a hadron only leaves a MIP deposit in this subdetector.

The same pion particle guns used to study the HCAL response are taken to measure the
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Figure A.3: Left: distribution of the active energy E*¢ seen by the ECAL for photons generated
with a total energy of 33.8 GeV. Bottom: linear fit to the pairs (Bt Eetve) for the generated
values of total energy B . The circles correspond to the “LHCD” 2011 configuration, while the
squares correspond to the “no cuts” 2011 configuration.

MIP energy. The requirement on the energy deposit on the ECAL to be smaller than 100 MeV
is kept. The distribution of the active energy seen by the PreShower for all the pion guns is
shown in Figure A fit is performed using a Landau function, and a value of 2.54 MeV /MIP
is found, to be used for the simulation calibration.

In 2011 simulation two configurations were tested: the “no cuts” configuration, aiming at
reproducing the 2010 one, and the “LHCD” configuration, that was suggested for a better de-
scription of multiple scattering processes. In order to choose between one or the other, or even a
combination of the two, the Active/Total ratios and the MIP peak were studied for both cases.
The ECAL results are shown in Figure for photon guns of both configurations.

The second and third rows of Table show the Active/Total ratios for the two 2011
configurations. While the “no cuts” configuration reproduces well the Active/Total ratios of 2010
simulation, the “LHCb” configuration introduces a 17 % variation for the ECAL and 7 % for the
HCAL. The position of the MIP peak does not change with respect to 2010 simulation.

The “LHCbH” configuration was chosen in the end, as it performed faster than the “no cuts”
one'. The impact of the variation of the Active/Total ratio when used in real data is small, and
can be corrected by an additional factor to be absorbed by the cell-by-cell calibration.

!The “LHCH” configuration had some preselection to remove low energy tracks that was not present in the
“no cuts” configuration. This preselection reduces the number of events to run on, resulting in a faster execution,
which is an important issue in simulation production.
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Vous étes vraiment adorables. Un grand merci & Cécile, tu sais que je te considére comme ma
soeur ! Et tu sais que je t’admire, sur une scéne ou pas, ¢’est génial ce que tu fais. Je te souhaite
beaucoup de chance pour tous tes projets, et sache que je serai toujours l& quand tu en auras
besoin. Olé ! Merci aussi aux grands-parents, tantes, oncles et cousins, qui font aussi partie de
cet accueil d’exception.

GRACIAS a mis padres, Manoli y Chago. Por estar siempre orgullosos de mi. Por apoyarme
aunque estudie unas cosas “tan raras, con tanto ntmero” y por darme todo lo necesario para
llegar hasta aqui. jMe encanta mi familia!l Siempre habeis estado ahi animdndome a hacer lo
que yo quiero. Siento haberme marchado tan lejos (eh, tanto no, que podeis venir en coche),
gracias por no haberme puesto trabas en ningiin momento para nada. Gracias por permitirme
ser feliz. Sois los mejores y os quiero. Dani, no sabes cuénto siento no estar en casa durante
estos anos en los que t1 estas haciendo la carrera. jMenos mal que existe el teléfono para que me
lo cuentes todo! Me acuerdo de cuando estudiaba yo para mis exdmenes y venias y me decias,
“;pero entiendes algo en esos apuntes?’ XD Animo, porque suerte no te hace falta, estas hecho
un champion, y estoy muy orgullosa de mi bro! Sabes que el sofa de Paris te acoge siempre que
quieras :) Os echo un monton de menos a los tres. Y a mis abuelos, tios y primos, por supuesto.

And last but not least, merci Vincent. Merci Zeuthen et Berlin, param param bitte, here we
go again! Tu m’as changé la vie, les deux mois de Summer School étaient exceptionnels, mais ¢a
n’a rien & voir avec les presque 5 ans d’aprés. Avec toi j’ai une vie géniale et je suis heureuse.
Tu ne te rends pas compte de tout ce que tu m’as donné : tu m’apprends la culture et la langue
francaises, tu m’aides avec la physique, tu m’aides avec tout ce qu’il faut, tu me montres Paris
et la France ; avec toi j’ai un chez moi. Merci pour tout ce que tu fais pour moi tous les jours.
Merci pour ton énorme soutien de ces derniers mois, d’avoir supporté mes moments de stress et
meéme de craquage. J’ai certainement été pénible, mais toi, tu as été super. J’ai hate de vivre
ensemble la vie que nous avons devant nous.

“Bientot” est enfin arrivé !
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