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Etude de la désintégration
D — KTK e'v. dans ’expérience
BABAR

Cette thése présente une étude de la désintégration D} — KtK~etw, effectuée a partir
des données de I'expérience BABAR située auprés du collisionneur ete™ PEP-IT & SLAC.
L’intérét de I’étude des désintégrations semileptoniques du charme réside dans le fait qu’elles
permettent de tester et de valider les modéles de calcul de QCD sur réseaux, ce qui est
important pour pouvoir ensuite utiliser ces modéles dans le secteur du quark beau. En effet,
la détermination des éléments de la matrice CKM |V,| et |Vg| se fait notamment grace aux
mesures des désintégrations semileptoniques exclusives du B. Or ces mesures sont a ’heure
actuelle limitées par les incertitudes théoriques sur les facteurs de forme. Dans le secteur
du charme, les éléments de la matrice CKM qui entrent en jeu, |V, et |V.4], sont connus
grace au fait que la matrice est unitaire, et on peut donc mesurer précisément les facteurs
de forme. Avec le développement des calculateurs et des techniques de calculs sur réseaux,
on peut s’attendre dans les prochaines années a des résultats de plus en plus précis sur les
facteurs de forme hadroniques. Il est donc crucial d’avoir des mesures expérimentales au

moins aussi précises afin de pouvoir valider ces calculs.

Le canal D} — ¢etv, présente avantage de faire intervenir les quarks charmé et étrange
qui doivent, en principe, étre plus facilement accessibles aux calculs sur réseaux que les quarks
légers (up et down) ou encore que les quarks lourds comme le quark beau. De plus, le ¢ est
une résonance étroite ce qui permet d’avoir un environnement propre. Si l'intitulé de cette
thése référe a la désintégration D} — KTK~etv, et non pas D — ¢etv,, c’est parce que
nous nous intéressons également a I'existence d’un possible état K*K~ en onde S, visible
par son interférence avec le ¢. Cette étude se restreint néanmoins & un intervalle étroit dans

la masse KK, centrée autour de la résonance du ¢.

Si le canal D — K1t K~ etv, posséde plusieurs avantages, il a aussi I'inconvénient d’étre
plus difficile & étudier que les désintégrations des mésons D° et D car il est produit en
moins grande quantité. La probabilité d’hadronisation d'un quark charmé en méson Dy
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est d’environ 10 %. De plus, lorsque le hadron présent dans ’état final est un vecteur, le
taux de désintégration dépend de quatre variables qui sont ¢* (la masse élevée au carré du
systéme eT1,), et les trois angles de la désintégration. Jusqu’a présent, l’expérience qui a
analysé le plus de statistique est FOCUS, avec 560 événements de signal. CLEO-c, qui prend
actuellement des données au seuil de production DSDg*), n’a pas encore publié de résultats
sur ce canal mais la statistique attendue est de 'ordre de celle de FOCUS. L’expérience
BABAR dont le but premier est I’étude de la violation de CP dans le secteur de la beauté,
fonctionne au seuil de production BB. Elle produit également un grand nombre de paires cc,
réaction appelée de continuum, avec une section efficace égale a 1.3 nb. La grande statistique
de mésons charmés enregistrée ainsi que les excellentes performances du détecteur font de
BABAR une expérience trés compétitive avec les usines a charme. L’analyse présentée ici
utilise 214 fb~! ce qui permet une amélioration par un facteur 50 sur la statistique de la

désintégration D} — getv,.

La méthode de reconstruction utilisée dans cette analyse permet d’obtenir une bonne
résolution sur les variables cinématiques en ayant une efficacité de 'ordre de 5 %. Son
principe est le suivant: a I’énergie de I'Y'(45), la fragmentation des quarks ¢ et ¢ conduit a
la formation de deux hadrons émis dans des directions opposées dans le systéme du centre
de masse. L’axe du thrust de I’événement est déterminé & partir des impulsions de toutes les
particules mesurées dans le centre de masse et un plan perpendiculaire & cet axe est utilisé
pour définir deux hémisphéres équivalents aux deux jets produits par la fragmentation des
quarks. Dans chaque hémispheére, on recherche les produits de la désintégrations du D:
un lepton et deux kaons de charges opposées. Comme le neutrino n’est pas détecté, un fit
cinématique est utilisé pour contraindre la masse du candidat (e* K K~v,) a la masse du
Df. Dans ce fit, 'impulsion du D; et 'énergie du neutrino sont estimées a partir des autres
particules de ’événement. Une fois la reconstruction effectuée, le bruit de fond est rejeté en
utilisant des coupures standard et deux discriminants de Fisher spécifiques a cette analyse.
Pour mesurer les facteurs de forme, une méthode d’ajustement prenant en compte I'espace a
quatre dimensions de la désintégration a été développée. L’ajustement utilise la méthode du
maximum de vraisemblance, et 1’espace est divisé en cinq bins suivant chaque variable. Le
bruit de fond est estimé d’apreés le Monte Carlo générique de BABAR et les facteurs de forme
sont déterminés en pondérant un échantillon spécifique de signal simulé suivant le modéle
souhaité. Le fonctionnement de cette méthode repose sur la capacité de la simulation a
reproduire correctement les données. Une partie importante de cette étude a par conséquent

consisté a développer des moyens pour controler et corriger la simulation du signal ainsi que

du bruit de fond.

Pour le signal, & partir d’un échantillon ou le D est complétement reconstruit dans sa
désintégration D — ¢t ¢ — KK, ala fois dans les données et dans la simulation nous
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avons corrigé cette derniére afin quelle reproduise la précision observée dans les données
sur la mesure de la direction du D] et de 'énergie manquante. Avec cet échantillon nous
avons aussi controlé les distributions de variables qui caractérisent I’hadronisation d’un quark
charmé en un D . Ces variables comprennent, par exemple, I’énergie du D, le nombre et
les propriétés cinématiques des particules qui 'accompagnent. Le bruit de fond au canal
étudié comprend deux composantes caractérisées respectivement par la présence ou non d’un
méson ¢. Pour les premiers, nous avons mesuré les taux de production de mésons ¢ dans
les désintégrations des mésons charmés et beaux et nous avons aussi étudié la production
de ¢ par fragmentation. Pour le bruit de fond ne contenant pas de mésons ¢, nous avons
trouvé qu’il provient principalement d’événements charmés ot un des kaons est issu de la
fragmentation et ’autre provient, avec le lepton, de la désintégration d’une particule charmeée.
A partir d’événements contenant un méson D°, D*t ou D} complétement reconstruit nous
avons mesuré les taux et les caractéristiques de la production de kaons chargés accompagnant
ces différents mésons charmés. Aprés avoir corrigé la simulation a partir du résultat de ces
mesures nous avons trouvé un trés bon accord entre les données et les prévisions pour le

bruit de fond au canal analysé D} — ¢etv,.

Grace a cette méthode, ainsi qu’a I’ importante statistique de mésons charmés disponible,
les résultats obtenus pour la détermination des facteurs de forme (normalisation a ¢? = 0 des
rapports des facteurs de forme : 7 et ry) ont une précision comparable a celle atteinte pour
la moyenne mondiale du canal D — K*(v. Pour la premiére fois, dans une désintégration
du type D — V/lv ot V est un méson vecteur, nous avons mesuré la dépendace en ¢?
des facteurs de forme, avec la masse du podle pour le courant axial-vecteur my4, et trouvé
qu’elle était proche des prévisions. Une composante d’onde S dans le systéme K™K, dont
la normalisation est paramétrée par ry, est également mise en évidence pour la premiére
fois dans cette désintégration semileptonique, a plus de 5 o. Les résultats obtenus sont les

suivants:

ry = V(0)/A1(0) = 1.868 & 0.061 4 0.079, 75 = A5(0)/A,(0) = 0.763 £ 0.072 + 0.062
ma = (2.307025 4 0.21) GeV/c? et 19 = (15.3 £ 2.6 + 1) GeV

Ils sont représentés sur la Figure 1 avec les quatre projections sur les variables cinématiques.
La Figure 2-a montre la distribution de masse K K~ obtenue dans les données et la simula-
tion. Les fléches indiquent la région sélectionnée pour cette analyse. La Figure 2-b représente
la distribution de masse K+ K~ lorsque chaque événement est pondéré par cos6y. Un signal
d’interférence situé dans la région du ¢ est visible dans les données. L’histogramme hachuré

représente la simulation incluant une onde S correspondant a la valeur fittée de rg.
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Figure 1: Distributions des valeurs reconstruites des variables cinématiques définissant la
désintégration DI — deTv,. Les points représentent les données, les histogrammes hachurés
correspondent au signal fitté et les histogrammes pleins sont les estimations du bruit de fond
obtenues d’apres la simulation.
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Normalisant le canal semileptonique étudié a la désintégration D} — ¢m* que nous avons
aussi reconstruite et en utilisant la mesure du rapport d’embranchement fournie par CLEO-c

pour ce dernier canal nous avons obtenu une valeur absolue pour le rapport d’embranchement
D} — ¢etv,:

BR(D} — ¢etr.) = (2.585 + 0.031 £ 0.075 £ 0.147) x 1072,

A partir de ce résultat nous en avons déduit la valeur du facteur de forme A; a ¢ = 0 qui
sert de normalisation & ’ensemble des facteurs de forme étudiés:

A;(0) = 0.605 % 0.012 = 0.018 £ 0.018.

Dans le cadre de cette étude, il nous a semblé intéressant de détailler différents modéles
et méthodes de calcul théoriques utilisés pour la détermination des facteurs de forme, afin
de donner une image globale de la connaissance actuelle sur ce sujet. Nous avons ainsi tenté
d’expliquer comment les corrections perturbatives de QCD et les effets non-perturbatifs (en
1/m) permettent d’expliquer le passage des valeurs des facteurs de forme attendues a partir
de la symétrie des quarks lourds & celles mesurées. Les évaluations théoriques ne sont pas
toujours trés récentes, en particulier il n’y a pas encore de résultat sur réseau “unquenched”
pour ce canal. Nous pouvons cependant espérer que 'amélioration de la précision des mesures

expérimentales constituera une motivation pour de nouveaux calculs.



Introduction

The capability of the Standard Model (SM) in describing the interactions between elementary
particles is at present well established. This model has been widely tested, in particular with
precision measurements in the flavour sector, thanks to particle accelerator experiments. In
this framework, the main goal of B factories was to find out whether the SM was able to
describe the CP violation observed in nature. Until now, they did not demonstrate any
deviation from theory and fits of the Unitarity Triangle, characterizing the amplitude of CP

violation, are consistent.

On the other hand, we know that the Standard Model is incomplete. For example it
neither explains the origin of neutrino masses nor the matter-antimatter asymmetry of the
Universe. New physics, appearing through extensions of the SM, is needed for that. In
order to find effects from new physics, it is important to improve the accuracy of the SM
tests. This can be done, in particular, through a better knowledge of the effects of the strong
interaction thanks to experimental precision measurements and theoretical calculations such

as lattice QCD, that uses directly the first principles of this interaction.

Semileptonic decays play a special role in this domain as they are parameterized by the
product of an element of the CKM matrix and form factors in which are hidden the QCD
effects. In case of charm meson decays, contrary to B meson, the value of the matrix element
is known from other constraints and we can study directly the form factors.

The D} — ¢e'v, is an ideal place to study charm meson semileptonic decays into a
vector meson as the ¢ meson is a narrow resonance. In addition, as only ¢ and s valence
quarks are involved in this process, one expects that evaluations from lattice QCD for this
decay channel, when available, will be more accurate than for non-strange charm mesons.
Experimentally, the study of D, decays is more difficult than for non-strange D meson as
these states are produced with only ~ 10% probability by hadronization of a charm quark.
In effect, previous experiments have analyzed rather low statistics samples of D} — ¢et v,
semileptonic decays. The largest sample corresponding to ~ 560 events was collected by the
FOCUS collaboration and results were published in 2004. The CLEO-c experiment which
collects events close to the threshold for Dng*) production has not published yet results on
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D; semileptonic decays. Thanks to the large statistics of c¢ events produced at the energy
of the 7(4S5), for which the cross section is equal to 1.3 nb, the BABAR experiment can also
be seen as a charm factory. The analysis presented in this thesis provides a breakthrough
on this channel with a signal statistics multiplied by ~ 50 and a lower background. With
this statistics it is also possible to study the eventual existence of an S—wave component
in the K"K~ system, through its interference with the P—wave (the ¢ meson). Only the
FOCUS experiment had searched for this component. In the present analysis, systematics
uncertainties have been also reduced at a level similar to the statistical accuracy. This has
been obtained using various data samples to control detector performances, the production
characteristics of the signal and the properties of the different background components.

In the first chapter, we described the theoretical framework needed to understand the
kinematics of semileptonic decays. We detail the case of a meson decaying into two pseudo
scalar particles, for which the dynamics is contained in three hadronic form factors. To

2 is the mass squared of the ev

determine the normalization and the variation with ¢ (g
system) of these form factors, it is necessary to use models or more elaborate calculations
from lattice QCD. These different approaches are reviewed in the last section of the first
chapter. In the second chapter, the BABAR experiment is presented as well as some aspects of
the particle identification used in this analysis. The third chapter presents the event selection
and background rejection. In chapter 4, we explain the measurements needed to correct for
differences between data and simulation for signal and background. The validation of the fit
program used to extract the decay parameters is explained in the fifth chapter and results
are given in chapter 6. Systematic uncertainties are then explained in chapter 7. In chapter
8, we present the decay rate measurement which gives access to the absolute normalization
of the form factors. Finally, the last chapter contains a discussion of the obtained results.

They are compared with previous experimental results and different theoretical approaches.



Chapter 1

Theoretical background

The rabbit-hole went straight on like a tunnel for some
way, and then dipped suddenly down, so suddenly that
Alice had not a moment to think about stopping herself
before she found herself falling down a very deep well...

Lewis Carroll, Alice’s Adventures in Wonderland.

In this chapter, we first introduce the standard model in the fermion sector, the CKM
matrix and the unitarity triangle. We then detail the dynamics of semileptonic decays,
focusing on the D — ¢etv, and D} — KTK~etv, decay rates. In the last section, we

give different theoretical approaches for the parameterization of the form factors.

1.1 The Standard Model in the fermion sector

The Standard Model [1] is the present theory which describes elementary particles and their
interactions: weak, electromagnetic and strong. According to this model, matter is formed
by two types of fundamental particles with spin 1/2 (particles with half integer spin are
called fermions), leptons and quarks. Each type is divided into three families.

For the quarks:

For the leptons:
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The quarks have a fractionnary electric charge, which is 2/3 for the up type quarks (up,

charm, top) and —1/3 for the down type quarks (down, strange and bottom), while the
leptons have an integer charge: —1 for the electron, muon and tau, and 0 for the neutrinos.

Interactions between the elementary fermions are carried by particles with integer spin,
the gauge bosons. The vector of the electromagnetic interaction is the photon. It couples only
to non-zero electric charge fermions. The bosons W and Z correspond to the weak interaction
and couple to all fundamental fermions. The gluons, vector of the strong interaction, only
couple to the quarks. Properties of these intermediate bosons are summarized in table 1.1.
Because of the non abelian character of the weak and strong interactions, the weak bosons

and the gluons couple also to themselves.

Interaction Bosons | Spin | Mass (GeV/c?)
Weak w* 1 80.403 £ 0.029
Weak Z° 1 91.1876 £ 0.0021

Electromagnetic 0 1 0
Strong g 1 0

Table 1.1: Summary of the properties of the Intermediate bosons.

1.1.1 Weak decays in the standard model

The weak interaction plays an important role in the Standard Model because it is the only
interaction that allows the coupling of quarks from different families. Weak decays can be
divided into three classes according to the structure of the decay, which are illustrated in
Figure 1.1. Figure 1.1-a, shows a leptonic decay, where the quarks from the hadron annihilate
each other and only leptons are present in the final state; in semileptonic decays, both lepton
and hadron are present in the final state (Figure 1.1-b); in hadronic decays, the W decays
into two quarks so there is only hadrons in the final state (Figure 1.1-c). These diagrams
represent the interactions at quark level, but the reality is much more complex as quarks are
bound inside hadrons by the strong force. Effects from strong interaction, described in the
Standard Model by Quantum Chromodynamics (QCD), are usually difficult to predict in
these decays because the strong coupling is too large and these effects cannot be calculated

using perturbative methods.

From this situation arises the advantage of leptonic and semileptonic decays, for which
the decay amplitude can be written as a product of the relatively simple leptonic current by
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the more complex hadronic current. As the strong interaction can be isolated, these decays

provide a simple environment to study the effects of strong coupling.

c v
W+

5 v,
S a) Leptonic !
o+

W+ Ve

c s
q q

b) Semileptonic

W+ d

c S

q q
¢) Hadronic

Figure 1.1: Ezamples of Feynam diagrams of charm meson decays: (a) leptonic decay, (b)
semileptonic decay, (c) hadronic decay.

In the Standard Model, weak interaction is based on the gauge theory SU(2), @ U(1)y
where the index L stands for left, since only the left handed particles are involved in the
charged weak current. The interaction Lagrangian is expressed in terms of two operators:
the Vector-Axial (V-A) charged weak current operator J#, and the operator corresponding
to the W boson field, W,:

Lo = —%(J“WJ + W) (1.1)

The W), operator annihilates a W~ boson or creates a W (the reverse is true for W). g is
a coupling constant. The weak current operator J* which accounts for quark states is given
by:

1
Jh=) Viylh = Z“i7”§(1 — 75)Vijd; (1.2)
% i
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where the indices 7 and j run over the three generations (the field operator u; annihilates
u, ¢, t and the d; annihilates d, s, b, or create their antiparticles), and V;; is the element of
the Cabibbo-Kobayashi-Maskawa (CKM) matrix |2, 3]. This matrix is coming form the fact
that the weak eigenstates (d', s, i) are different from the mass eigenstates (d, s, b), and it
can be seen as the rotation that allows to pass from one basis to the other:

dl Vud Vus Vub
s =1 Vea Ves Va s (1.3)
v Via Vis Va b

This matrix, through its non-diagonal terms, allows flavour changing transition between
quarks.

Considering the example of the semileptonic decay ¢ — sW*(e*v), from the Lagrangian
defined in Eq. (1.1), the decay amplitude can be written:

1

g _ 5
M:_ C‘/;S H 1_ ST o9 o

V2

where ¢*> = (P, + P,)? is the squared mass of the virtual . In this equation the quark

%wu — "), (1.4)

current (first term) and the leptonic current (last term) are coupled through the propagator

term 5. When the involved energies in the decay are much less than the W mass, ¢ is

1
Maqu

related to the Fermi constant G by:

2

g
Gp= —2Z2 1.5
P e (15)
In this approximation, the general amplitude for semileptonic decays Mgz — Xyq -+ can
be written as:
Gp

M == —ZEVQ(]!L“HM (16)

where the leptonic current is expressed in terms of the Dirac spinors u; and v,:

L =y (1 — +°)u, (1.7)

and the hadronic current H* is related to the matrix element of the operator J* given in
Eq. (1.6):
H" =< X[q'y"(1 = 9")Q|M > (1.8)

The hadronic current contains all the effects from the strong interaction and cannot be
calculated in a simple way. These effects are parameterized by means of form factors, that
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usually depend on ¢2. Their origin and parameterization will be explained in more detail in
section 1.3.

Leptonic decays are simpler than semileptonic ones because the effect of strong interac-
tions can be parameterized in terms of a single quantity called the decay constant, which is
proportional to the probability amplitude for the quarks to have zero separation. Whereas
in semileptonic decays, ¢? can vary from 0 to ¢2,,, = (Mg — Xy4)?, in leptonic decays ¢
is fixed to the mass squared of the decaying hadron. The amplitude of the leptonic decay
Mg — 77 is written:

Gp
where g, is the four momentum of the meson and f,, the decay constant. Leptonic decays are
in general less accessible experimentally than semileptonic decays because their branching

fractions are smaller due to a term of helicity suppression in the decay rate, proportionnal
to the square of the lepton mass.

1.1.2 The CKM Matrix

We have seen that the CKM matrix plays an important role in weak decays because it
parameterizes the transitions between quarks. In the following, we introduce two stan-
dard parameterizations of this matrix. Within the Standard Model, its elements are input
parameters and cannot be predicted. Nevertheless one can demonstrate [3] that the three-
generations matrix can be expressed in terms of three real numbers and one phase factor e®.

A standard parameterization is given in [4] using the set of angles 5, 653, #13 and §:

—id

C12C13 512€13 513€
_ i0 i0
Vern = —S512C23 — C12523513€ C12C23 — 512523513€ 523C13 ) (1-10)
i§ i§
512523 — C12C23513€ —S523C12 — S12C23513€ C23C13

where ¢;; = cos6;; and s;; = sinf;; (i, = 1,2, 3, are the family’s index, j > i). The phase §
is responsible of the fact that the CP symmetry is violated in the Standard Model. ¢;; and
si; can all be chosen to be positive, and ¢, from measurements of kaons decays, is restricted
in the interval 0 < § < 7. From experiment, it is known that s;3 is of the order of 1073, so
c13 is really close to unity, and so3 is of the order of 1072

Another parameterization, proposed by Wolfenstein, illustrates the hierarchy in the mag-
nitude of the CKM elements [5]. It uses the set of parameters A, A, p and 1 defined as s15 = A,
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93 = AN, 5137 = AN*(p —in) , and gives:

-2 A 2 AN3(o — 1)
Varm = )\ - AN2 + O\, (1.11)
AN (1 —o0—1in) —AN 1

In this parameterization, the elements V, s and V.4, being of the order of 0.2 are similar to A,
and the diagonal elements are very close to one. Vi, and Vj, are of the order of 4.1072. Vj,
and V4 are of the order of 5.1073. The matrix is almost diagonal, so the coupling between
quarks of the same family is close to unity, and is decreasing as the separation between

family increases.

A more accurate expression of the Wolfenstein parameterization, valid at O(A%), gives

[6]:

1— %)\2 — %)\4 A+ O(X7) AN (p —in)
A+ AN =2(p+1im)] 1—3A2 = A (1+44%) AN+ 0(N®) (1.12)
AN (1 — p —in) — AN + LANL = 2(p +47)] 1 — JAZN

where p and 77 are related to p and 7 by:

i \? i A2
p=rl—75) a=nl-=3) (1.13)

1.1.3 The Unitarity Triangle

The unitarity of the CKM matrix allows to write nine equations relating its elements, in
particular:
ViaVay + VedVay + VidVip = 0. (1.14)

(2

Using the parameterization of Eq. (1.12), we can express the terms of this equation as
function of A, A, p and 7:
Vudvu*b = A}\3(ﬁ—|—2ﬁ)7

—AN3, (1.15)

VeaVet
ViaVio AN(1 = p —in)

The quantity A\ can be factored out, and the geometrical representation of Eq. (1.14) is
a triangle in the (p,7) plane, with summits at C(0,0), B(1,0) and A(p,7) (Figure 1.2). This
triangle is called the Unitarity Triangle. It depends on two parameters (p,7), and with the
two other parameters |V,,| and |V| (related to A and A), it gives a complete description of
the CKM matrix. One can note that if the C'P symmetry would have been conserved in the
Standard Model, the triangle would have collapsed into a line. The area of the triangle is a
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direct measurement of C'P violation. Five other triangles can also be defined from equations
similar to (1.14), but this is the only triangle characterizing the C'P violation in the By
sector having three sides of the same order (\?).

A=(p.n)

C=(0,0) B=(1,0)

Figure 1.2: Unitarity Triangle in the p — 77 plane.

The lengths C'A and BA, usually noted R, and R, are given by:

A _p — WVaVal /2= A2\1 |V,
_ V V* — — .
BA= By = iy = U= +77 = % |4,
The three angles are :
— ‘QdV{z‘,) — (Vchc*b)
“= a8 (vadvn, = arg (Vv ) (1.17)

VoV
—ar udub)zﬂ—_a_
7 g(mm b

Thanks to the measurements of C'P violation for B mesons at B—factories, we have now
access to direct measurements of these angles. Several other physical quantities, obtained
by experiments, can also be related to the Unitarity Triangle parameters, as we will explain
below. The Standard Model predicts that all measurements should give compatible values
for the apex determined by the p and 7 coordinates. The Unitarity Triangle provides thus
an important way of testing the Standard Model in the fermion sector.

The indirect measurements are done through the following quantities:
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e The ratio

|Vub‘ .
[Veo| *

Vio| _ A NPT (1.18)
Ves| 1 - ’\7

The quantities |V| and |Vi| can be measured through the decay rate of inclusive
and exclusive semileptonic b-decays b — clv and b — wulv. Both methods use a
specific theoretical framework: inclusive measurements rely on the Operator Product
Expansion (OPE), and exclusive measurements need a description of the form factors.
Different models of form factors will be explained in section 1.3. It is important to
note that the uncertainties on exclusive measurements of |V,| and |V,;| are dominated
by the theoretical uncertainties on the form factors models.

The mixing frequency Amyg of BgBdO oscillations. In the Standard Model, BgBdO
oscillations occur through a box diagram with a loop containing a W and an up type
quark (the top quark gives the dominant contribution). The oscillation frequency

is determined by the mass difference between the BY, and BY states (H = heavy,
L = light):

2

G A~
Amg = miy neS(we) AN [(1=)* +77] mp, f5,Bs, (1.19)

where S(z;) is a Inami-Lim function |7| and z; = m?/MZ, (with m; being the ¢ quark
mass in the regularization scheme MS, mMS(mM$), and my, the W boson mass). 7,
is the short distance correction now calculated at next-to-leading order in perturbative
QCD. f%dBBd is a factor hiding all the non-perturbative effects that contribute to
Amyg. To be more precise, fp, is the decay constant that we have introduced in section
1.1.1, and represents the probability for the quark and the anti quark to annihilate,

and Bp , 1s the bag factor which takes into account possible deviation from the vacuum

saturation approximation. The factor de\/BBd is provided by lattice QCD methods.

The mizing frequency Amg of ByBs oscillations. It is usually combined with Amy
through the ratio:

Amg  mp,f3,Bs, [
ATns mp, féSBBs

— A_) [(1-2)"+77]. (1.20)

2

It gives a similar type of constraint as Amg on the apex position of the triangle and has

the advantage to minimize theoretical errors as the ratio £ = fBS\/EBS/de\/BBd is
expected to be better determined than the individual terms entering in its expression.
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e Indirect CP wiolation in the K°K° system, expressed in terms of the ex parameter :

ex =C. A*)\® [—7715(1‘0) + oS (24) (AZ)\4 (1-— ﬁ)) + n3S (2, xt)] By , (1.21)
where
G%flz(me%/V
6/ 2712 Am

S(z;) and S(z;,7;) again are the Inami-Lim functions [7], being z, = m?/m3, and

E:

(1.22)

including NLO corrections [8, 9, 10|, fx is the kaon decay constant and Amy the

neutral kaon system mixing frequency. Here also, the parameter Bx has to be predicted
by lattice QCD.

The measurements of these quantities can be combined through a global fit to evaluate
the parameters p and 7, taking into account the different experimental and theoretical un-
certainties. This is done by two analyses, [11] and [12], which differ mainly by the statistical
treatment of theoretical errors. Figure 1.3 shows the results of [11] in the (p, 77) plane using

only indirect measurements.

This determination can be compared with the one given by the direct measurements of
the angles 3, a, sin(26 + v) and v (Figurel.4).

1_
L Am, Amy
B Amg
0.5 n @
- Vi
0 B Vcb
-0.5-
1
wl ] ] 1 1 ] |
1 0.5 0 0.5 1
p

Figure 1.3: Allowed regions for (p, 1) given by the measurements of |Vyu|/|Ves|, €x, Amyg, and

Amy

A The closed contours at 68% and 95% probability are shown. The full lines correspond
to 95% probability regions for each constraint.
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p

Figure 1.4: Allowed regions for (p, 1) given by the direct measurements of the angles.

Given the accuracy achieved nowadays on all these measurements and on theoretical pa-
rameters, the two regions are compatible. The Standard Model seems to be very powerful in
describing interactions between fermions and C'P violation. But we know that the Standard
Model is incomplete and violations of its predictions are expected. The Standard Model is
successful with a test at 10 — 20% accuracy. The precision need to be improved and this is
possible thanks to the increase of the statistics that can lead to better measurements, on the
angle v for example which is still largely limited by the statistics. We can also reach a better
precision on the unitarity triangle parameters through a better knowledge of the effects of
the strong interaction, that are parameterized in terms of form factors, and in the constants
&, de\/Bin and Bg. Since the amplitude of a semileptonic decay is proportional to the
product of a CKM element by the form factors parameterizing the hadronic current (see Eq.
(1.6)), charm semiletonic decays appear to be of particular interest in the understanding of
the form factors as the CKM matrix elements involved are well known. If the form factors
are well determined in the charm sector, they can constrain theoretical calculations. Once
these calculations are validated, they can be used in the B sector to extract the values of
the CKM parameters V,; and V.
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1.2 Dynamics of Semileptonic Decays

In this section we give qualitative arguments to understand the dynamics of semileptonic
decays. After considerations that are common to all semileptonic decays, we focus on the
decay of a pseudoscalar meson into a vector particle and we explain the decay rate of the
D} — ¢etv, channel. In Section 1.2.3, we detail the general 5-dimensionnal dependence of
the decay rate for the Dy — KK e*v, channel, including an S—wave component. As in
this thesis we restrict the analysis to a narrow range centered on the ¢ mass peak, we only
use the 4-dimensionnal decay rate, with no mass dependence. The way to obtain this mass
integrated decay rate including the S—wave is explained in Section 1.2.4.

1.2.1 The ¢> dependence

The form factors, which parameterize the hadronic current introduced in Eq. (1.6), are
function of the virtual W mass squared, ¢?. For a meson M decaying into X[~7, we have :

=My, =p+p) =P —px)? =M +mi —2MEx (1.23)

where P and px are the four momenta of the initial and final mesons and FEx is the energy
of X in the M —meson rest frame. From this equation, we see that ¢? has a maximum value
when the energy of X is minimum Ex = myx, which corresponds to ¢2,,, = (M — mx)?. In
this case, the virtual W is as heavy as it can be, and both the W and the daughter meson
X are produced at rest in the M rest frame. Consequently, the lepton and neutrino, decay
products of the W, are emitted back to back. The ¢* minimum value is ¢2,;, = mi ~ 0.
In this case the lepton and the neutrino momenta are parallel. These different kinematic
configurations are illustrated in Figure 1.5, for the decay of a D] meson. Figure 1.5-a shows
the initial meson, which contains a c-quark, and a spectator quark, s. The ¢ quark decays
into ¢ — setv. When ¢* = ¢2,, (Figure 1.5-b), the daughter quark receives a little or no
momentum kick, and the motion of the daughter quark relative to the spectator quark and
the gluons (called the light degrees of freedom) is very similar to what it was before the
decay. The formation of the daughter meson is thus favoured in this configuration. When
¢ = q2,;, (Figure 1.5-c), the daughter quark s recoiling against the W, receives a large kick,
and moves rapidly with respect to the spectator quark. The hadronic system is thus more
disturbed and the formation of a bound state is more difficult.

From these simple considerations one can observe that, for the form factors which depend
on the overlap between the wave functions of the mesons in the initial and final states, the

configurations at high ¢*> (maximum overlap) are favoured in comparison with those at low
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¢*. Form factors are expected to be rising with the value of ¢2.

Nevertheless, the influence of the spin of the daughter meson and of the available phase-
space have to be taken into account when computing the differential decay rate versus ¢>.
For example, in the decay D — XW, where X is a pseudoscalar, as the W has spin 1, the
angular momentum balance implies that the decay occurs in a P—wave. As a result, the
decay rate is proportional to |px|®, and the high ¢ configuration is highly suppressed (|px|
is the momentum of X in the W rest frame, |px| = 0 at ¢* = ¢2,,,). More generally, the
decay rate is zero in this configuration because of phase space limitation.

a)

b)

2
g min

Figure 1.5:  Kinematic configurations for the D} — ¢etv, decay in the D} rest frame: (a)
D before decay, (b) decay configuration for ¢*> = ¢2,,., (¢) decay configuration for ¢* = q¢2,,,.

1.2.2 D! — ¢etv, decay rate

In a first time, we consider the semileptonic decay P(Qq) — V(¢'q)lv, where V' is a vector
particle decaying into two pseudoscalars (V' — Py P,), and we restrict to the case of £ = e,
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for which we can assume that the lepton is massless. The hadronic current is a Lorentz
4-vector with negative (vector) or positive (axial-vector) parity components. From Lorentz
invariance, this current must be constructed from the four-vectors which characterize the
particles produced in the final state, namely their momenta and the spin polarization of the
vector meson. Using the formalism developped in [13], which is coming from [14] and [15] ,
the hadronic current is written with the general form:

it oP
<V(p,e)|[V" — A*P(p) > = mﬁip;pﬂv(ﬁ — (M +my)e™ Ay (¢?)
€ - q l 1A 2 1.24
+7M+mv(p+p) 2(q7) (1.24)

€ is the polarization of the vector meson, V# = §v*() and A* = §~v"v5@) are the vector and
axial-vector currents. The dimensionless form factors A;(¢?) and A(¢?) can be associated
to the exchange of hadronic states with quantum number JZ = 17, and V' (¢?) to states with
JP=1".

In the following, we consider the decay D] — ¢etv,, with ¢ — KK~ as it is the main
subject of this thesis, but the formalism can be applied to any P(Qq) — V(¢'q)lv, V — P\ P,
decays !. The decay diagram for D — ¢e' v, is given in Figure 1.6.

£+

Ve
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O
0000000

S S

Figure 1.6: [llustrative diagram for the decay D} — ¢etv,. Strong interaction effects between
quarks are indicated by gluon exchanges.

!Because of helicity considerations, some signs have to be changed in the decay rate if we consider a
B—meson instead of a charm meson, as the W~ has opposite helicity compared with the WT. A general
expression can be found in [13].
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The decay rate for D — K*K e, depends on five variables (this is a general property
of final states with four particles) whose definitions are illustrated on Figure 1.7:

e m? the mass squared of the K™K~ system;
e ¢%: the mass squared of the e*v, system;

e cos (f,), where 6, is the angle formed by the charged lepton three-momentum in the
ev rest frame and the line of flight of the ev in the D} rest frame;

e cos (fy), where 6y is the angle formed by the K three-momentum in the K™K~ rest
frame and the line of flight of the K™K~ in the D] rest frame;

e X, the angle between the normals to the planes defined in the D] rest frame by the
K+ K~ pair and the ev pair. The sense of the angle is from the normal to the KK~
plane to the normal to the er plane. y is defined between —7m and +.

If the decay of a D} is measured, instead of a D, the direction of the K~ must be used to
define cos (fy) and x is changed to —x. In this section, we neglect the dependence of the
decay rate versus the vector meson mass, which is a doable assumption as the ¢ is narrow,
but a more complete study will be done in section 1.2.

Figure 1.7: Definition of kinematic variables.

Once the angles are defined, then the decay rate dependence versus these variable is fixed

and it can be written [13]:

d4F _ 3G%‘ |‘/v05|2

— = X¢*BR(V — PiP)T(q%, v, 0c, x)dg*d cos (Bv)d cos (B )dx.  (1.25)
8 (4m)" m3,
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The dependence of Zy on #,, #y and y is given by:
Ir = (14 cosf,)’sin’by ‘H+(q2)‘2

+(1 — cosb,.)*sin® Oy |H_(¢%)

+4sin? 0, cos® 6y ‘HO (¢%) ‘2

+4sin 6, (1 + cos 0,) sin Oy cos Oy cos xYH, (¢*) Hy (q*)

—4sin 6, (1 — cosB,) sin Oy cos Oy cos YH_(q*) Ho(q?)

—2sin? 0, sin” Oy cos 2x H , (¢°) H_(¢?). (1.26)

‘ 2

H, _o(q%) are the ¢ helicity amplitudes. The 0,+1,-1 components are coming from the fact
that, as the initial meson has spin zero, the polarization of the W and of the vector meson
have to be opposite (when evaluated in a common frame).

The decay rate variation versus the angles 6., #y, and x can be understood from helicity
and angular momentum balance considerations (see for instance [16]). As the v, is left-
handed and the e is right-handed (neglecting the electron mass), the helicity of the e,
system, measured along the the e* direction, in the W rest frame, is equal to +1. One can
then express the W+ polarization in terms of its transverse and longitudinal components
using as reference axis, the direction of the W7 in the D rest frame, as shown in Figure
1.8. Along this axis, the helicity of the W is +1, —1 or 0 with amplitudes which are
proportional, respectively to the Wigner rotation matrices d}, , (cos f.) namely: $(1+cos#,),
(1 — cosf,) and % sin f,.

We consider now the spin of the ¢ meson. To be combined with the W™ spin, its
component have to be evaluated in projection along the W™ direction and in the same
reference frame (the W rest frame). As the D meson is a pseudo-scalar, conservation of
angular momentum implies that amplitudes of opposite helicities for the ¢ and the W+ are

combined.

Since the decay products of the ¢ meson are two pseudo-scalar particles, the helicity of
the ¢ measured along the direction defined by the kaons, in the ¢ rest frame, is zero. It is
then necessary to rotate this initial reference axis by the angles #,, and x and to boost the
components from the ¢ to the W rest frames. The helicity components of the ¢ measured
along its flight direction, in the D rest frame are proportional to d,, ,(cosfy) namely:
% sin fye~X, —\/Lﬁ sin fyeX and cos 6. These components are then boosted (v = Ey /q) to

the W rest frame and only the third component is affected.

E M2 2 2
Ew _ <1 _my q_> (1.27)
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helicity W+ o)
H.(¢%) | 3(1 + cosb,) % sin fy-e X
H_(¢%) | 3(1 —cosb,) —% sin 6y e
Hy(q%) % sin 0, cos Oy

Table 1.2: Summary of the different helicity amplitudes.

Figure 1.8: Representation of the helicity states of the particles involved in the decay D —
petu, .

The hadronic current given in Eq. (1.24) can now be expressed in terms of the three
helicity components. It can be noted that, as we have neglected the lepton mass it reduces
to a three-vector. The helicity amplitudes H, _(g*) are thus related to the two axial-vector
form factors A;5(¢?), and to the vector form factor V(¢?):

1 m2 p2
Hola?) = 2 2 2 . A (a?) — 4 Dst’¢ Ao (a2
0((1 ) 2mgd (mDs My — ¢ ) (mD +m¢) 1((] ) MDs + My 2((] )
2Mmps
Ho(g®) = (mp,+my) Ai(¢®) F — 2P0y (g2). (1.28)

Mps + My

The longitudinal component is multiplied by 1/¢ as compared with the transverse compo-
nents. This effect is related to the boost (Ey /q) we have mentioned.

The decay amplitude (\A) is obtained by combining leptonic and hadronic amplitudes of
opposite helicities. It is the sum of three contributions; each one corresponds to the product
of the different terms present in each line of Table 1.2. The differential decay rate, given in
Eq. (1.26), corresponds to |A|2.

This approach is quite general and applies to every hadronic final state decaying into
two pseudoscalar mesons, independently of the total spin of this state. Only three hadronic
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form factors contribute, corresponding to the +1 and 0 helicity values. If the hadronic state
is a scalar or a pseudoscalar particle, only the helicity 0 is possible and the decay rate is
proportionnal to |Ho(q?)|%.

There are peculiar cases when ¢? takes its extreme values. If ¢ = ¢2,,,, both the W and
the vector meson are at rest. Their helicities are thus not defined and the cos (6,) and cos (6y)
distributions become uniform. If ¢ = ¢2,, , the lepton and neutrino are parallel in the D]
frame and their combined spin projection along their direction is zero. The spin projection of
the ¢ should be zero also and we have only the terms proportional to |d} ;(cos )|* o sin® 6,
for the W and |dj ,(cos fy)[* o cos? By for the vector meson.

1.2.3 The general D} - K*K~e*v, decay rate

In this thesis, we also investigate the D — K*tK~etv, decay, in order to find a possible
S—wave component, through its interference with the ¢ meson. The presence of an S—wave
component has been established in the decay Dt — K~ 7t /{v by the FOCUS collaboration
([17],[18]) and the CLEO collaboration [19]. The FOCUS collaboration also put a limit on
the presence of an S—wave contribution in the Dj — K*K etw, channel at “ 5% of the

maximum of the ¢ Breit-Wigner peak in the Hy piece with a 90% confidence level” [20].

The existence of an S—wave in the D} — K*K e, channel corresponds to a K™K~
system in a JU = 07 state. Because of the ¢ — Ws coupling and of the presence of
an 5 spectator quark, the present study is sensitive only to the s5 component of the 0T
states which can then be explored. The f,(980) is a possible candidate, as it has a mass
of 980 MeV/c? and a large width that allows the interference with the ¢?. Theoretically,
a D—wave component, corresponding to J© = 2% could also be possible. But there is no
evidence of such a state with a mass not too far from the ¢ resonance.

We use the formalism given in [21], which is similar to [22], and provides a partial wave
decomposition for the hadronic system. Any dependence with the lepton mass has been
neglected as electrons or positrons have been used.

_ GVl

d°T
(47)° m,

XBIT(m?, %, 0y, 0., x)dm?*dg*d cos (0y)d cos (,)dx. (1.29)

In this expression, X = pgg * mp where pg is the momentum of the K K system in the D
rest frame and 8 = 2p*/m where p* is the K momentum in the K K rest frame.

2the ¢ resonance peaks at 1019 MeV/c?, and has a width of 4.26 MeV /c?
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The dependence of Z on 6, and x is given by:

T = I, +Tycos 20, + I3sin* 0, cos 2 (1.30)
+Z, sin 20, cos x + Zs sin , cos x
+Zg cos B, + Z7sin 6, sin y
+T sin 26, sin y + Ty sin? 6, sin 2

where Z; ¢ depend on m?, ¢? and 6y,. These quantities can be expressed in terms of three

.....

form factors, Fi 2 33.

1 3
I, = Z{|.7:1|2+§Sin29v (|f2|2+|f3|2)} (131)
= _1 2 _1 i02 2 2
IQ = 1 |.,F1| 2SIII 9\/ (|.,F2| + |.,F3| )
1 .
Ig = _Z {|f2|2 — |f3|2} Sln2 QV

Iy = %Real (FyF,) sin by
Z; = Real (F}F;3)sinby
Ts = Real (F;F;)sin® 0y
Z; = Im(FFy)sinby

Iy = %Im (F1F5) sin by

1
Iy = —§Im(]:2.7:§)sin29v

We can then expand the form factors Fj o3 into partial waves to have their explicit
dependence on #y . If we restrict this expansion to S and P waves one obtains:

fl = -,FIO +.,F11 COSQV (132)
1
F, = F
2 \/§ 21
1
fS = f31

(1.33)

2 and ¢ Fyy characterizes the S-wave contribution

Form factors Fj; depend only on m
whereas F;; correspond to the contribution from the P-wave (the ¢). Thus, in Eq. (1.31),

the terms contributing only to the S—wave are the ones proportional to |Fp|? (Z; and
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7,), and the terms corresponding to the interference between the S and the P wave are
proportional to flof‘il (Il, IQ, I4, I5, :Z? and Ig)

Integrating Eq. (1.29) over dm?, assuming that the ¢ meson is the only contribution
(Fio = 0), one gets the correspondance between F;;, i = 1,2, 3 and the helicity form factors,

Fu = a2V2qHyAy(m) (1.34)
For = o2q(Hy+H_) A¢(m)
Fai = a2q(Hy — H_)Ay(m)

The value of the normalization factor o depends on the way the Breit-Wigner amplitude
(Ay(m)) for the ¢ meson has been parameterized. In these expressions it has been assumed

that the mass dependence can be factorized.

P-wave parameterization as a function of m and ¢

For the ¢? dependence of the Lorentz invariant form factors, different parameterizations are
possible. They are developped in Section 1.3. For the time being, we consider a pole or a

modified pole parameterization:

Vi) = <1JD;/((OEaQD> (1.35)
A = 1A_1(2_)1’
) = 1Af(2_)z’

where mp. = 2.112 GeV/c? is the D7 mass and m; is expected to be close to the mass of
Dy, states (2.459 and 2.535 GeV/c?).

For the mass dependence of the ¢ decaying into KK, we use a Breit-Wigner distribution,

Fi(m) m¢F0mj
Ag(m) = — : (1.36)

my —m? —imglg(m)

This amplitude is normalized such that, for a narrow resonance with a pole which is far from
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the boundaries, the following integral holds®

/p_ Ay (m)|? dm? = 7. (1.37)
m
In this expression:

e m is the K™K mass;

myg is the ¢ pole mass;

I'} is the nominal width of the ¢ for m = mg, T'y = (4.26 £ 0.05) MeV /c?;
e I'4(m) is the mass dependent ¢ width;

Fy(m) = Z5) where B is the Blatt-Weisskopf damping factor: B = 1/1/1 + rZp*2.

pg B(pg)
p* and pj are evaluated at the mass m and m, respectively and depend also on the

masses of the ¢ decay products. We use r, = 3 (GeV/c)™".

In the denominator the width I'y(m) is the total width of the resonance, whereas in the
numerator the mass dependence is relative to the studied decay channel. Thus, to be more

precise:

Ty(m) = T9]0.49 x %%Ff(m)
0
+0.34 x ( now for K] K2) 4 0.17 x ( now for 3)] (1.38)

where the first contribution corresponds to the decay ¢ — K™K, the second one to ¢ —
KYK?Y, and the last one to the ¢ decay into three pions.

S—wave parameterization for F

In a similar way as for the P-wave, we introduce the correspondance between Fjy and the
invariant form factor(s). For an S—wave, only the helicity H, form factor is contributing.
So far, we have used:

Fro = T0f10(q2)Afo(m) (1-39)

we suppose that the ¢ is infinitely narrow

3
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with

mp
f10 :pKKl 2

[

mg

The parameter ry defines the normalization of the S—wave amplitude Fjy. From Eq. (1.39)
and, using the parameterization of Ay, (m) defined in the following, rq is expressed in GeV ™.
The ¢? variation of the form factor is determined by the contribution of J¥ = 1, c5 states.
The corresponding pole mass value mg is thus expected to be close to 2.5 GeV/c?. Fyy is
proportional to px i so that the S—wave decay rate is proportional to p3 , as expected from
the P—wave between the 0% and the virtual V.

For the K™K~ final state, the candidate for a 0" component is the f;(980). As the
pole of this resonance is below the K+ K~ threshold, it decays mainly into ww. The decay
amplitude is usually described using a Flatté expression:

MfoGn
As(m) = foIm : (1.40)
fo m%, —m? —imy, Ly,

1— 4"11% = % and ') = gzpr + gxpr. Note that p; becomes imaginary when
m < 2m; which corresponds to the actual situation for fy — KK, below the K K threshold.
If one separates decays into 77—, 7%7%, K+ K~ and K°K? the expressions for p; become:

with p; =

2 1 m. o
P = 3 1= m? +§ b= m?
1 am3. 1 4m3.,
e = G\ — oyl (1.41)

For the values of m between the threshold for K+ and K° production, the contribution from
the partial decay width into K°K? is imaginary. The expression used in the numerator of
Eq. (1.40) is simply a convention.

Compared with previous experiments, BES [23] has measured the values of the f; decay

parameters with better precision:

my, = (965 + 8 + 6)MeV/c?, gr = (165 + 10 + 15)MeV/c2,
and gx/gr = 4.21 4 0.25 + 0.21. (1.42)

These values are used in the following.



40 Theoretical background

1.2.4 The 4-dimensionnal D — K"K~ e*v, decay rate

To include, in Eq. (1.25), the effect from an S—wave, we have to integrate the mass depen-
dence which was explicit in Eq. (1.29). The interval of integration is restricted to a small
region centered on the ¢ nominal mass (mg & 4, with 6 = 10 MeV/c?).

In practice we transform Eq. (1.25), which corresponds to the P-wave contribution, by

changing:

I = Ipt = PIp+ In + I3 (1.43)

¢*Iy, is the P-wave component as it appears in Eq. (1.25), Z5 corresponds to the S—wave
decay rate and Z5" corresponds to the interference between S and P waves. We normalize
the two additionnal contributions relative to the ¢ within the considered mass interval.

The phase variation of the f; over this mass interval can be neglected and, as the pole
of the fy is close to the lower edge of this mass interval, the phase of the f, amplitude ()
is close to m/2. Numerically one obtains:

2A 2A? ) 2A?
COS (5f0) ~ _F—fo (1 — F—%O) , S1n (6f0) ~1— F—?co (144)

where T'j, = grpr + grpr ~ 0.32 GeV /c? and A = my —my, = (0.055 £ 0.010) GeV /c?.

When the K™K~ mass varies over the range [mg — 10 MeV /¢, my + 10 MeV/c?], the
phase of the f; varies in the following intervals:

cos (0f,) € [—0.40, —0.28], sin (dy,) € [0.92, 0.96]. (1.45)

P-wave normalisation

As we consider a narrow mass window centered on the ¢, the variation of p* with the K™K~
mass can be neglected and Eq. (1.37) gives:

me+0 28
Np = / L |Ay(m)|> dm? = 2 arctan =5 (1.46)
m¢—5 m F¢

instead of the value m which was obtained with no restriction on the integration domain.



1.2 Dynamics of Semileptonic Decays 41

S—wave decay rate
Normalizing the S—wave contribution relatively to the P-wave, we have

11 my+0 p*
Iy = —sin 9/ Fio? =dm?, 1.47
S S RIY RNCTe (1.47)

where Fjp is given in Eq. (1.39). This equation can be written using explicitly the S—wave

normalization N :

sl
Iy = —sin? 012 7, (1.48)

Np

Using Eq. (1.40), the S—wave normalization in the narrow mass window [m, £ 0] is:

m¢+5
Ns = 57’ A gy (m) [ dm?
me¢—

() 69

S-P interference

Taking into account the six terms of Eq. (1.26) that contribute to the S-P interference, and
normalizing this contribution relatively to the P-wave, we obtain:

1 m¢+5
P = —/ [Real (FioF*11) cos By sin® 6,
NP me—0

1
+ —=Real(F*19F21) sin by sin 6; cos ) cos x

V2

1
+ —Real(F*10F31) sin by sin 0, cos
\/5 ( 10 31) 1% ! X
1 . ) .
+ Ejm(fwf*ﬂ) sin 6y sin 6 sin
1 ES
+ —=Im(F0F"31) sin Oy sin 6, cos 0, sin x %de (1.50)

V2
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The first term generates an asymmetry as a function of cos .. The other terms are propor-

tional to:

Real (FioFin) o< [Ag| [A | cos (55 — d5,) (1.51)

or to
Im (FroF;y) o< [Agl |Ag|sin (5, — dg)- (1.52)

When integrating over the considered mass interval, terms proportional to cos (d,) gives a
contribution which can be neglected as it is symmetric and of opposite sign below and above

the pole of the ¢ meson, so we obtain:

I;%P = /J\/’[—fﬂrofmq [QHU COS 9‘/ Sin2 9[

+ Hysinfysinf cosx (1 + cos6;)sin (dy,)
— H_sinfysinf, cos x (1 — cos6;) sin (dy,)
— H,sinfysiné;sin x (1 + cos ;) cos (dy,)
— H_sinfy sinf;sin x (1 — cos ;) cos (d,)] (1.53)

The integral over the mass distribution for the five terms involves the same expression

which amounts to:

’m,¢+5p>k
Nop = [ g m)] 4o ()] sn 3y(m)cn?

m¢—5 m
— Gr 20
= 2\/]90F—f() Fg) arctanr—g (154)

Final expression

Using the equations obtained previously for Np, Ns and Nsp, the following expressions are
obtained and can be used in Eq. 1.43 to include effects from the S—wave component.

2

r 1

Iy = f120 sin? Glrgpé <l?—> 0———5 - (1.55)
fo arctan T
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We introduce the following variables: S = 2A%d/ arctan 25 and As = ro\/pg —lf’f’j , which leads
¢ 0
to:

1
Iy = 55 fi sin? 6, (1.56)

In the same way, for the S-P interference we obtain:

7P = V244, /Fgfmq [QHO cos By sin? 6,
+ Hysinfysinf; cos x (1 + cos6;)sin (&5,

)

( )

— H,sinfysinf;siny (1 + cos6;)
— H_sinfy sinf;sin x (1 — cos ;) cos (d,)] (1.57)

— H_sinfy siné; cos x (1 — cos ;) sin (dy,

cos (6,

1.3 Form Factors in heavy hadron semileptonic decays

From general properties of strong interactions, form factors are analytic functions of a com-
plex variable, which is equal to ¢% on the positive real axis. The same function can describe
different reactions in which contribute hadronic states with J” = 1F respectively for vector
and axial-vector contributions. Using dispersion relations, it is possible to evaluate the form
factor at a given value of ¢ from a contour integral in the complex plane (Re ¢*, Im ¢*).
This integral can then be expressed in terms of the singularities present in this plane.

Let’s consider the decay D — K e'v, as an example. A single form factor contributes
in this process and it corresponds to the coupling of the W to ¢s vector states. The physical
region corresponds to real values of ¢ between 0 and (mp — mg)?. Singularities, in the
complex plane are located on the real axis and correspond to a pole at ¢? = mQD; and a cut
along the positive real axis, starting at ¢ = (mp + mg)?, corresponding to on-shell DK

interactions.

RGS(V) 2-m2 1 e8] ImV (t
V(d) = —— 25y —/ AmVt) o, (1.58)
mp. — ¢* T Jimp+mi)2 t — ¢* — i€

These singularities are illustrated in Figure 1.9. Both the cut and the pole are beyond the
physical ¢2,,, value and thus can never be realized. The ¢* variation of the form factor
depends on the relative importance of contributions from the pole and the cut. These
contributions depend also on the distance between ¢2,,. and the first singularity.
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Im{q*}

2
(mp-my)

— Re{q?} (GeV?)

Figure 1.9: Representation of the contour used in the compler plane to write the relation
dispersion of the vector form factor. The physical range correspond to 0 < ¢* < ¢2,,.- The
singularities are the pole at the D* mass and the cut above (mp + mx)?>.

In the D — ¢e™ v, decay, the situation is more complicated. For the axial vector current,
the form factors A;, have poles at the masses of the 17 states Dj;(2460) and Ds;(2536).
For the vector form factor, the pole corresponds to the D}. The opening of on-shell D;¢
events gives a cut starting at 8.9 GeV/c?. But, in between, there are several hadronic states
which can contribute as, for instance, D°K*+ — D,¢. Such states correspond also to cuts
starting at the different thresholds. It can be noted that the physical region, between ¢° and
Qoo = (Mpr —mg)? = 0.9 GeV?, is rather distant from first singularities.

It is thus difficult to predict the ¢?> dependence of the different form factors from this
approach alone. Indeed general constraints have to be verified by hadronic form factors
when considering peculiar situations which are explained in section 1.3.1. To determine the
normalisation and the ¢? variation of the form factors one has to make use of lattice QCD
calculations which incorporates all aspects of strong interactions. QCD sum rules and quark
models provide also expectations which can be compared with present measurements. These
methods are indicated in section 1.3.2. Finally, in section 1.3.3, we indicate the form factor

parameterisations versus ¢ used in this analysis.

1.3.1 Particular situations

The normalisation and specific ¢> behaviour of the hadronic form factors can be obtained in
some specified limits for which intermediate scales can be identified and allow an operator

product expansion of the decay amplitude.
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HQET

When a heavy hadron decays semileptonically into another heavy hadron a new symmetry
emerges which gives constraints on the behaviour of the form factors. This symmetry is exact
in the limit of infinite quark mass values. For finite values of quark masses and depending
on the form factors, these corrections start at order 1/mg or 1 /mz2 These properties are
used, at present, to determine the value of V., from B — D*e v decays (as corrections are
expected at order 1/my in this case for ¢* ~ ¢7,,,).

For charm, the value of the c-quark mass is of the order of 2-3 times the value of Agcp
but the strange quark cannot be considered as heavy. Thus, considerations from HQET are
expected to receive large corrections when applied to charm semileptonic decays. In anycase
we consider that it is of interest to review the constraints on the form factors, implied by
HQET, and to indicate how they are violated in charm to eventually get insights for B

decays.

Instead of describing the form factors variation as function of ¢, HQET calculations use
the quantity w = vy - vp(v), where vy and vp(y) are the four velocities of the initial and final
hadrons. The variable w is linearly related to ¢ by:

m2 +m2. - — q°
w=——*P08 ° (1.59)
2mpgmpv)

For ¢*> = ¢2,,., w = 1. HQET form factors contributing in H — Pev, decays are usually
labelled hy(w) and h_(w). For H — Vev, decays they are: hai(w), hao(w), hasz(w) and
hy(w). In the limit of infinite quark masses, they verify:

h+(U)) = hv(UJ) = hAl(’LU) - hAg('LU) = f(’LU),
h_(w) = has(w) =0, (1.60)

where &(w) is the Isgur-Wise function [24]. It is normalized such that £(1) = 1 which

corresponds to a complete overlap of the mesons at ¢2,,, but its variation with w is not fixed
by the theory.

The HQET form factors can be expressed in terms of the form factors f,, V, A;, A,
introduced already [15]:

mp+mg mp — My

2,/mpmH mp+mg -
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mympyg

A = —(1 h
! my +mpg ( + w) A
my + mpg my
Ay = h h
2 2w/meH <’ITLH A2+ A3>
vV = th_ (1.61)
2 mympg

For infinite quark masses, these last equations can then be written:

Fold) = Vie) = Asle?) = — @) _ prgi) (1.62)

q2
(mpg+my)?

with R = Zim It can be noted that in this limit one has also mp = my. Equation
(1.62) establish a relation between the form factor f,, which contributes in H — Pev, decays
and the form factors (V, Ay and A;) which parameterize H — Vev, decays. This comes
from another property of the heavy quark symmetry because of the decoupling of the heavy

quark spin.

One can obtain also relations between the form factors having a universal character:

rv(q?) = X((cf;)) _ %H%Rl(w), (1.63)
ra(q®) = jfggz; = %H%Rﬂw) (1.64)

with
Ri(w) = :;((Z)), Ry(w) = 143 +”Z:{Z:1§’uz(w) (1.65)

In the heavy quark symmetry limit: R;(1) = Ry(1) = 1 and rv(¢2,,) = 72(¢24) = B2 Tt
can be observed also that the ratios ry(0) and r9(0) are equal, respectively, to Ry (wq,) and
RQ(wm(m)-

The ¢? range of validity of these expressions corresponds to situations in which the recoil
energy of the light degrees of freedom in the parent rest frame are much smaller than the
heavy quark mass: (w — 1) < my/Agep. If one compares numerically these situations, for
b — cev, and ¢ — sev,, one gets:

Ry ~ 0.88 R.~0.81
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(w—1)0° ~06<25 (w—1)¢, ~1<K75 (1.66)

max. max.

So, numerically, the conditions of validity of the previous expressions seem also to be
satisfied for charm semileptonic decays. Unfortunately the situation changes once corrections
to the previous expressions are considered. These corrections correspond to an expansion
in 1/m where m can take the values of the masses of the two quarks involved in the weak
transition. Corrections comprise also an expansion in the strong coupling constant, from
perturbative QCD. These corrections are explained in [15]. Some of the form factors are
protected against 1/m corrections; in this case the expansion starts at order 1/m?.

Numerically, for B — D*ev,, the following values have been quoted in [15]:

Ri(w) = 1.35—0.22(w — 1)+ 0.09(w — 1)?
Ro(w) = 0.79+0.15(w — 1) — 0.04(w — 1)? (1.67)

More recently, BABAR obtained the following result [25], using a parameterization defined in
[26]:

Ri(w) = 1.327—0.12(w — 1) + 0.05(w — 1)?
Ry(w) = 0.859+0.11(w — 1) — 0.06(w — 1)? (1.68)

It is an unambiguous prediction of HQET that R;(w) > 1 as both the QCD and 1/m
corrections are positive. For Ry(w), QCD corrections are very small, and 1/m corrections
seem to decrease the value of Ry(w). These considerations can be extended qualitatively to
charm even if it is not possible simply to change m,. into m; in the previous expressions. In
[15], Neubert argues that we can believe in a “continuity of signs”, leading to predictions for
the D — Ver decays for which the tendency R; > 1 and Ry < 1 should persist.

This approach has been investigated quantitatively in [27]. They compare measurements
available at that time on D — K /K*e*v, decays to evaluate the importance of perturbative
QCD and 1/m corrections. Their main conclusions were the following:

e first order perturbative QCD corrections are governed by ag(p)/m =~ 0.33, where p is
a scale intermediate between the ¢ and s quark masses;

e these corrections have a tendency to decrease the expected rates;

e QCD corrections alone cannot explain the measured ratio for K*/K ~ 0.5 production
in D semileptonic decays as they have rather similar effects on all form factors;
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e 1/m corrections are needed to explain the measurements and have different contribu-

tions in the different form factors.

LEET

In the previous transitions the two short scales are given by the inverse of the two heavy
quark masses. In the following limit one scale is still provided by the inverse of the mass of
the decaying quark whereas the other corresponds to the inverse of the energy of the emitted
hadron. As this energy is given, in the decaying hadron rest frame, by :

2 m2
mpy q P(V)
FE = 1— + 1.69
PV) 2 [ m2 m2, ] ’ (1.69)

it is maximal at ¢> = 0, so the new formalism is expected to be valid at low ¢?> whereas HQET
was valid close to ¢2,,,. The Large Energy Effective Theory (LEET) has been originally
introduced by Dugan and Grinstein [28]. In the following we have used the results obtained
in [29]. The four invariant form factors appearing in semileptonic decays of B and D hadrons

can be expressed in terms of three universal form factors: ((m, E), (1 (m, E) and (;(my, Ev).

f+(¢*) = ((mm, Ep),

Ai(g®) = %CL("”H,EV),
Ay(¢?) = (1 + %) {cl(mH,Ev) = Z—ZQ(mH,Ev)] ,
V(g*) = <1 + %) Ci(mm, By). (1.70)

It can be shown that these universal form factors can be expanded in 1/my:

OB 1 i 20 (E)

k
m
k=1 H

¢(m, E) = /myu (1.71)

and they thus satisfy (at first order) scaling relations:

¢(m, E) = Jmnz(E) (1.72)

Using expressions given in (1.70) the ratio between the vector and axial form factors is
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obtained:

(mH + mv)2
m% +mi —q

rv(q®) = 5 (1.73)
In particular this ratio, evaluated at ¢> = 0 is equal to 1.78 for D — K*etv, and 1.82
for D, — ¢eTv,. For ry(q?) the expression is more complicated and depends on the ratio

between (| and (.

Constraints from unitarity and analyticity

It has been shown [30] that a general parameterization of form factors, entering in a semilep-
tonic decay H — Xe™v,, which satisfies constraints from analyticity and unitarity reads:

1 oo
F(t) = =Y ap 2(t;t)" (1.74)
P(t)®(t) ,;

where t = ¢%, ®(t) is a computable function arising from perturbative QCD and P(t) depends
only on the masses of mesons below the HX pair production threshold that contribute as

virtual intermediate states. The variable z(t; o) is a kinematic function of ¢ defined by:

L+ 2(tt) [ty —t
1—z(t;tg)  \ty —to

(1.75)

where t, is the pair production threshold, in general t, = (my + mx)?, and t; is a free
parameter. The complex ¢ plane with its cut starting at ¢, along the real axis is transformed
into a disk in the z complex plane, with a center that corresponds to %y, of unit radius,
and with a frontier corresponding to the cut. The coefficients a, are unknown constants
constrained to obey:

o0
D ()’ < 1. (1.76)
k=

0

The function z(¢;ty) takes its minimal physical value z,,;, at t =t = ¢2,,, = (mg — mx)?,
vanishes at t = t, and reaches its maximum z,,,, at ¢t = ¢> = 0. In the following we choose
the value of ¢y which minimizes the value of |z|:

fo=t, <1 _Ji- t—> (1.77)

ty
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In this case:

1/4
G (P S 1
mar — min .

(b — )

(1.78)

This value is rather small for several semileptonic decay channels. The z expansion can thus
be limited to a linear expression. As an example it has been shown that this applies already
for the decay D° — K~etw, where 2., =~ 0.05. In addition, for B semileptonic decays,
Eq. (1.76) is effective to limit the values of additional terms in the expansion once the first
coefficients are measured [26].

For the decay channels B/D — Vev,, expressions are provided in [31] for the functions
® which enter in the expressions of the form factors ¢Hy(¢?), V (¢*) and A;(q?).

Poles at ¢ = tp,, below ¢, correspond simply to the product:

P(t) =[] =t tp). (1.79)

As we have explained already, for D — ¢e™v, the situation is not as simple as for B/D —
mev, or D — Kev,. Between the poles and the opening of the D, channel corresponding to
(mp, +mg)? several channels can also contribute. For the axial-vector form factors, the first
threshold corresponds to D*K ocurring in a S wave process, so t, = (mp- +mg)?. There is
only one pole below this threshold, the Dy;(2459). For the vector form factor, the cut starts
with the DK channel (as for the D® — K~e*v, channel), thus ¢, = (mp + mg)?, and the
pole below threshold is the Dj.

1.3.2 Different theoretical approaches to determine hadronic form
factors

In the previous section we have indicated a few general contraints that apply to the behaviour
of form factors. It remains to evaluate the normalisation and ¢? variation of these quantities.
Several approaches have been tried which correspond to different approximations of QCD in
the nonperturbative regime.

Quark models

Quark model calculations estimate meson wave functions and use them to compute the cor-

responding contribution that appears in the hadronic current. These integrals are evaluated
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at a particular value of ¢, ¢> = 0 or ¢* = ¢?,,,- The ¢* dependence is generally determined
separately, using theoretical models. Among them, the ISGW model [32|, and its update
ISGW2 [33], are largely used. In particular, ISGW2 is the default in the BABAR simulation
for most of semileptonic decays and in particular for the D — ¢e*v, channel. The distri-
butions of the four kinematic variables for the D} — ¢e*v, decay channel, using this model
are given in Figure 1.10.

010203040506 070809 o-l -0.8-0.6-0.4-0.2 -0 0.2 0.4 0.6 0.8

92 (Gev?) cosd,

Q1 -0.8-0.6-04-02 -0 0.2 040608 1

cosd,,

Figure 1.10: Distributions of the D} — ¢eT v, differential decay rate versus q*, cos 6y, cos Oy
and x, when the form factors are parameterized by the ISGW2 model. These plots are
obtained using the BABAR default simulation.

Quark models incorporate now relativistic effects and, for the most recent versions, they
satisfy the constraints from HQET and LEET, when applicable. Predictions from these
models are usually dependent on the values of parameters as effective quark masses and
slopes of meson wave functions. In Tables 1.3 we give a compilation of expectations from

several models.

QCD sum rule

QCD sum rules [34], and their extension on the light cone, provide a non perturbative
approach to form factor calculations. This method has the advantage to be based on the
first principles of QCD, but it is expected to be valid only at low ¢?. In [39], using QCD sum
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source f+(0) A1(0) A5(0) V(0) rv (0) r2(0)
BSW (1985)[14] 0.76 0.88 1.2 1.3 1.48 1.36
AW (1988)[35] 0.7 0.8 0.6 15 1.87 0.75
ISGW (1989)[32] 0.82 0.8 0.8 1.1 1.37 1.0
ISGW2 (1995)[33] 0.76 0.88 1.15 1.27 1.44 1.30
Jaus (1996)[36] 0.78 0.66 0.43 1.04 1.58 0.65
RQM (1996)[37] 0.73+0.07 || 0.63£0.06 | 0.43+0.04 | 0.62 %+ 0.06 0.98 0.68
MS (2000)(38] 0.78 0.66 0.49 1.03 1.56 0.74

Expt.[4] 0.73 £ 0.01 1.62£0.08 | 0.83£0.05

| B— D/D*e . [25] | I | | | 1.37+0.08 | 0.8840.04 |

Table 1.3: Quark model expectations for the values of different form factor parameters enter-
ing in D — K/K*etv, decays. These values are compared with corresponding measurements
and also with similar results obtained with B-mesons.

rules, they compute the ratios of form factors at ¢*> = 0 for the D} — ¢eTv, decay. They
obtain ry = 1.07 & 0.43 and ry = 2.20 4 0.85. A calculation using light cone sum rules is
done for D} — ¢etv, decay in [40]. They obtain: ro = 1.31 £ 0.43 and ry = 1.38 4 0.44.

Lattice QCD

Lattice QCD, invented by Kenneth G. Wilson in 1974 [41] is a computation technique that
aims to solve numerically the QCD equations, using a discretized euclidiean space-time. It
is a non perturbative approach which uses the exact Lagrangian of QCD and the method of

Feynman path integral. The value of an observable O is evaluated from the path integral:

0= %/DAMDM)J) Oe?, (1.80)

with

Z = /DAMDQ/)D@/J e ®. (1.81)

S is the QCD action, A, are the gluons fields, ¢ and 1) represent the fermions fields. When
discretizing the space-time, the fermion fields become located on the nodes of the lattice
(also called the sites) and the gauge fields get bound to lattice links. The Yang-Mills action
for gauge fields and the Dirac operator for fermions have to be transcribed on the lattice in
such a way that they preserve fundamental properties of the theory as the gauge invariance
and the chiral symmetry. The lattice is characterized by its spacing a and its size L as shown
on Figure 1.11. Typical characteristics of actual lattices are L 2 2fm and ¢ < 0.1fm.
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i

Figure 1.11: Representation of the lattice with size L and spacing a.

Even on a lattice of finite volume, the evaluation of the integral (1.80) cannot be done
exactly as the range of the action S is enormous. To solve this problem, the integral is calcu-
lated with Monte Carlo methods using large ensembles of gauge field configurations (several
thousands), generated according to the law e~°. The value of the observable O is then ob-
tained by an average on the configurations. The first step of the lattice calculation consists
in the generation of these configurations, which is the most time consuming operation. A
method called Hybrid Monte Carlo (HMC) is used to improve the efficiency of the gauge
configurations generation, but a large amount of matrix inversions due to the computation
of the Dirac operator is still necessary. This propagator is a matrix with three indices: site,
spin and color (this means 12 degrees of freedom per site). Each element of the matrix gives
the amplitude for a quark on a given site to propagate to another space-time point. Opera-
tionally, the propagator calculation consists in an inversion of the Dirac operator which is a
12N x 12N matrix, N being the number of sites. A lot of elements of this matrix have zero
value, and several techniques have been developped to make the compution of the inverse
matrix faster but this operation still requires a large computional power.

Lattice QCD is very powerful because it uses directly the first principles of quantum field
theory but the precision of the calculations is limited due to approximations that have to be
made, often related to the computational cost. The following errors have to be taken into

account:

e Statistical errors from the path integral evaluation. It is due to the finite number of

configurations.

e Discretization errors, due to the size of lattice spacing a, and which arise when the

derivatives in the action have to be approximated by finite differences. Typically, these
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errors are O(a?) but they depend on the discretized gauge and Dirac actions used. The
effects of discretization can be corrected using several measurements performed with
different lattice spacing, and extrapolating to a = 0.

e Error due to the finite volume of the lattice, results have to be extrapolated to infinite

volume.

e Chiral extrapolation: lattice computation becomes really costly and difficult for light
quark masses, so the light quarks used on the lattice are heavier than the physical
quarks (masses of m,, 4 ~ m,/10 can be reached nowadays [42]). The extrapolation to
the real quark masses can be done thanks to the chiral perturbation theory.

Until some years ago, all the calculations were performed in the “quenched” approxi-
mation, that is to say neglecting the quark loops, which was inducing large errors on the
computed physical quantities (10 to 20 %). Nowadays, most of calculations take into account
the sea-quark effects (“unquenched”), at least with two light quarks degenerated, or including
also the strange quark. But here again, the light quark masses have to be extrapolated to
their physical values.

Whereas the quarks up and down are difficult to simulate with their physical masses
on the lattice, another problem arises for heavy quarks due to the discretization errors
proportional to a positive power of mga. Actually, discretization effects are small if the
lattice spacing a is much smaller than the Compton length of the quark, A oc 1/m¢. This is
not verified for the quark b (as a=! 2 (0.1fm) ! ~ 2 GeV) and on the lattice, heavy quarks
have a mass of the order of 2 GeV rather than the physical mass. Another approach can be
used which consists in doing the calculation in the infinite mass limit. In this case, the heavy
quark is static and propagates only in the time direction. Both calculations, with “light” b
quark and with infinite mass, can be made to obtain an interpolation to the physical b quark
mass. In this framework, the strange and charm quarks seem to be the easiest to simulate
on the lattice, at present.

Lattice results for charm meson semileptonic decays involving a vector meson can be

found in [43], [44] and [45]. They are compared with experimental results in Chapter 9.

1.3.3 Different ansatze to parameterize hadronic form factors

Simple pole mass ansatz

In the simple pole ansatz, the form factors are expected to be only governed by the spectro-

scopic pole corresponding to the cs lower mass state of quantum number J* = 17 for the
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axial-vector current and J¥ = 1~ for the vector current?:

400
11— ¢?/M2

V(0)

. 2 _— >~ 7

V(g?) (1.82)

with M4 = 2.5 GeV/c? and My = 2.1 GeV/c?.

The distributions of the four kinematic variables for the D — ¢etv, decay channel,

using the simple pole model with o = 0.7 and ry = 1.5, are given in Figure 1.12.

010203040506 070809 1 01708-06-04-0.2 -0 0.2 0.4 0608 1

92 (Gev?) cosp,

Ql -0.8-0.6-0.4-0.2 -0 0.2 040608 1

cosd,,

Figure 1.12: Distributions of the D} — ¢eTv, differential decay rate versus q*, cos®y,
cosby and x when the form factors are parameterized by the simple pole model. These
plots are obtained using the BABAR simulation with following values of the parameters:
my = 2.5 GeV/c?, my = 2.1 GeV/c?, ry = 0.7 and ry = 1.5.

It has been shown experimentally that pole models using nominal values of the pole
masses do not give a good description of the form factor ¢ variation in the decay D° —
K~e'v, [46]. In this channel, the pole is expected to be situated at the D! mass (2.112 GeV /c¢?)
whereas, using a simple pole expression, as in Eq. (1.82), the fitted pole mass value is lower:
my = 1.88440.012 4+ 0.015 GeV/c?. This discrepancy is not surprising because the approx-
imation of the simple pole model is verified if the pole is well separated from the cut, so

“The 1~ state contributing to V is expected to be the D} of mass 2.112GeV /c? whereas the 11 states
D, ;(2459) and Dy, (2536) can contribute to A; o
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that the physical region of ¢? is only sensitive to the pole. From experiment, we know that
the simple pole model has to be modified to include contributions from resonances higher
in mass than the leading contribution. This is done in an ansatz proposed by Becirevic and

Kaidalov for semileptonic decays into pseudo-scalar particles [47].

Generalized Becirevic-Kaidalov ansatz

The Becirevic-Kaidalov model [47] was developed for B/D — Plv, decays, where P is a
light meson. In these decays, when the lepton mass is neglected, the differential decay rate
depends on a single hadronic form factor (f,(¢*)). For D — Keuw,, this vector form factor
is expected to receive contributions from the DT pole and from states situated at higher
masses and having the same quantum numbers (J¥ = 17). These components are supposed
to generate a double pole behavior of the form factor:

y(l—a)

fild®) = , o\
(1-5) (1-es)

The value of the parameter a is expected to be ~ 0.5.

(1.83)

This model has been generalized by Fajfer and Kamenik [48] to describe B/D — Vv,
decays. It is built in order to satisfy the scaling laws of HQET and LEET.

For D} — ¢etv,, the three form factors are parameterized as:

V(g?) = (1= ) : (1.84)
q (1_"35:> <1_a"f£:>
Ay(¢*) = eylza) (1.85)

and

As(?) = cH . (1.86)
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In this model, ry is completely determined, in agreement with the expectation from
LEET:

1 2
o= Lo Mo tme (1.87)
£ mip, + my

They provide also predictions for the parameter values based on experimental measurements
of the meson masses and on HMyT (Heavy Meson and Chiral Lagrangians) calculations.
For the D} — ¢e™v, channel:

V(0) = 1.10, A,(0) = 0.61, A,(0) = 0.32,
a=057, d =053, b =0.74, b = 0.
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Chapter 2

The BABAR Experiment

Suddenly she came upon a little three-legged table, all
made of solid glass; there was nothing on it except a
tiny golden key, and Alice’s first thought was that it
might belong to one of the doors of the hall; but, alas!
either the locks were too large, or the key was too small,
but at any rate it would not open any of them.

The study of the D} — K+ K~e*v, decay channel presented in this thesis has been done
with the B factory PEP-II and the BABAR detector. In this analysis, we use charm mesons
produced in continuum ete” — ¢ events, the B mesons are thus a source of background.
The BABAR experiment has been optimized for the systematic study of C'P-violation in the
B meson system. The geometry of the detector as well as the technical requirements of
the main components have been designed in order to obtain the cleanest environment and
the best efficiency to reconstruct the B meson decays. The study of charm mesons in such
conditions could be thought as difficult. In a certain way, this is true because we do not have
a clean environment as in the CLEO-c experiment which is running at the charm production
threshold. We have to deal with a consequent background as charm mesons are produced
in the fragmentation process. But the great advantage of working in this experiment is the
huge statistics of charm mesons available and dedicated studies can be developed to control
the background. The performances of the detector, even optimized for B physics, are also
appropriate for the reconstruction of c¢ events.

BABAR is located at the Stanford Linear Accelerator Center (SLAC) in California. It
involves a large international Collaboration of more than 500 physicists. The experiment
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consists of a detector [49] built around the interaction region of the high luminosity e*e™
asymmetric collider PEP-II [50]. In this chapter the main features of the final designs and
the performances of PEP-II and the BABAR detector are described. The last section presents
more specifically the particle identification tools used for the D — K*K~e*v, channel.

2.1 The accelerator PEP-II

The PEP-II B-Factory is an asymmetric-energy ete™ collider designed to operate at a center
of mass energy of 10.58 GeV, corresponding to the mass of the 7°(4S) vector meson resonance.
The 7°(4S5) has a mass slightly above the BB threshold, and thus it decays almost exclusively
into B°B° or B*B~ pairs. When the 17(45) is produced at rest, the small B meson lifetime
(about 1.5 ps) and the small boost provided to the B mesons as a consequence of the vicinity
of the 7'(4S) mass to the BB threshold' make experimentally very difficult to measure the
separation of the two B mesons decay points, which is necessary for the CP asymmetries
determination. By making an asymmetric-energy machine, with a 9.0 GeV electron beam
and a 3.1 GeV positron beam, the 7°(4S) receives a Lorentz boost of 57 ~ 0.56, resulting in
an average separation of about 250 um between the two B vertices.

f. El;;.lrnn

SLAC/LBL/LLNL
SLAC-Based B Factory:
PEP-ll and BABAR

Ea'uum

nturm E'I‘II‘
;lll"l}ﬂll Q’lﬁﬁh

% ,r”/

Tt

PEP-N
Rimgs .

Positroms

Low !ﬂll‘n;’ Ring
Al
BabBam Datecis e S

High Enargy Ring
{wpgrasde of sxisting ring)

Both Rings Haoused in Current PEP Tunnal il

Figure 2.1: Overview of the PEP-II B-Factory.

!The B mesons have a momentum of about 340 MeV/c in the 7'(45) rest frame.
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An overview of the accelerator is shown in Figure 2.1. Electrons and positrons are
accelerated from the 3.2 km long SLAC linac and accumulated into two 2.2 km long storage
rings, called HER, (high-energy ring, which contains the electrons) and LER, (low-energy ring,
which contains the positrons). Positrons are produced in the linac by collisions of 30 GeV
electrons to a target. In proximity of the interaction region the beams are focused by a series
of offset quadrupoles (labelled Qx) and bent by means of a pair of dipole magnets, which
allow the bunches to collide head-on and then to separate. The tapered B1 dipoles, located
at + 21 cm on each side of the interaction point (IP), and the Q1 quadrupoles operate inside
the field of the BABAR superconducting solenoid, while Q2, Q4, and Q5, are located outside
or in the fringe field of the solenoid (Figure 2.3). The interaction region is enclosed in a
water-cooled beam pipe consisting of two thin layers of beryllium with a water channel in
between. Its outer radius is about 28 mm. The total thickness of the central beam pipe
section at normal incidence corresponds to 1.06 % of a radiation length. The beam pipe,
the permanent magnets and the Silicon Vertex Tracker (SVT) are assembled, aligned and
then enclosed in a 4.5 m long support tube. This rigid structure is inserted into the BABAR
detector, spanning the IP.

Event | Cross section (nb) |

bb 1.05
cc 1.30
ss 0.35
uUu 1.39
dd 0.35
ete~ ~53
ptp 1.16
Trr— 0.94

Table 2.1: Cross sections of the main physics processes at the Y (4S). The cross section
for eTe™ refers to events with one or both of the et inside the electromagnetic calorimeter
detection volume.

The cross sections of the main physics processes in PEP-II are listed in Tab. 2.1 [51].
At the peak of the 7(4S) there is a large amount of continuum ete™ — ¢ (¢ = u, d, s,
¢) and ete™ — 00 (¢ = e, u,7) events. Especially, charm is produced in eTe™ — ¢ events
with a cross section of approximately 1.3 nb. To study specifically processes coming from
continuum events, part of the data is collected at a center of mass energy 40 MeV below the
T (4S) peak, where BB production is not allowed. This data sample corresponds to about
1/10 of the sample taken at the 1°(4S) peak.

Collisions in PEP-II started at the end of 1999, and since then BABAR has recorded an
integrated luminosity of about 513 fb™", included about 48 fb™! of off-peak luminosity, and
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433 fb ! recorded at the 7(4S). This dataset corresponds to more than one billion of charm
decays. The BABAR recorded luminosity until march 2008 is shown in Figure 2.2.
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Figure 2.2: PEP-II delivered and BABAR recorded integrated luminosity in Run 1 to Run 7

(from October 1999 to March 2008).

Parameters Design 2007
Energy HER/LER (GeV) 0.0/3.1  9.0/3.1
Current HER/LER (A) 0.75/2.15 1.9/2.9
# of bunches 1658 1722
Bunch length (mm) 15 11-12
Luminosity (103 cm™2s7!) 3 12
Integrated luminosity (pb~*/day) 135 911

Table 2.2: PEP beam parameters. Values are given both for the design and for the records

achieved during 2007.

PEP-IT surpassed its design performances, both in terms of the instantaneous lumi-

nosity and the daily integrated luminosity (see Table 2.2), achieving the peak value of

1.2 x 103 em~2 57! during the Run 6. A significant improvement to the integrated luminos-

ity has been achieved between December 2003 and March 2004 with the implementation of
a novel mode of operation of PEP-II, called “trickle injection”. Until the end of 2003, PEP-II
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typically operated in a series of 40 minute fills during which the colliding beams coasted:
at the end of each fill, it took about three to five minutes to replenish the beams for the
next fill, and during this period the BABAR data acquisition system had to be turned off for
detector safety. With the new technique, the BABAR detector can keep taking data virtually
uninterrupted while the linac continuously injects electron and positron bunches (at a rate
up to 10 Hz in the HER and 20Hz in the LER) into the two PEP-II storage rings. This novel
mode of operation allows an increase of 20 to 30% of the integrated luminosity. Moreover,
the continuous injection makes the storage of particles more stable, so that PEP-II rings
are easier to operate and beam losses are far less frequent than with the previous opera-
tional mode. This result is very important since, after a loss of the stored beams, it takes
approximately 15 minutes to refill the two beams during which obviously no data taking is
allowed.

The PEP-II high luminosity environment produces large backgrounds which can cause
high single counting rates and currents in the detector components, radiation damages to
electronics and sensors such as data acquisition dead times. This results in lower data quality
and may limit the lifetime of the apparatus. For this reason the background generated by
PEP-II has been studied in detail and the interaction region has been carefully designed. The
primary sources of machine generated background [52] are the synchrotron radiation in the
proximity of the interaction region, interactions between beam particles and residual gas in
the rings and electromagnetic showers generated by beam-beam collisions. Background rates
are continuously monitored during data acquisition to prevent critical operating conditions
of the detector.

2.2 The BABAR detector

The design of the BABAR detector is optimized for CP violation studies, but it is also well
suited to do precision measurements in other B and non B physics. To achieve the goal of

performing accurate measurements there are many requirements:

e a large and uniform acceptance, in particular down to small polar angles relative to
the boost direction, to avoid particle losses. Although the boost originated by the
asymmetric beams is not a big one, optimizing the detector acceptance leads to an
asymmetric detector;

e a good vertex resolution;

e an excellent detection efficiency and an excellent precision on the momentum measure-

ment for charged particles with transverse momentum ranging between 60 MeV/c and
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4 GeV/e ;

e an excellent energy and angular resolution for photons and 7° s with energy down to
20 MeV and up to 5 GeV ;

e a good discrimination between e, u, 7, K, p over a wide kinematic range;

e neutral hadrons identification capability.

Since the average momentum of charged particles produced in B meson decays is below
1 GeV/e, the errors on the measured track parameters are dominated by multiple Coulomb
scattering, rather than intrinsic spatial resolution of the detectors. Similarly, the detection
efficiency and energy resolution of low energy photons are severely impacted by material in
front of the calorimeter. Thus, special care has been given to keep the material in the active

volume of the detector to a minimum.

A schematic view of the BABAR detector is shown in Figure 2.3. The BABAR super-
conducting solenoid, which produces a 1.5 T axial magnetic field, contains a set of nested
detectors, which are — going from inside to outside — a five layers Silicon Vertex Tracker
(SVT), a central Drift Chamber (DCH) for charged particles detection and momentum mea-
surement, a fused-silica Cherenkov radiation detector (DIRC) for particle identification, and
a CsI(T1) crystal electromagnetic calorimeter for detection of photons and electrons. The
calorimeter has a barrel and an end-cap which extends it asymmetrically into the forward di-
rection (e~ beam direction), where many of the collision products emerge. All the detectors
located inside the magnet have practically full acceptance in azimuth (¢). The flux return
outside the cryostat is composed of 18 layers of steel, which increase in thickness outwards,
and are instrumented (the IFR) with 19 layers of planar resistive plate chambers (RPCs) or
limited streamer tubes (LSTs) in the barrel and 18 in the end-caps. The IFR allows the muon
identification, and also detects penetrating neutral hadrons. The right-handed coordinate
system is indicated in Figure 2.3. The z axis corresponds to the magnetic field axis and is
offset relative to the beam axis by about 20 mrad in the horizontal plane. It is oriented in
the direction of electrons. The positive y-axis points upward and the positive z-axis points
away from the center of the PEP-II storage rings. The next Sections are dedicated to a

description of each subsystem.

2.2.1 The Silicon Vertex Tracker

The Silicon Vertex Tracker (SVT) provides a precise measurement of the decay vertices and
of the charged particle trajectories near the interaction region. The mean vertex resolution
along the z-axis for a fully reconstructed B decay must be better than 80 pm in order to
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Figure 2.3: BABAR detector front view (top) and side view (bottom,).
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avoid a significant impact on the time-dependent CP asymmetry measurement precision;
a 100 pm resolution in the x — y transverse plane is necessary in reconstructing decays of
bottom and charm mesons, as well as 7 leptons. The SVT also provides standalone tracking
for particles with transverse momentum too low to reach the drift chamber, like soft pions
from D* decays and many charged particles produced in multi-body B meson decays. Finally,
the SVT supplies particle identification (PID) information both for low and high momentum
tracks. For low momentum tracks the SVT dE/dx measurement is the only PID information
available, for high momentum tracks the SVT provides the best measurement of the track

angles, required to achieve the design resolution on the Cherenkov angle measured by the
DIRC.

The design of the SVT is constrained by the components of the storage ring which have
been arranged so as to allow maximum SV'T coverage in the forward direction: the SVT
extends down to 20° (30°) in polar angle from the beam line in the forward (backward)
direction. Furthermore, it must have a small amount of material, so to reduce the multiple
scattering which would affect the performance of the outer subdetectors. The solution which
was adopted is a five-layer device with 340 double-sided silicon wafers mounted on a carbon-
fiber frame (Figures 2.4 and 2.5). On the inner (outer) face of each wafer, strip sensors are
located running orthogonal (parallel) to the beam direction, measuring the z (¢) coordinate
of the tracks. The wafers are organized in modules split into forward and backward sections:
they are read out on their respective ends and the charge deposited by a particle is determined
by the time over threshold of the signal on each strip. In total, 150,000 read-out channels are
present. The inner three layers, containing six modules each, are placed close to the beam
pipe (at 3.3, 4 and 5.9 ¢cm from it) and dominate the determination of tracks position and
angles. The outer two layers, containing 16 and 18 modules respectively, are arch-shaped,
thus minimizing the amount of silicon needed to cover the solid angle, and placed close to
the DCH (between 9.1 and 14.6 cm from the beam pipe) to help the track matching between
the two detectors.

The total active silicon area is 0.96 m? and the geometrical acceptance is 90% of the solid
angle in the center-of-mass frame. The material traversed by particles corresponds to ~ 4%
of a radiation length.

The SVT efficiency is calculated for each section of the modules by comparing the number
of associated hits to the number of tracks crossing the active area of the module and is found
to be 97%. The spatial resolution of SVT hits is determined by measuring the distance
between the track trajectory and the hit for high-momentum tracks in two-prong events: it is
generally better than 40 um in all layers for all track angles, allowing a precise determination
of decay vertices to better than 70 pym.
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Figure 2.4: Schematic view of the SVT (transverse section).

~ 580 mm |

Bkwd. \,{% =

support v
cone

520 mrad 350 mrad

Fwd. support
cone
£

electronics

> wﬂr
Beam Pipe

Figure 2.5: Schematic view of the SVT (longitudinal section).

The SVT provides stand-alone tracking for low momentum particles that do not reach
the drift chamber. A comparison of the detected slow pion spectrum with the Monte Carlo
prediction is presented in Figure 2.6 [49]. Based on this very good agreement the detection
efficiency is estimated to be 20% for particles with transverse momenta of 50 MeV/¢, rapidly
increasing to over 80% at 70 MeV/c.

Limited particle ID information for low momentum particles that do not reach the drift
chamber and the Cherenkov detector is provided by the SVT through the measurement of
the specific ionization loss, dE/dx, as derived from the total charge deposited in each silicon
layer. The SVT dE/dx distribution as a function of momentum is shown in Figure 2.6. The
resolution achieved to date is typically about 14% for minimum ionizing particles, and a 20
separation between kaons and pions can be achieved up to momenta of 500 MeV/c.
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momentum spectrum of soft pions in D** — D° 7 (top), and efficiency for slow pions
detection estimated from simulated events (bottom). (b) Energy loss per unit length (dE/dz)
as measured in the SVT as a function of momentum. The vertical scale is arbitrary

2.2.2 The Drift Chamber

The Drift Chamber (DCH) is the main tracking device for charged particles with transverse
momenta pr above ~ 120 MeV/¢, providing the measurement of pr from the curvature of
the particle’s trajectory inside the 1.5 T solenoidal magnetic field. The DCH also allows
the reconstruction of secondary vertices located outside the silicon detector volume, such
as those from K? — 777~ decays. For this purpose, the chamber is able to measure not
only the transverse coordinate, but also the longitudinal (z) position of tracks with good
resolution (about 1 mm). Good z resolution also aids in matching DCH and SVT tracks,
and in projecting tracks to the DIRC and the calorimeter. For low momentum particles
the DCH provides particle identification by measurement of ionization loss (dE/dx), thus
allowing for K/m separation up to &~ 700 MeV/c. This capability is complementary to that
of the DIRC in the barrel region, while it is the only mean to discriminate between different
particle hypotheses in the extreme backward and forward directions which fall outside of the
geometric acceptance of the DIRC. Finally, the DCH provides real-time information used in

the first level trigger system.

The DCH is a 2.80 m long cylinder with an inner radius of 23.6 cm and an outer radius of
80.9 cm (Figure 2.7). Given the asymmetry of the beam energies, the DCH center is displaced
by about 37 cm with respect to the interaction point in the forward direction. The active

volume provides charged particle tracking over the polar angle range —0.92 < cos# < 0.96.
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Figure 2.7: Schematic view of the DCH (longitudinal section).

The drift system consists of 7104 hexagonal cells, approximately 1.8 cm wide by 1.2 cm
high, arranged in 10 superlayers of 4 layers each, for a total of 40 concentric layers (Fig. 2.8).
Each cell consists of one sense wire surrounded by six field wires. The sense wires are 20 pm
Rh-W gold-plated wires operating nominally in the range 1900-1960 V; the field wires are
120 pm Al wires operating at 340 V. Within a given superlayer, the sense and field wires are
organized with the same orientation. For measuring also the z coordinate, the superlayers
alternate in orientation: first an axial view, then a pair of small angle stereo views (one with

positive, one with negative angle), as indicated in Fig. 2.8.

+Sense o Field e Guard x Clearing

Figure 2.8: Schematic layout of the drift cells for the four innermost superlayers. The
numbers on the right side give the stereo angles (mrad) of sense wires in each layer.
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Figure 2.9: Track reconstruction efficiency in the drift chamber at operating voltages of 1900
V and 1960 V, as a function of transverse momentum (a) and polar angle (b).

The layers are housed between a 1 mm beryllium inner wall and a 9 mm carbonfiber outer
wall (corresponding to 0.28% and 1.5% radiation lengths, respectively) both to facilitate the
matching between the SVT and DCH tracks and to minimize the amount of material in front
of the DIRC and the calorimeter. The counting gas is a 80:20 mixture of helium: isobutane,
which again satisfies the requirement of keeping the multiple scattering at minimum. Overall,
the multiple scattering inside the DCH is limited by less than 0.2% radiation lengths of

material.

The drift chamber reconstruction efficiency has been measured on data in selected samples
of multi-track events by exploiting the fact that tracks can be reconstructed independently
in the SVT and the DCH. The absolute drift chamber tracking efficiency is determined as
the fraction of all tracks detected in the SVT which are also reconstructed by the DCH when
they fall within its acceptance. Its dependency on the transverse momentum and polar angle
is shown in Fig. 2.9 [49]. At the design voltage of 1960V the reconstruction efficiency of the
drift chamber averages 98 + 1% for tracks above 200 MeV/c and polar angle # > 500 mrad
(29°).

The pr resolution is measured as a function of py in cosmic ray studies:

e — (0.13 £ 0.01)% - pr + (0.45 £ 0.03)%, (2.1)

pPr
where pr is expressed in GeV/c. The first contribution, dominating at high py, comes from
the curvature error due to finite spatial measurement resolution; the second contribution,

dominating at low momenta, is due to multiple Coulomb scattering.
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Figure 2.10: Left: reconstructed dE/dz as a function of track momenta. Right: resolution
on dE/dx for e* from Bhabha scattering.

The specific ionization loss dF/dx for charged particles traversing the drift chamber
is derived from the total charge deposited in each drift cell. The left plot of Figure 2.10
shows the distribution of the reconstructed and corrected dE /dx from the drift chamber as a
function of track momenta. The superimposed Bethe-Bloch curves for the individual particle
species have been determined using various particle control samples. The resolution achieved
to date is typically about 7.5% (as shown in the right plot of Fig. 2.10 for e* from Bhabha
scattering). A 3o separation between kaons and pions can be achieved up to momenta of
about 700 MeV/c [53].

2.2.3 The Cherenkov detector

The particle identification (PID) at low momenta exploits primarily the dE'/dx measurements
in the DCH and SVT. However, above the threshold of 700 MeV/¢, the dE/dx information
does not allow to separate pions and kaons. The Detector of Internally Reflected Cherenkov
radiation (DIRC) is employed primarily for the separation of pions and kaons from about 500
MeV/e to the kinematic limit of 4 GeV/c reached in rare B decays like B — nrn~ /KT K.
The principle of the DIRC is based on the detection of Cherenkov light generated by a
charged particle in a medium of refractive index n, when its velocity v is greater than ¢/n.
The photons are emitted on a cone of half-angle 6. with respect to the particle direction,
where cosf, = 1/fn, = v/c. Knowing the particle momentum thanks to the SVT and the
DCH, the measurement of 6. allows the mass measurement, so the particle identification,
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with the relation:
29 1-— B 2
m-cT = 7]9 (2.2)

Figure 2.11 illustrates the principles of light production, transport, and imaging.
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Figure 2.11: Schematics of the DIRC fused silica radiator bar and imaging region.

The radiator material of the DIRC is synthetic fused silica (refraction index n = 1.473)
in the form of 144 long, thin bars with regular rectangular cross section. The bars, which are
17 mm thick, 35 mm wide and 4.9 m long, are arranged in a 12-sided polygonal barrel, each
side being composed of 12 adjacent bars placed into sealed containers called bar boxes. Dry
nitrogen gas flows through each bar box, and humidity levels are measured to monitor that
the bar box to water interface remains sealed. The solid angle subtended by the radiator
bars corresponds to 94% of the azimuth and 83% of the cosine of the polar angle in the
center-of-mass system. The bars serve both as radiators and as light pipes for the portion of
the light trapped in the radiator by total internal reflection. For particles with § ~ 1, some
photons will always lie within the total internal reflection limit, and will be transported to
either one or both ends of the bar, depending on the particle incident angle. To avoid having
to instrument both bar ends with photon detectors, a mirror is placed at the forward end,
perpendicular to the bar axis, to reflect incident photons to the backward (instrumented)
bar end.

Once photons arrive at the instrumented end, most of them emerge into an expansion
region filled with 6000 litres of purified water (n = 1.346), called the stand-off box (see
Figure 2.12). A fused silica wedge at the exit of the bar reflects photons at large angles and
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thereby reduces the size of the required detection surface. The photons are detected by an
array of densely packed photo-multiplier tubes (PMTs), each surrounded by reflecting “light
catcher” cones to capture light which would otherwise miss the PMT active area. The PMTs,
arranged in 12 sectors of 896 phototubes each, have a diameter of 29 mm and are placed at
a distance of about 1.2 m from the bar end. The expected Cherenkov light pattern at this
surface is essentially a conic section, whose cone opening-angle is the Cherenkov production
angle modified by refraction at the exit from the fused silica window. By knowing the
location of the PMT that observes a Cherenkov photon and the charged particle direction
from the tracking system, the Cherenkov angle can be determined. In addition, the time
taken for the photon to travel from its point of origin to the PMT is used to effectively
suppress hits from beam-generated background and from other tracks in the same event,
and also to resolve some ambiguities in the association between the PMT hits and the track
(for instance, the forward-backward ambiguity between photons that have or haven’t been
reflected by the mirror at the forward end of the bars).

Central
Support

Support
Tube PP

Gusset

Bucking
Coil

Strong
Support

Tube Standoff

Box

Figure 2.12: Schematic view of the principal components of the DIRC mechanical support
structure.

The relevant observable to distinguish between signal and background photons is the
difference between the measured and expected photon time, dt,. It is calculated for each
photon using the track time-of-flight, the measured time of the candidate signal in the PMT
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and the photon propagation time within the bar and the water filled standoff box. The
resolution on this quantity, as measured in dimuon events is 1.7 ns, close to the intrinsic 1.5
ns transit time spread of the photoelectrons in the PMTs. Applying the time information
substantially improves the correct matching of photons with tracks and reduces the number
of accelerator induced background hits by approximately a factor 40, as can be seen in
Figure 2.13 [54]. The reconstruction routine provides a likelihood value for each of the
five stable particle types (e, p, m, K, p) if the track passes through the active volume
of the DIRC. These likelihoods are calculated in an iterative process by maximising the
likelihood value for the entire event while testing different hypotheses for each track. If
enough photons are found, a fit of #. and the number of observed signal and background

photons are calculated for each track.

Figure 2.13: Display of one ete™ — u*u~ event reconstructed in BABAR with two different
time cuts. On the left, all DIRC' PMTs that were hit within the +300 ns trigger window are
shown. On the right, only those PMTs that were hit within 8 ns of the expected Cherenkov
photon arrival time are displayed.

The DIRC uses two independent approaches for a calibration of the unknown PMT time
response and the delays introduced by the electronic and the fast control system. The first
one is a conventional pulser calibration: 1 ns duration light pulses are emitted from 12 blue
LEDs (one per sector), with a rate of 2 kHz. A calibration run requires a few minutes and
is taken about three times a week. The second calibration system uses reconstructed tracks
from the collision data (“rolling calibration”). It performs a calibration of the global time

delay, and the time delay sector by sector.

Figure 2.14 shows the number of photons detected as a function of the polar angle in di-
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Figure 2.14: Number of detected photoelectrons versus track polar angle for reconstructed
di-muon events in data and simulation.

muons events. It increases from a minimum of about 20 at the center of the barrel (6 ~ 90°) to
well over 50 in the forward and backward directions, corresponding to the fact that the path-
length in the radiator is longer for tracks emitted at large dip angles (therefore the number of
Cherenkov photons produced in the bars is greater) and the fraction of photons trapped by
total internal reflection rises. This feature is very useful in the BABAR environment, where,
due to the boost of the center-of-mass, particles are emitted preferentially in the forward
direction. The bump at cos = 0 is a result of the fact that for tracks at small angles internal
reflection of the Cherenkov photons occurs in both the forward and backward direction. The
small decrease of the number of photons from the backward direction to the forward one
is a consequence of the photon absorption along the bar before reaching the stand-off box
in the backward end. The combination of the single photon Cherenkov angle resolution,
the distribution of the number of detected photons versus polar angle and the polar angle
distribution of charged tracks yields a typical track Cherenkov angle resolution which is
about 2.5 mrad in di-muon events. The D* — D% D% — Kz decay chain is well suited
to probe the pion and kaon identification capabilities of the DIRC. It is kinematically well
constrained and the momentum spectrum of the charged pions and kaons covers the range
accessible by B meson decay products in BABAR . The pion-kaon separation power is defined
as the difference of the mean Cherenkov angles for pions and kaons assuming a Gaussian-like
distribution, divided by the measured track Cherenkov angle resolution. As shown in Figure
2.15, the separation between kaons and pions at 3 GeV/c is about 4.3 o.
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Figure 2.15: (a) The measured Cherenkov angle for pions (upper band) and kaons (lower
band) from D* — D7, D° — K7 decays reconstructed in data. The curves show the expected
angle Oc as a function of laboratory momentum, for the K and m mass hypothesis. (b)
The average difference between the expected value of Oc for kaons and pions, divided by the
uncertainty, as a function of momentum.

The efficiency for correctly identifying a charged kaon hitting a radiator bar and the
probability of wrongly identifying a pion as a kaon are determined using D° decays kine-
matically selected from inclusive D* meson production (Figure 2.16): the kaon identification
efficiency and pion mis-identification probability are about 96% and 2%, respectively.
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Figure 2.16: Efficiency and misidentification probability for the selection of charged kaons as
a function of track momentum.
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2.2.4 The Electromagnetic Calorimeter

The BABAR electromagnetic calorimeter (EMC) is designed to detect and measure electro-
magnetic showers with high efficiency and very good energy and angular resolution over a
wide energy range between 20 MeV and 9 GeV. This allows the reconstruction of 70 —
and n — vy decays where the photons can have very low energy, as well as the reconstruction
of Bhabha events and processes like eTe™ — v+, important for luminosity monitoring and
calibration, where the electron and photon energies can be as large as 9 GeV. The EMC also
provides the primary information for electron identification and electron-hadron separation.

Energy deposit clusters in the EMC with lateral shape consistent with the expected pat-
tern from an electromagnetic shower are identified as photons when they are not associated
to any charged tracks extrapolated from the SVT and the drift chamber, and as electrons if
they are matched to a charged track and if the ratio between the energy E measured in the
EMC and the momentum p measured by the tracking system is E/p ~ 1.

The EMC contains 6580 CsI crystals doped with Tl (Figure 2.17). CsI(T1) has a high
light yield (50,000 photons/ MeV) and a small Moliére radius (3.8 c¢cm), which provide the
required energy and angular resolution; its radiation length of 1.86 cm guarantees complete
shower containment at the BABAR energies.
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Figure 2.17: Longitudinal section of the top half of the EMC. Dimensions are in mm.

Each crystal is a truncated trapezoidal pyramid and ranges from 16 to 17.5 radiation
lengths in thickness. The front faces are typically about 5 cm in each dimension. The crystals
are arranged to form a barrel and a forward endcap giving a 90% solid-angle coverage in
the center-of-mass frame. The barrel has 48 rows of crystals in # and 120 in ¢; the forward
endcap contains 8 rings in . Overall the EMC extends from an inner radius of 91 cm to an
outer radius of 136 cm and is displaced asymmetrically with respect to the interaction point.
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The crystals are read out by two independent 1 cm? PIN photodiodes, glued to their
rear faces, which are connected to low-noise preamplifiers that shape the signal with a short
shaping time (400 ns) so to reduce soft beam-related photon backgrounds.

For the purpose of precise calibration and monitoring, use is made of a neutron activated
fluorocarbon fluid, which produces a radioactive source (®V) originating a 6.1 MeV photon
peak in each crystal. A light pulser system injecting light into the rear of each crystal is
also used. In addition, signals from data, including 7% decays and eTe™ — eTe™ /yy/utp~

events, provide an energy calibration and resolution determination.

The efficiency of the EMC exceeds 96% for the detection of photons with energy above
20 MeV. The energy resolution is usually parameterized by

OR o

o 1
T EAGY) -

(2.3)
where o1 = 2.32 £ 0.30% and o, = 1.85 4= 0.12%, as determined using the above mentioned
sources. The first term in Eq. 2.3 arises from fluctuations in photon statistics and is dominant
for energies below about 2.5 GeV, while the constant term takes into account several effects,
such as fluctuations in shower containment, non-uniformities, calibration uncertainties and

electronic noise.
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Figure 2.18: Energy (left) and angular (right) resolutions measured using a variety of data.
The solid curves represent a fit to the data using Equation 2.3 and 2.4 respectively.

0

The decays of 7° and 7 candidates in which the two photons have approximately equal

energy are used to infer angular resolution. It varies between about 12 mrad at low energies
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and 3 mrad at high energy. The data fit the empirical parameterization:

Tpp = (% + (0.00 £ 0.04)) mrad (2.4)

Fig. 2.18 [55| shows the energy and angular resolution measured as a function of the photon

energy.

2.2.5 The Instrumented Flux Return

The Instrumented Flux Return (IFR) is designed to identify muons and neutral hadrons
(primarily K and neutrons). Muons are important for tagging the flavor of neutral B
mesons via semi-leptonic decays, for the reconstruction of vector mesons, like the J/1, and
the study of semi-leptonic and rare decays involving leptons from B and D mesons and 7
leptons. K, detection allows for the study of exclusive B decays, in particular CP eigenstates.
The principal requirements for [FR are large solid angle coverage, good efficiency and high
background rejection for muons down to momenta below 1 GeV/c. For neutral hadrons, high
efficiency and good angular resolution are most important. The IFR uses the steel flux return
of the magnet as muon filter and hadron absorber, limiting pion contamination in the muon
identification. Originally single gap resistive plate chambers (RPC) with two-coordinate
readout, operated in limited streamer mode constituted the active part of the detector [56],
with 19 layers in the barrel and 18 in each endcap. The RPC were installed in the gaps of
the finely segmented steel of the six barrel sectors and the two end-doors of the flux return,
as illustrated in Fig. 2.19. The steel segmentation has been optimized on the basis of Monte
Carlo studies of muon penetration and charged and neutral hadron interactions. In addition,
two layers of cylindrical RPCs were installed between the EMC and the magnet cryostat to
detect particles exiting the EMC. RPCs contain a 2 mm Bakelite gap with ~ 8 kV across
it. Ionizing particles which cross the gap create streamers of ions and electrons in the gas
mixture (Argon, freon and isobutane), which in turn creates signals via capacitive coupling
on the strips mounted on each side of the RPC. Soon after the installation (which took place
in Summer 1999), the efficiency of a significant fraction of the chambers (initially greater
then 90%) has started to deteriorate at a rate of 0.5-1%/month. In order to solve some
of the inefficiency problems, an extensive improvement program has been developed. The
forward endcap was retrofitted with new improved RPCs in 2002, their efficiency has not
significatly decreased since then. In the barrel, the RPCs have been replaced in 2004 and
2006 by 12 layers of limited streamer tube (LST) detectors and 6 layers of brass have been
added to improve hadron absorption. The tubes have performed well since their installation
with an efficiency of all layers at the geometrically expected level of 90%. The pion rejection
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Figure 2.19: Querview of the IFR Barrel sectors and forward and backward end-doors; the
shape of the RPC modules and the way they are stratified is shown.

versus muon efficiency is shown in Figure 2.20 for the LSTs and RPCs. The LSTs efficiency
is better than the efficiency that the RPCs had, even during the Runl.
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Figure 2.20: Pion rejection versus muon efficiency for two different momentum ranges (left:
2 < p<4GeV/e, right 0.5 < p < 2 GeV/c. The LST efficiency (blue) is compared with
the RPC one for different Runs. We see the deterioration of the RPC performance between
2000 (red) and 2005 (green).
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‘ L3 Trigger ‘ €15 ‘ €EB_y 7070 ‘ €B—srv ‘ € ‘ €uds ‘ €Err ‘
Combined DCH filters 99.4 89.1 96.6 | 97.1 | 95.4 | 95.5
Combined EMC filters 93.5 95.7 62.3 | 87.4 | 85.6 | 46.3
Combined DCH+EMC filters | >99.9 99.3 98.1 | 99.0 | 97.6 | 97.3
Combined L1-+L3 >99.9 99.1 97.8 1 98.9 | 95.8 | 92.0

Table 2.3: L3 trigger efficiency (%) for various physics processes, derived from Monte Carlo
simulation.

2.2.6 Trigger

The BABAR trigger is designed to select a large variety of physics processes (efficiency greater
than 99% for BB events) while keeping the output rate below 400 Hz to satisfy computing
limitations of the offline processing farms (beam induced background rates with at least one
track with p, > 120 MeV /c or at least one EMC cluster with E > 100 MeV are typically 20
kHz). The trigger accepts also 95 % of continuum hadronic events and more than 90 % of
777 events. It is implemented as a two level hierarchy, the hardware Level 1 (L1) followed
by the software Level 3 (L3).

The L1 trigger has an output rate of the order of 1 kHz to 3 kHz, depending on the
luminosity and background conditions. It is based on charged tracks in the DCH above
a preset transverse momentum, showers in the EMC, and track detected in the IFR. L3
operates by refining and augmenting the selection methods used in L1. Based on both
the complete event and L1 trigger information, the L3 software algorithm selects events of
interest allowing them to be transferred to mass storage data for further analysis. It uses an
algorithm based on the drift chamber tracking, which rejects beam-induced charged particle
background produced in the material close to the IP, and a second algorithm based on the
calorimeter clustering. Then, based on the L3 tracks and clusters, a variety of filters perform
event classification and background reduction. Table 2.3 shows the L3 and L1+L3 trigger
efficiency for some relevant physics processes, derived from MC simulation. One can see that
the selection efficiency for ete™ — ¢ events is close to 99%.

2.3 Particle identification

After having described the different components of the detector, we will explain more specifi-
cally what are the informations used in the reconstruction of the D} — KK~ e*v, channel.
In this analysis, we have to reconstruct two charged kaons and one electron, which required
the explicit identification of these particles. As the neutrino is not measured, we use the
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charged and neutral particles produced in the rest of the event to evaluate the missing energy

and the D} direction.

2.3.1 Charged particle reconstruction

The charged particle tracks are reconstructed by processing information from both tracking
systems, the SVT and the DCH. Charged tracks are defined by five parameters shown in
Figure 2.21 (dy, ¢o,w, 20, tan\) and their associated error matrix, measured at the point of
closest approach to the z-axis. dy and z; are the distances between the point and the origin
of the coordinate system in the x-y plane and along the z-axis respectively. The angle ¢ is
the azimuth of the track, A is the angle between the transverse plane and the track tangent
vector at the point of closest approach and the z-axis, and w = 1/p; is the curvature of the
track. dp and w are signed variables and their sign depends on the charge of the track. The
track finding and the fitting procedures use the Kalman filter algorithm [57] that takes into
account the detailed distribution of material in the detector and the full magnetic field map.

Figure 2.21: Definition of the parameters dy, ¢o, w and zy used to define charged tracks.

The identified tracks are then organized in different categories depending on requirements
on specific quantities. In the study of the D] — KK e"v, decay channel, we use the list
GoodTrackVeryLoose which is composed of charged tracks with momentum below 10 GeV /¢
(to remove tracks not compatible with the beam energy), distance of closest approach to the

beam spot in the x-y plane below 1.5 cm, and below 10 cm along the z axis.
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2.3.2 Neutral particles reconstruction

Neutral particles (photons, 7°, neutral hadrons) are detected in the EMC as clusters of close
crystals where energy has been deposited. They are required not to be matched to any
charged track extrapolated from the tracking volume to the inner surface of the EMC. The
lateral distribution of energy within a cluster depends heavily of the nature of the incident
particle. The lateral moment, LAT, is defined as :

N
EZ’T'iZ
LAT = —(——=° :
Zi:?) El,er + El’l“g + EQ’I“%

(2.5)

where N is the number of crystals associated with the electromagnetic shower, r( is the aver-
age distance between two crystals, which is approximately 5 cm for the BABAR calorimeter,
E; is the energy deposited in the i-th crystal, numbering them such that £} > Ey > ... > Ey
and r;, ¢; are the polar coordinates in the plane perpendicular to the line pointing from the
interaction point to the shower cluster centroid. Considering that the summations start from
1 = 3, they omit the two crystals containing the highest amounts of energy. Since electrons
and photons deposit most of their energy in two or three crystals, the value of LAT is small
for electromagnetic showers. Multiplying the energies by the squared distances enhances the
effect for hadronic showers, compared with electromagnetic ones.

In this analysis, neutral particles are required to have an energy greater than 100 MeV
and a lateral moment smaller than 0.8.

2.3.3 Particle identification

The particle identification is done by several algorithms with different levels of purity and
efficiency. They allow the identification of stable particles: e, p*, 7%, K*, p* and K?.

The identification of electrons is done using information predominantly from the electro-
magnetic calorimeter, but also coming from the DIRC and dE/dzx in the tracking devices
at low momenta. In this analysis, for the electron identification, we use an algorithm called
PidLHElectrons based on a likelihood [59]. It uses the following variables:

e For the EMC: the ratio E/p of the energy deposited in the EMC and the momentum in
the laboratory frame; LAT, the lateral shape of the calorimeter deposit; A®, a quantity

characterizing the longitudinal energy distribution; and the number of crystals in the
EMC cluster.
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e For the DIRC: the Cherenkov angle and the number of measured photons in the DIRC.

e For the DCH: the specific energy loss dE/dz.

The efficiency of the likelihood-based electron identification algorithm is shown in Figure
2.22 as function of the momentum for three different polar angle regions: the forward endcap,
the forward barrel and the backward barrel [58|. The rate of pions and kaons misidentified
as electrons is shown in Figure 2.23. This algorithm allows the selection of more than 90%
of electron with momentum above 500 MeV, while the rate of misidentified hadrons is below
0.3% and 0.5% for pions and kaons with momentum above 1 GeV/c, respectively.

1 Endcap, 16.159< 27.76 1 Fwd Barrel , 27.760< 71.53 Bwd Barrel , 71.5306< 141.72
s [
~+% 4t ++t+ ° e j;\ww¢ » ~L‘p_._
09 M&’ W#x 0.9 <€ 09k =7
* (I S
t [ e
0.8 0.8 0.8
O %3435 O3y OTTTeTETUS
p[GeV/c] p[GeV/c] p[GeV/c]
Selector : PidLHEIectronSelector Dataset : run4-ri8a Tables created on 14/3/2006 (Data) , 15/3/2006 (MC)

Figure 2.22: FElectron identification efficiency for the likelihood-based electron selector as
function of momentum, for three different angular regions.

The kaon selection is based on the information from the SVT, the DCH and the DIRC.
For charged particles, a likelihood is computed as a product of three terms, one for each
subdetector, and the selection is done using cuts on the relevant likelihood ratios. For
example, the KLHTight selects kaons if Ly /(Lx+L;) > 0.9 and Lg/(Lg + L,) > 0.2 where
the Ly are the hadron likelihoods. The efficiency of kaons and protons as funtion of their

momentum are shown in Figures 2.24 and 2.25 respectively.

In the present analysis, the data/MC agreement for tracking efficiency and particle iden-
tification has been studied and corrected using standard tools developped in BABAR. To
correct neutral particle efficiencies, the central value and resolution of the measured energy
are corrected. These corrections depend on the run period and are relatively small. For
the PID, we correct for the data/MC efficiency differences in the following way. For a given
particle selector, and using the PID efficiency tables derived from data and MC, the PID
correction algorithm:

e rejects an accepted track with the probability €gu0/€nc if €data < €mc,
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Figure 2.23: Hadron misidentification probability for the likelihood-based electron selector in

two barrel regions.
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Figure 2.24: Kaons identification efficiency for the likelihood-based kaons selector as function
of momentum, for three different angular regions.
e accepts a rejected track with the probability (€4ata — €xrc) / (1 — €nc) if €data > €rmc,

where €4410(00) is the data (MC) efficiency of the given selector. This procedure is applied

to the main selectors of the analysis (kaon and electron selectors).
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Figure 2.25: Protons identification efficiency for the likelihood-based protons selector as func-
tion of momentum, for three different angular regions.



Chapter 3

Event reconstruction and background
rejection

‘Curiouser and curiouser!’ cried Alice (she was so much
surprised, that for the moment she quite forgot how
to speak good English); ‘now I'm opening out like the
largest telescope that ever was! Good-bye, feet!’

In this chapter, after a brief overview of the analysis method and data sample, we detail
the different steps of the D} — ¢e’v, candidate’s selection and reconstruction. This gives
access to the kinematic variables of the decay used in the extraction of the form factors
parameters. Then we explain the background rejection and its final composition as obtained
from the simulation, and we discuss the characteristics of the reconstruction methods such
as the resolution and efficiency for the kinematic variables.

3.1 Analysis method and data sample

3.1.1 Analysis method

This analysis is based on the reconstruction of D} mesons produced in continuum ¢¢ events
and which decay semileptonically. D] from B decays are not used as one expects poorer
resolution on the reconstruction of the missing neutrino and less separation between D
decay products and the other particles present in the event. Only final states with electrons

are considered for the following reasons:
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e the analysis is not statistically limited;
e clectrons are better identified than muons;

e the measurement is simpler as the contribution of one hadronic form factor, which is

proportionnal to the lepton mass squared, can be neglected.

At the energy of the 1°(4S5), the fragmentation of the ¢ and ¢ quarks leads to two c-
hadrons emitted mostly in opposite directions in the center-of-mass frame. To reconstruct the
direction of the two jets, we use the event thrust axis, which is the direction maximizing the
sum of the projections of the particles momenta along this direction. The event thrust axis
is determined from all charged and neutral particles measured in the center-of-mass system
and a plane perpendicular to this axis is used to define two hemispheres, each containing one
of the two jets produced by quark fragmentation. In each hemisphere, we search for decay
products of the Df: a charged lepton and two oppositely charged kaons. Figure 3.1 gives
an illustration of the topology of a signal event.

Since the neutrino (v,) momentum is unmeasured, a kinematic fit is performed, con-
straining the invariant mass of the candidate (et K™K~ v,) system to the D mass. In this
fit, the D} momentum and the neutrino energy are estimated from the other particles mea-
sured in the event. This method is different form the one used by the Belle collaboration,
to study DY semileptonic decays [60], in which events are kept if the only missing particle
is the neutrino. They obtain a good resolution on kinematic variables at the price of a very
low efficiency. They have not yet published a D/ semileptonic signal with their approach.

After having rejected the background, using mainly standard cuts and two Fisher dis-
criminant variables (one to decrease BB background events and the second one to decrease
cc¢ background events), the form factors parameters are extracted with a binned maximum
likelihood fit to the four dimensional decay distribution (¢?, 6., 6y,x). In this fit, a dedicated
sample of signal MC is weighted according to the form factor model and the background is
estimated from the generic MC corrected to agree with data. This is why the most crucial
part of this analysis relies on the detailed studies and adjustements of the simulation of
signal and backgrounds. This is done using several control data samples.

3.1.2 Data sample

Results have been obtained with Run 1 to 4 on-resonance data, corresponding to 214 fb—*
integrated luminosity. In addition, generic MC samples of charm, b-hadrons and light quark
pairs (ui,dd, s5), as well as a MC sample of D} — ¢e*r, signal, have been used. The
analyzed MC statistics are given in Table 3.1. Off-peak events, which are recorded 40 MeV
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: Spectator
: particle

Figure 3.1: Ezample of a signal event produced in a 1(4S) — c¢ decay, for which the event
topology is “jet-like”. There are two hemispheres defined by the plane perpendicular to the
thrust axis, each containing usually a charm hadron.

below the 7°(4S), do not contain B mesons. They are not used in the fit because the sample
is much smaller than the on-resonance data sample. Nevertheless, they are used to check
the data/MC agreement of the BB background component.

Event analyzed expected
sample statistics cross section

(million events) (nb)
Bt — B~ 387.97 0.525
BY — BY 389.57 0.525
ui, dd, s§ 498.23 2.09
cc 480.78 1.3

D} — ¢etv, 12.6 3.25 1073

Table 3.1: Analyzed statistics of simulated events and expected corresponding cross sections.
For the signal, we give the expected cross section multiplied by the branching fraction.

3.2 Event selection

3.2.1 Skim preselection

The first selection step is done by a tool called CharmSL skim. It allows the reduction of the
total data sample to a smaller sample enriched in charm semileptonic decays from continuum

cc events. The cuts used are the following:
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BGFMultiHadron filter, which selects hadronic events;

at least one electron with a momentum in the center of mass frame P greater than
0.5 GeV/c;

Ry > 0.2, where R, is the normalized second Fox-Wolfram moment (H2/HO) [61].
This cut rejects a large fraction of B events which have a more spherical topology with

respect to charm events;

M,y > 0.5 GeV/c?, where M,,, is the mass of the system formed by all particles in
the hemisphere opposite to the lepton. This cut rejects lepton pairs and two-photons

events;

Mi,g > 0.13 GeV/c?, where Mq4 is the mass of the system formed by the lepton and
the leading particle in the lepton hemisphere. This cut removes events where the lepton
is the only particle in the hemisphere.

The skim rejects about 98% of the on-resonance data while keeping 36% of the signal.

3.2.2 Global selection criteria

The following lists of particles, defined in section 2.3, have been used:

for electrons: PidLHElectrons;

for kaons: KLHTight;

for protons: pLHTight;

for charged tracks: GoodTracksVeryLoose;

for neutrals: GoodPhotonDefault.

It has been checked that electron, kaon and proton candidates are included in the charged

track list. A priority has been applied on identified particles to avoid double counting:

electron > kaon > proton > pion

!, Masses have been attributed to charged particles

according to the result of the particle identification (PID). Unidentified charged particles

are assumed to be pions and all neutrals are assumed to be photons. The direction of the

event thrust axis is taken in the interval | cos(0yryst)| < 0.6 to minimize the loss of particles

close to the beam axis. Figure 3.2, which shows the D direction versus the event thrust

IFor instance, if a particle is present in the electron and in the kaon lists, it is assumed to be an electron.
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direction for D — ¢t data events, illustrates this effect: if the detector would have been
symmetric, the repartition of events in the upper branch would have been the same as in the
lower branch. But we observe a loss of events in the upper branch, when |cos(0;yst)| > 0.6
and cos(0p,) > 0, which corresponds to the forward direction.

cos(6p9)

_1“‘1“‘1“‘1“““
0 02 0.4 06 0.8 1

Cos(ethrust)

Figure 3.2: Cosine of 0p, versus cosine of the thrust azis for DY — ¢mt data events.

3.3 Event reconstruction

Charged and neutral particles are boosted to the center-of-mass system and the event thrust
axis is determined. A plane perpendicular to the thrust axis is used to define two event
hemispheres. By definition, the momentum projection along the thrust direction of particles
belonging to one hemisphere are all positive or all negative. Each hemisphere is considered

in turn.

We select as a candidate signal event a positron and two charged kaons, in the same
hemisphere. A vertex fit is performed and the candidate is kept if the x? probability of the
fit is larger than 1073,

To estimate the neutrino (,) momentum, a constrained fit, imposing the D} mass to
the (et K™K v,) system, is applied. This fit uses, as input, estimates of the D} direction
and of the neutrino energy obtained from all particles in the event:

e the D/ direction estimate is taken as the direction of the vector opposite to the sum
of the momentum of all reconstructed particles except the two kaons and the charged
lepton;
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e the neutrino energy is evaluated by subtracting from the hemisphere energy, the energy
of reconstructed particles contained in that hemisphere. The energy of each hemisphere
has been evaluated by considering that the total center-of-mass energy is shared by
two objects of mass corresponding to the measured hemisphere masses 2. As a D}
is expected to be present in the analyzed hemisphere and as at least a D meson is
produced in the opposite hemisphere, minimum values for hemisphere masses have

(i) (i)

b om hem Can be written

been imposed. For an hemisphere 7, the energy E and mass m

as:

(4)2

. (H2 _
BY =1/2 (f + hem — Them ﬁmhem> (3.1)

= max <m(i) (measured), mD> (3.2)

hem

(4)

mhem

Errors on the neutrino energy and D; direction are evaluated as function of the missing
energy in the opposite hemisphere (see section 4.1.2). Keeping events with a x? probability
larger than 107* in the mass constrained fit, the D 4-momentum is obtained and used
in the computation of the other kinematic variables (¢2, cosfy, cosf,, x). Events with a
non-physical value of ¢> (negative) are rejected as they correspond mainly to background.
The fraction of signal events with a negative ¢? is about 0.2%.

Other particles present in the hemisphere, which are not decay products of the D} can-
didate are named “spectator” particles. They originate from the beam interaction point
and are emitted during hadronisation of the created ¢ and ¢ quarks. In the following, the
“leading” track is defined as the spectator track having the largest momentum. Information
from the spectator system is used to decrease the contribution from the combinatorial back-
ground. As charm hadrons take a large fraction of the charm quark energy, charm decay
products have higher average energies than spectator particles. To study D} — ¢eTv,, we
select events with a K™K~ mass between 1.01 GeV/c? and 1.03 GeV /c?.

3.4 Background rejection

Two Fisher discriminant variables are used to reject BB and c¢ events. The present analysis
does not depend on exact cut values on the two discriminant variables. It has been verified
that results are stable over a reasonable variation range for the selection criteria.

2The hemisphere mass is the mass of the system corresponding to the sum of the 4-vectors for particles
contained in that hemisphere.
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3.4.1 Fisher analysis method

Starting from a set of discriminating variables, the aim of the Fisher analysis is to compute
the linear combination of these variables that gives a good separation between signal and
background. To perform this analysis we have used the TMVA package [62]. We consider
a sample of n,,, variables xj, their mean values T, the means of the corresponding signal
and background samples (class-specific samples) Tg(p)x, and the total covariance matrix C
of the sample. The covariance matrix can be decomposed into the sum of a within-class
matrix (1¥) and a between-class matrix (B). They respectively describe the dispersion of

events relative to the means of their own class, and relative to the overall sample means:

Wi = Z (xvk — Tuk)(Tog — Tog)

U=S,B

1
By, = 3 Z (Tux — Tx) (Tuy, — T)

U=S,B
The Fisher coefficients, F}, are then given by:

\/___ZKG; Nvar
by = N5+NBZWM Tst ~ o)

where Ng p) are the number of signal (background) events in the sample. The Fisher dis-

criminant (i) for event 7 is given by

Nvar

y(i) = Fo+ Y Fray(i)

The offset Fy centers the sample mean 7 of all Ny + N events at zero.

The discrimination power of a variable is given by the diagonal quantity Byy/Cpk, which is
used for the ranking of the input variables.

For this analysis, several methods have been tested. The Fisher approach has similar per-
formances as the others and is the simplest to use.
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Figure 3.3: Distributions of the variables used in the Fisher discriminant analysis to decrease
the BB event background. The left plot is the normalized second Fox- Wolfram moment (Ry),
the right plot is the total particle multiplicity. Below Ry = 0.2, events have been cut by the
skim selection.
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Figure 3.4: Distributions of the Fisher discriminant used to decrease the BB event back-
ground.
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3.4.2 Rejection of BB events

BB events are more spherical and have, on average, a larger particle multiplicity than ce.
The variables reflecting these characteristics are shown in Figure 3.3. They are combined

linearly in a Fisher discriminant, shown on Figure 3.4, and events are selected requiring:

Fgp = 29297 x Ry, —0.0112 % mult — 0.9534 > 0. (3.3)

For events selected with the previous cuts and the skim, the signal efficiency for this cut is
71%. It removes 86% of background candidates from BB events.

3.4.3 cc background rejection

To reject c¢¢ background events, we use different variables describing the spectator system.
The fraction of signal events without a spectator, i.e with no accompanying particle in the
candidate hemisphere is 4% in data (measured using Dy — ¢7 decays). These events are
rejected as they would have required a dedicated Fisher analysis.

The following variables have been used to define a Fisher discriminant F.. (for each
variable, the discrimination power, defined in section 3.4.1, is given within parentheses):

the D} momentum, Pp_, after the constrained fit (0.2023);

e the mass of the spectator system, mype., which has lower values for signal events
(0.1432);

the momentum of the leading spectator track, Pjegging (0.1276);

e the momentum of spectator system, P (0.1967).

Distributions of these variables for signal and c¢ background events are given in figure 3.5.
One can note two peaks in the spectator system mass distribution for signal, at about 150
MeV and 500 MeV. They correspond to events where there is only one reconstructed particle
in the spectator system: a pion or a kaon.

They are combined to form the discriminant (see Figure 3.6):
Foe = 0.344 % Pp, — 0.375 % Pgpec + 0.038 % mgpee. + 0.258 * Plegging — 0.811 (3.4)

Events have been kept for F,. > 0. For events selected with Fgg > 0, this cut removes 72%
of the remaining c¢¢ background and corresponds to a signal efficiency of 71%.
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Figure 3.5: Distributions of variables used in the Fisher discriminant analysis to decrease the
c¢ event background. From upper left, the variables are: the D} momentum, the spectator
system mass, the total spectator system momentum and the leading momentum of spectator
tracks (all momenta are evaluated in the ete™ center-of-mass frame).
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Figure 3.6: Distributions of the Fisher discriminant used to decrease the c¢ event background.
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3.4.4 Rejection of gamma conversion

The last selection cut consists in rejecting converted photons which enter in about 30% of
the peaking background (see below). To do this, we check that the candidate electron is
not originating from converted photon candidates. This cut rejects about 50% of converted
photons. The signal efficiency is 96%.

3.4.5 Background composition

Within the selected K™K~ mass interval (between 1.01 GeV /c? and 1.03 GeV/c?), there are
31,839 data events. From MC simulation, normalized to the data luminosity, the expected
background fraction in selected events is 18%. This background contains 12.5 % light quark
events (noted uds events), 42.5 % BB events and 45 % cc events. Using simulated events,

these components are displayed in Figure 3.7. The ratio TSJF = 1s shown on Figure 3.8.
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2 8000F =
57000:— * data -
0 - / signal 3
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© 5000 ct =
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Figure 3.7: K™K~ mass distribution from data and simulated events. MC' events have been
normalized to the data luminosity according to the production cross sections. The arrows
indicate the selected mass region.

For each of the different background sources (uds, BB and c¢ events), there is a peaking
and a non-peaking component. The peaking background (70% of the total background)
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Figure 3.8:

corresponds to a real ¢ combined with a candidate electron. The latter may originate from
a B-meson, a charm meson, from photon conversion or a 7°/n Dalitz decay, or be a hadron
misidentified as an electron.

¢ mesons from background events are expected to originate from the primary vertex,
from a charm meson, or a B-meson. These different sources are summarized in Table 3.2.

¢ and lepton fake | conversion | lepton from | lepton from
origin lepton or 70 charm B
¢ from 6.5 6.4 16 0
fragmentation
) 4.1 8.3 0.4 0
from D
) 1.7 4.9 0.5 0
from D
0] 0.1 0.1 0 50.8
from B

Table 3.2: Peaking background composition (in %) obtained from the generic Monte Carlo
sample. The first column gives the ¢ origin and the first line the lepton origin. Hadrons
reconstructed as leptons are named fake leptons. When the ¢ is measured in a BB event, we
have not distinguished ¢ cascading from charm decays.

In the selected K™K~ mass region, the non-peaking background, which represents 30%
of the total background, contains 11 % uds events, 24 % BB events and 65 % c¢ events. The
composition of each background type has been studied. No dominant component has been
found in BB events. For the c¢ non-peaking background, we find that the lepton originates
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from a charm meson in 94% of cases, from conversion or Dalitz decay in 2%, and the rest are
fake leptons. For the lepton coming from a charm meson, we have looked at the origin of the
charged kaons. The most important components, considering only events with a candidate
positron, are the following :

e K* from fragmentation and K~ from a D% 44%

K~ from fragmentation and K* from a D}: 19%

K™ from fragmentation and K~ from a D": 13%
e KT from fragmentation and K~ from fragmentation: 13%

one fake kaon and one kaon from a charm meson: 7%

The first case corresponds mainly to a D° — K~etw, decay, and the second is related
to the signal. Dedicated measurements have been done to improve the MC simulation of
these different components of the background using various data and MC samples. This is
explained in Section 4.3.3.

3.5 Measurement of decay characteristics and reconstruc-
tion efficiency

In this analysis, the form factors parameters of the D — ¢e'v, decay ( ¢* dependence
and relative contributions of the three form factors) are obtained from the reconstructed
values of the four kinematic variables ¢ (¢?2), cosf, (cos(f.),), cos by (cos(6y),) and x (xr)
Using simulated events the reconstruction accuracy on these variables has been assessed by
comparing the reconstructed and simulated values.

To illustrate the characteristics of the reconstruction method on simulated events, resolu-
tions have been fitted to the sum of two Gaussian distributions, the corresponding standard
deviations are listed in Table 3.3. These distributions are not used in the analysis which takes

into account the migration of events in four dimensions as expected from the simulation.

The performance of the reconstruction and the data/MC agreement have been verified
in the analysis of D** — D%+, DY — K~e*w, decays using D*t — D%+, D — K—nt7n°

0 is removed and the event is

decays [46]. After having reconstructed this channel, the 7
analyzed as if it was a D° — K~ e*v, transition. To avoid trivial effects from kinematics the
pion mass is assigned to the “e™” and the 7° mass is assigned to the “v,”. With these events it

is possible to compare, using real events, the values of ¢ as given by the mass constrained fit
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Figure 3.9: Distributions of the difference between the true and the reconstructed value of the
four kinematic variables as obtained using simulated events. The fitted curve is the sum of
two Gaussian distributions.
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variable o1 09 fraction of the
narrower Gaussian
q° 0.082GeV? | 0.233GeV? 0.44
cos(0.) 0.048 0.227 0.47
cos(fy) 0.087 0.334 0.49
X 0.25(rad) | 1.22(rad) 0.44

Table 3.3: Standard deviation of the two Gaussian distributions used to fit resolutions on the

kinematic variables.
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and the square of the 77 7% mass. This approach provides a measurement of the experimental
resolution on ¢? and also on cos 8;. The same procedure has been applied on simulated events
and resolutions obtained on real and on simulated events have been compared. It has been
found that, once the simulation is tuned such that the accuracy on the D direction and the
missing energy measurements are similar to data, then the reconstruction accuracy on q? is
well reproduced by the corrected simulation. In the present analysis, this result has been
used, and a dedicated D} — ¢t event sample has been analyzed to check the D] direction
and missing energy measurements in data and simulation (see Section4.1.2).

We compute the efficiency as function of each kinematic variable in the following way.
We use a MC signal sample of 800 k events. Using the reconstruction program, the simulated
values of the variables are stored in two different datasets. The first one corresponds to the
MC thruth level, thus it is free from any reconstruction effect. The second one contains
the events that have been reconstructed, after having applied all the cuts of the analysis.
Efficiency distributions are computed doing the ratio of the two histograms corresponding to
the two datasets, for each variable, and are given in Figure 3.10. The signal reconstruction
efficiency, including all cuts and the skim preselection, is of the order of 4%.
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Figure 3.10: Efficiency distributions versus the generated values of the four kinematic vari-
ables.
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Chapter 4

Adjustements to the simulation

In a minute or two, the Caterpillar took the hookah out
of its mouth and yawned once or twice, and shook itself.
Then it got down off the mushroom, and crawled away
into the grass, merely remarking as it went, ‘One side
will make you grow taller, and the other side will make
you grow shorter.’

As explained in Section 3.1, in this analysis, the simulation plays an important role in the
form factors measurement. In order to avoid biases, the data/MC agreement for the variables
entering in the analysis, has to be checked for signal and background events, and corrections
have to be defined if needed. This chapter presents different controls and adjustements
applied to the simulation. The first part considers simulated signal events for which we
use the D — ¢t control sample. Then, events with additional leptons or large charge
imbalance are studied with the same control sample. The last part details the background,
with specific studies for each component.

4.1 D! — ¢t events control sample

There are differences between real and simulated ete™ — ¢€ events originating from the
event generator or from a not-perfect simulation of the detector response. Events with a
reconstructed D} — ¢n ™, named PHIPI in the following, have been used to measure and
correct for some of these effects. Candidate events are selected using the same lists of par-
ticles as in the main analysis. D signals have been isolated and events in the sidebands
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of the K™K~ mass distribution of the ¢ are used to evaluate effects from remaining back-
ground events under the peak (see Figure 4.1). To eliminate D, originating from B meson

decays, the Dy momentum is required to exceed the maximum value in B meson decays
2 2
(corresponding to the process B — DD,) for which Ef = % (mB + mDTBmD) = 2.68 GeV.

Such events correspond to xp, = pp, /PP < 0.37. ph* = |/ E},

2 . .
beam — MD, 18 the maximum

D, momentum accessible in the center-of-mass system. Dy mesons from B decay can have
a larger momentum if they are produced in b — u transitions but their fraction is small and
we choose a cut at xp, > 0.44 to avoid any contamination from B decays. The D} mass
region is defined as 1.953 GeV/c? to 1.983 GeV/c?. The background is subtracted using
events from two sideband regions ( 1.918 GeV/c? to 1.938 GeV/c?, and 1.998 GeV/c? to
2.018 GeV/c? ), as shown on Figure 4.1, rescaled to the number of background events in
the signal region. Using only Run4, after background subtraction and keeping events with
| cos (Bihrust)| < 0.6, there are 72793 candidates in data and 86739 in the simulation (without
normalizing one sample to the other).

lsidebands

lsignal

8000
7000
6000
5000
4000
3000
2000
1000

19 192 194 19 198 2 202 204
Ds mass (GeV)

Figure 4.1: D} — ¢ mass distribution from data. The colored regions show the signal and
stdebands ranges.

These events have been used to :

e compare and correct the distributions of the different variables entering in the Fisher

discriminants;

e compare the reconstruction accuracy on the D direction and on the missing energy
in data and MC. Measured differences have been corrected;
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e compare the missing energy measurement for events with additional lepton or large

Y

charge imbalance

e compare the fraction of D events accompanied by a charged kaon or a ¢ meson. These

events are contributing to the background and are analyzed in Section 4.3.4.
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Figure 4.3: Distribution of the multiplicity and of the second Foz-Wolfram moment entering
in the Fisher discriminant against BB events.

For cc events, these distributions depend on the c-quark fragmentation process and one
can see that large differences exist between data and simulation. Consequently, the distri-
bution of xps measured with on-peak data has been used to define a first weight applied on
simulated events in the following way. We compare the distribution of xp in data, corrected
for acceptance effects, with the distribution of zp, in simulated events at the Monte Carlo
thruth level. The weight is computed by fitting a polynom to the ratio of the two normalized
distributions.

After this first correction, the agreement between data and simulation for the other
variables is checked. By an iterative process, we define successive weights, depending on
the spectator system momentum, Rs, the multiplicity and the fragmentation, to reach a
better agreement for all the variables. The resulting distributions, after all the iterations,
are presented in Figures 4.4 and 4.5.
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As shown on Figure 4.6 using simulated events, the momentum distribution of the D}
in PHIPI events is quite different from the one in D — ¢e*v, events. The difference be-
tween these two spectra comes mainly from the difference of efficiencies for the two channels,
which are displayed on Figure 4.7. The momentum dependence of the efficiency for the
D} — ¢etv, channel is explained by the use of cuts, like the one on the Fisher discriminant
against cc¢ events, that select D, candidates with high momentum. In order to verify if the
corrections defined with PHIPI events, on the variables that enter the Fisher discriminant,
are appropriate for the semileptonic channel, the following test is done. It consists in com-
paring the D] momentum distributions measured for ¢7 and ¢ev events, before and after
applying corrections on the variables entering the Fisher discriminants. From the simulated
distributions (without applying any corrections), we define a weight wy,(p,) depending on
the D momentum so that the D momentum distribution in PHIPI events is similar to
the one obtained for the semileptonic channel. The weighted momentum distribution of
PHIPI events is shown on Figure 4.6 and is compared with the momentum distribution of
DY — ¢etv, events. The PHIPI distribution weighted with w,p,) reproduces well the dis-
tribution of semileptonic events. On the other hand, starting from the original distributions,
we apply the corrections depending on the Fisher variables, wp;s,. , on PHIPI and semilep-
tonic events. The corrected distributions are shown in Figure 4.8. We then apply the weight
wp(p,) on the PHIPT events corrected with wp;s,.. On the same figure, we observe that the
resulting distribution of PHIPT events reproduces well the distribution of semileptonic events
corrected with wg;p,.. This test demonstrates that starting from the D} momentum distri-
bution of D} — ¢etv, decays would have lead to the same corrections as the ones defined
with D — ¢7 events.
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E * +++¥++ [} B
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ST ok SUTE T N BN I S
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. 0.7
PDJ/P .

Figure 4.6: Comparison between D} momentum distribution in D} — ¢etv, (black dots)
and Df — ¢t (red crosses) selected events. The distribution of PHIPI events weighted
with wyp,) is also shown (blue stars). These distributions are obtained from simulation.
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4.1.2 D/ direction and missing energy

As explained in section 3.3, the quantities used to compute the D} momentum in the recon-
struction of D} — ¢etv, events are the missing energy in the lepton hemisphere and the D
direction. The latter is estimated by summing the momentum of all particles reconstructed
in the event, except those coming from the D} decay. The resulting distributions of these
quantities in data and in the simulation are compared and verified using PHIPI events. We
can then:

e correct the missing energy in the candidate hemisphere. In PHIPI events, as there is
no missing particle from the D} decay, the missing energy should be centered at zero if
no particle is lost or badly measured. The neutrino energy is estimated by subtracting,
from the missing energy measured in the hemisphere, the corresponding average value
obtained with PHIPI events. The width of the distribution is used to estimate the
resolution on this quantity;

e correct the estimated D} direction, with the one measured using the D decay prod-
ucts, and assess the corresponding error.

These corrections are parameterized as a function of the missing energy measured in the
opposite hemisphere (Emiss,p,). The variable Emiss,,, is used as an indicator of the quality
of the energy reconstruction in the event. It is observed, as expected, that the resolution on
the D} direction and missing neutrino energy decreases as Emiss,,, increases (see Figure
4.12). Distributions in data and MC events are compared and measured differences are
corrected. These comparisons correspond to averages over the direction and the energy of
the D; meson. For the two samples, the same cut on cos 6,5 has been applied and a
weight on PHIPT events is also used so that the D] momentum distribution in this exclusive
channel is similar to the one obtained for the semileptonic channel.

Distributions of the missing energy in the same and in the opposite hemisphere, for the
data and the simulation can be seen on Figure 4.9, with the corresponding ratios data over
MC. Simulation has been normalized to the data luminosity. These distributions take into
account the corrections defined in section 4.1.1. The agreement is rather good between data
and the simulation with a slightly better resolution for the latter. To correct this effect,
we define a smearing, applied on simulated events, which depends on the missing energy
measured in the opposite hemisphere. We call smearing, the procedure which consists in
the transformation of a distribution by adding a random number, generated according to
a Gaussian distribution, to the considered variable. The smearing applied on the missing
energy is defined by the parameters given in Table 4.1. The corrected distributions can be
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seen on Figure 4.10. In the following, this smearing, of the order of 130 MeV

the Monte Carlo signal.
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Figure 4.9: Comparison between real and simulated events corrected for differences in frag-
mentation. The upper plots are the missing energy in the same hemisphere (left) and in the
opposite hemisphere (right) that contains the candidate. The lower plots are the correspond-
ing ratio data over MC.

The D direction distributions are shown on Figure 4.11. The widths of the distributions
corresponding to the difference between the values of the angles # and ¢ obtained from the

reconstructed D} decay and those estimated from all the other particles in the event, depend

on the missing energy registered in the opposite hemisphere.
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Range (GeV) mean (GeV) | o(GeV)
Eiosolp- < 1.5 ~0.03 0.130
1.5 < Eyesopp. < 1.75 | —0.01 0.129
1.75 < E,piesopp. < 2 —0.02 0.131
2 < E,issopp. < 2.25 0.0 0.189
2.25 < Epissopp. < 2.5 0.0 0.130
2.5 < Epyssopp. < 275 | +0.02 0.156

Table 4.1: Definition of the smearing added on the missing enerqgy in the lepton hemisphere.
For each interval of the missing energy in the opposite hemisphere, we add a smearing fol-
lowing a Gaussian distribution with a defined mean and o.
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Figure 4.10: Comparison of the missing energy in the same hemisphere between real and
simulated events corrected for fragmentation after a smearing correction is applied on the
missing energy in the candidate hemisphere.
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Parameterizations of measured bias and accuracy have been obtained from real data,
versus Emiss,y, by fitting Gaussian distributions for events selected in 20 E'miss,y,, bins.
The fit results can be seen on Figure 4.12.

The parameterization obtained for the D direction (radians) is:

Opr = 9;55; —6.39.10"* + 0.04506 * | Emissopy| — 0.00536 * | Emiss,py|?
o9 . = 0.05269 4 0.13983 * [Emissepy| — 0.01197 = | Emiss opp|*
Ppr = eDs;tF

|Emissop,| < 3GeV/c?: 09,5 = 0.0461+0.0676 | Emissopy| + 0.0106 * | Emissop,|?
|Emissey,| > 3GeV/c?: o4 . = 0.35
DS

For the missing energy in the candidate hemisphere (GeV /¢?):

Emiss,y,, < 2.5GeV/c%:

E, = E:%me —(0.004489 + 0.570101 * Emiss,y, + 0.012229 x Emiss?

miss opp
—0.422964Emissgpp + 0.160211 = Emissﬁpp + 0.106162 * Emissgpp
—0.076132 x Emiss],, + 0.012412 x Emiss] )

Emissyy, > 2.5 GeV/c?: E, = B3 — (5
And,

op, = 0.238792+ 1.25876€ — 01 * | Emissop,| — 2.58855¢ — 02 # | Emissopp|®

In these expressions the superscript “est.” refers to the estimated measurement explained in
Section 3.3 and o, gives the expected uncertainty for this measurement. Input values in the

mass constrained fit include these corrections.

It has been verified with D*t — D%+ DY — K 7t7° events, that the ¢? resolution

in data was well reproduced by the simulation after having applied this type of corrections

([461).
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Figure 4.12: Central value and o of the Gaussian distribution fitted as a function of the
missing enerqgy in the opposite hemisphere. Data is used to define the parameterization.
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4.2 Study of events with additional electrons or large
charge imbalance

PHIPI events are also used to study the energy reconstruction of several types of events which
can have a potential effect on the missing energy measurement. In this study, on-peak and
off-peak events are used and 78 000 D, signal events are selected in data. Distributions of
the missing energy measurement, in the same and in the opposite hemisphere, are compared
in data and in the simulation. Two events classes have been considered. Events with an
additional electron candidate are enriched in charm semileptonic decays in the opposite event
hemisphere and one expects a larger missing energy in that hemisphere. Events with large
charge imbalance must correspond to tracks that have been missed or contain background

additional tracks. In this case also it is expected that the missing energy measurement is
degraded.

Simulated events are weighted to correct for the differences between data and simulation
measured for the Dy momentum, R,, the total multiplicity and production characteristics of
the spectator system.

To estimate the neutrino energy and to be in the same conditions as in D, — ¢etr,
analysis, we apply also a correction which depends on the energy measured in the hemisphere
opposite to the candidate. All distributions are obtained after subtracting the background
contribution using the D, sidebands.

4.2.1 Events with an additional electron

The number of additional electrons is given in Figure 4.13. In data, the fraction of events
with at least one additional electron is (9.9 + 0.1)% and a similar value is measured in the
simulation (10.2 +0.1)%

Missing energy distributions have been compared in Figure 4.14 for events with or without
an electron and considering separately data and simulation.

Data Emiss. OE MC Emiss. OE
GeV | GeV GeV | GeV

noel. | 0.116 | 0.446 0.117 | 0.410

>1el. | 0.089 | 0.447 0.087 | 0.419

Table 4.2: Average value and standard deviation of the missing enerqy reconstructed in the
D, hemisphere. Events with or without an electron have been separated.

The missing energy in the candidate hemisphere has similar distributions for events with
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Figure 4.14:  Reconstruction of the missing energy in the Dy hemisphere in data (a) and in
the simulation (b). Events with at least one electron candidate have been separated. Distri-
butions are normalized to unity.
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or without an additional electron. The behaviour of the simulation is also rather similar
to data, as shown in Table 4.2. The missing energy measurement is a bit better in the
simulation this is why in the analysis we have added a smearing on this quantity.

In Figure 4.15 we have also compared the missing energy measured in the opposite
hemisphere for events with or without an electron, separately for data and simulation. There
is a clear signal of missing energy in events with an electron and this is well reproduced by
the simulation. From Figure 4.14 above, one has verified that this effect has no influence on

the energy determination in the signal hemisphere.
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Figure 4.15:  Reconstruction of the missing energy in the hemisphere opposite to the Dy in
data (a) and in the simulation (b). Fvents with at least one electron candidate have been
separated. Distributions are normalized to unity.
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4.2.2 Events with bad charge imbalance

The distribution of the event charge (AQ = n™ — n~) is given in Figure 4.16. The fraction
of events with AQ > 2 is (10.0+£0.1)% in data and (9.3 £0.1)% in the simulation. As in the
previous study we have compared the missing energy measurement in the D, hemisphere and
in the opposite, for events with AQ < 1 and AQ > 2, separately for data and simulation.

D,— ¢m events total chc%rge measurement
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Figure 4.16: Charge imbalance distribution in events tagged with a D;.

As compared with the previous study we note that the missing energy measurement in
the same hemisphere deteriorates for events with AQ > 2 (see Table 4.3 and Figure 4.17).

Figure 4.18 gives the distributions of the missing energy measured in the opposite hemi-
sphere. Energy is better conserved for events with A@) < 1. The simulation reproduces

correctly these effects.

To improve the energy reconstruction in the D} — ¢etv, analysis, events with AQ > 2
can be eliminated. At present, as the simulation agrees with data on the fraction and on
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Figure 4.17:  Reconstruction of the missing energy in the Dy hemisphere in data (a) and in
the simulation (b). Events with AQ > 2 have been separated. Distributions are normalized

to unity.

Data Emiss. OE MC Emiss. OE
GeV | GeV GeV | GeV
AQ <1 | 0.109 | 0.444 0.112 | 0.407
AQ >2 | 0.133 | 0.465 0.136 | 0.451

Table 4.3: Average value and standard deviation of the missing energy reconstructed in the
D, hemisphere. Events with AQ < 1 and AQ > 2 have been separated.
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the behaviour of these events we do not expect a problem in having them included in our

candidates.
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are normalized to unity.
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4.3 Background adjustements

The background rate and composition have been determined from dedicated studies of data
and simulation. From these comparisons we obtain weights which are applied on simulated

events.

The tuning of the background simulation is done separately for the peaking and the non-
peaking components, differenciating also c¢, BB and light quark events. First, we obtain
global corrections which are common to peaking and non-peaking components and which
differ for ¢¢ and BB events. These corrections are for shape variables used in the Fisher
discriminants as Ry, the total particle multiplicity and, for ¢¢ events, the fraction of the

beam energy transferred to the charm meson.

Secondly, we differenciate variables which differ for peaking and non-peaking background
components. In particular, we measure the production of ¢ mesons in BB and c¢ events and

also the rate and kinematic characteristics of charged kaons accompanying a D meson.

Having done these corrections, the forward-backward asymmetry and the event rate mea-
sured in data and simulation are compared, outside the ¢ region. From these results we

evaluate uncertainties on background estimates.

4.3.1 Fisher variables for the BB background

The control of the BB background is done using on-peak events and an off-peak sample of
34.1 fb='. The two samples have been processed through the CharmSL skim and through
the same reconstruction algorithm used to reconstruct D — ¢etv, events. The same cuts
are applied except the cuts on the Fisher discriminants. An example of comparison between
on-peak and off-peak distributions is shown on Figure 4.19 for Rs.

Normalizing on-peak data to the luminosity of off-peak data, we subtract the distributions
obtained with off-peak data from the on-peak data to keep only the contribution of BB
events. Then we compare this distribution with the one obtained using the BB simulation.

The second Fox Wolfram moment and the multiplicity distributions are shown on Figure
4.20. The difference between data and MC is corrected defining a weight as function of Rs
and of the total particle multiplicity. Corrected distributions are shown in Figure 4.21.
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Figure 4.21: Data/MC comparison for Ry and the multiplicity after correction.

4.3.2 Fisher variables for the cc background

As for the signal, the simulated charm background of the D} — ¢e*tv, decay can be affected
by the not-perfect modeling of the c-quark fragmentation process.

For ¢¢ background events containing a D} in the event hemisphere, we can use the
correction as function of the D} momentum determined in Section 4.1.1, and additional
corrections on the event shape variables. For other c¢¢ background events, containing a
charged or neutral D, we have determined a correction using D° — K7+ events, considering
separately cases in which the D° comes from a D**.

To select these events, charged kaon candidates are combined with a pion of opposite
charge and the two tracks have to originate from a common vertex with a probability higher
than 1073, The D° signal region corresponds to events with m(Kr) € [1.837, 1.893] GeV /c?.
Events in the sidebands, with m(Kn) € [1.774, 1.830] or [1.900, 1.956] are used to obtain
the distribution of a given variable corresponding to combinatorial background candidates.
D** candidates are obtained by adding to the D° a pion of charge opposite to the kaon
and forming a vertex compatible with the beam spot position with a probability higher than
1073, The K mass is selected in the D° signal region and the D** signal region corresponds
to the interval m(D°r) — m(D°) € [0.1448, 0.1460] GeV/c?. To evaluate distributions
from background events we use candidates between 0.15 and 0.20 GeV/c?. All displayed
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distributions have been subtracted for combinatorial background contributions.

Distributions of the fraction of the beam energy taken by the D*T (zp«), of Ry (also
called h2h0) and of the total particle multiplicity (charged + neutrals) in the event have been
compared in Figure 4.22 for data and simulation using off-peak events. A weight, applied
on simulated events, is defined as a function of xp+, Ry and the total particle multiplicity.
The distributions after corrections are shown on Figure 4.23.

The same comparisons have been performed for events containing a D° reconstructed
in the K~n" decay channel in Figures 4.24 and 4.25. Tt is found that the corresponding
corrections are similar as those obtained using the D** sample.
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Figure 4.22: Distributions of xp-, Ry and the total particle multiplicity in events with a
reconstructed D*T obtained in off-peak data (points in black) and in the simulation (red).

These distributions have been normalized to the same number of reconstructed D**. Plots
on the right gives the ratio (data — MC)/MC.
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Figure 4.24: Distributions of xpo, Ra(h2h0) and the total particle multiplicity in events with
a reconstructed D° obtained in off-peak data (points in black) and in the simulation (red).
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Figure 4.25: Distributions of xpo, Ra(h2h0) and the total particle multiplicity in events with
a reconstructed D° obtained in off-peak data (points in black) and in the simulation (red)
after applying corrections to simulated events.
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4.3.3 K+ production in charm events

As we have explained in Section 3.4.5, the non-peaking c¢ background comes mainly from
events in which a pair eK is taken from a D meson decay whereas the other K originates

from fragmentation.

To control this background we have measured the production of K* mesons in continuum
eTe™ — cC events where a D**, a D° or a D is exclusively reconstructed. Kaon production
is considered separately for hadrons emitted in the same or in the opposite direction of the
reconstructed c-hadron. In the c-hadron hemisphere, the remaining particles are produced
by the c-quark fragmentation whereas, in the opposite hemisphere, they contain also decay
products of the other c-hadron. To evaluate the non-peaking background we are mainly
interested in kaon production in the same hemisphere as the D meson. It should be also
noted that the three types of charmed hadrons, D**, D% and D} correspond, respectively,
to kaon production in association with a cd, a ¢ or a ¢35 system.

Simulated events have been weighted already as function of xp, Ry and the total multi-
plicity.

In events with a D° or a D*t, we keep events only if 2 > 0.48 to remove contributions
from 7' (4S) decays. In events with a Dy we require that its momentum is higher than 2.5
GeV/c.

We consider separately candidate kaons of same or opposite charge as the D, emitted in
the same or in the opposite hemisphere containing the D. For a neutral D°, we consider

that its charge is positive and for a D° we take its charge as negative.
e D*t — K* events:

The D° is reconstructed in the K7+ decay channel. We analyze 221 327 D** from the
c¢ MC and 337 886 from data. For comparison between data and MC, results have been
normalized to the measured number of D** in data.

For c¢ events, the expected composition of the kaon samples is given in Figure 4.26 and
in Table 4.4. Tt illustrates the dominance of kaons from fragmentation in the D hemisphere.
The excess of kaons with same sign as the D* is expected from the fragmentation process
which generates such kaons with a momentum on average higher than for opposite sign
kaons.

The rate and momentum distributions of kaon candidates reconstructed in the same or
in the opposite hemisphere as the D*t are given in Figure 4.27 and in Table 4.5.
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Figure 4.26: Momentum distribution of kaon candidates, depending on their origin. The
top(bottom) plot corresponds to kaons in the same(opposite) hemisphere(s) as the D*T.
The distributions, from top to bottom contain: kaons from fragmentation (unshaded), from
charm(green), and three categories of misidentified kaons.

The comparison between data and MC for candidates in the same hemisphere measures
the agreement for kaons from fragmentation. For K~ the simulation overestimates the rate
by 20% and there are differences in the momentum and angular distributions. For Kt the

agreement is much better.
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same hemisphere oppo. hemisph.
gk X qp- <0 qx X qp- <0
fake frag. D — KX fake frag. D — KX
2310 3724 215 9388 8402 9512
gk X qp >0 gk X qp >0
fake frag. D — KX fake frag. D — KX
1818 6677 703 8656 9471 66322

Table 4.4: Ezpected numbers of kaon candidates accompanying a D** obtained from simula-
tion (using 221327 D*T).

same hemisph. oppo. hemisph.
qKXqD*<0 qKXqD*>0 qKXqD*<0 qKXqD*>O

Data 6497 13176 36825 1178711
MC 7886 12796 34993 123334
Data/MC | 0.82 + 0.02 1.03 £0.02 1.05+0.01  0.956 £ 0.005

Table 4.5: Comparison of kaon production in the same and in the opposite hemisphere as
the D**, between simulated and data events.

e DY — K¥ events:

The D° is reconstructed in the K~7% decay channel, D° which come from the decay of
a resonance as D*(t:0) or D** are not distinguished.

We have analyzed 614 152 D° from the ¢ MC and 931 918 from data. For comparison
between data and simulation, the plots are normalized to the measured number of D° in
data. Using simulated cc events, the expected composition of the kaon samples is given in
Figure 4.28 and in Table 4.6. Same remarks (as those formulated for events with a D**)

applies for kaons accompanying a D in its hemisphere.

same hemisph. oppo. hemisph.
gk X gpo <0 gk X qpo <0
fake frag. D — KX fake frag. D — KX
2469.9 7396.7 533.8 14505.0 21500.3  21559.3
qx X gpo >0 gk X gpo >0
fake frag. D — KX fake frag. D — KX
5795.8 31235.6  3882.0 9590.6 28085.5  159211.0

Table 4.6: Ezpected numbers of kaon candidates accompanying a D° (from 614152D°).

The rate and momentum distributions of kaon candidates reconstructed in the same or
in the opposite hemisphere as the D° are given in Figure 4.29 and in Table 4.7.
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Figure 4.27: Comparison between the measured momentum and angular distributions of kaons
in data (black points) and in MC' (red histogram) in events with a reconstructed D** in the
same event hemisphere. Lower plots correspond to the relative difference between data and
the simulation.

The comparison between data and MC for candidates in the same hemisphere tests the
agreement for kaons from fragmentation. The simulation overestimates by 25% the fraction
of K~ and underestimates by 10% the fraction of K*. For K, the momentum distribution

of the kaon is also rather different in data and in the simulation. We determine a correction
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Figure 4.28: Momentum distribution of kaon candidates accompanying 614152 D°, depend-
ing on their origin. The top(bottom) plot corresponds to kaons in the same(opposite) hemi-
sphere(s) as the D°. The distributions, from top to bottom contain: kaons from fragmentation
(unshaded), from charm(green), and three categories of misidentified kaons.

which depends on the momentum and on the direction of the kaon from fragmentation such

that data and simulation are in agreement.

The corrections which are applied to the simulation and which depend on zpo, Ry and
the particle multiplicity (see Section 4.3.2), have been obtained comparing events spanning
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Figure 4.29: Comparison between the measured momentum and angular distributions of kaons
in data (black points) and in MC (red histogram) in events with a reconstructed D° in the
same event hemisphere. Lower plots correspond to the relative difference between data and
the simulation.

the whole range in xpo. To study the production of kaons accompanying a D° we select

events with 250 > 0.48, because we use on-peak events that contain also DY from B mesons.

It is thus possible that the corrections are not perfect when applied to this sample. This is

illustrated in Figure 4.30 which compares data and the simulation, the latter is corrected
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oppo. hemisph.
qx X gpo <0 gg X gpo >0

same hemisph.
gk X gqpo <0 gxg X gqpo >0

Data 15808.0 62243.5 90100.5 288745.0
MC 21108.4 06467.4 87349.2 298759
Data/MC | 0.75+0.01 1.10 £0.01 1.03 £0.01 0.97 £0.01

Table 4.7: Comparison of kaon production in the same and in the opposite hemisphere as the
D, between simulated and real events. A positive value for qpo corresponds to a D° meson
and a negative value to a DY.

using weights determined without a cut on zpo. There are differences at the £10% level
between data and the simulation in the tails of Ry and multiplicity distributions. These
effects have been included when evaluating systematics.

e D} — K¥* events:

To compare kaon production in data and simulated events, MC samples are normalized to
the number of reconstructed D mesons in data (58718 using Run2 statistics)'. Based on
simulated c¢ events, the expected composition of the kaon samples is given in Table 4.8.

same hemisph. oppo. hemispere.
qr X qp, <0 g X qp, <0
fake frag. D— KX fake frag. D— KX
969 23237 186 2690 18487 4927
gk X qp, >0 gk X qp, >0
fake frag. D — KX fake frag. D — KX
430 2722 591 2313 5318 34987

Table 4.8: Ezpected numbers of kaon candidates accompanying a D} (from 96858 DY ).

The rate and momentum distributions of kaon candidates reconstructed in the same or in
the opposite hemisphere as the D} are given in Figure 4.31 and in Table 4.9. In the opposite
hemisphere, the ratio Data/MC' is quite in agreement with the ratio determined in D(0*+)
events. One has to note that the composition of the kaon sample in the same hemisphere is
different in D** and in D} events. Especially, the fraction of events with an accompanying
kaon from fragmentation is higher in D} events when qx x gp, < 0. This comes from the

presence of strangeness in the associated c-meson.

!'Runl, Run2 and Run4 have been studied separately and results have been found to be compatible, that
is why we just quote numbers from Run2
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Figure 4.30: Distributions of xpo, Ry and the total particle multiplicity in events with a
reconstructed D° and a charged kaon in the same hemisphere, selected for xpo > 0.48 after
having applied corrections, on simulated events, defined using events with no selection on
xpo. Data points are in black and simulation in red.
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Figure 4.31: Comparison between the measured momentum of Kaons in data(blue) and in
MC(red), for Kaons in the D} hemisphere (left) and in the opposite hemisphere (right). The
bottom plots are the relative difference between data and MC.

same hemisph.
gk X qp, <0 gk Xgp, >0

oppo. hemisph.
qx X qp, <0 qx Xgqp, >0

Data 10251.4 1654 12822 19104
MC 11693.4 1817 12535 20516
Data/MC | 0.88 4+ 0.02 0.91 £ 0.04 1.02£0.02 0.931 £0.011

Table 4.9: Comparison of kaon production in the same and in the opposite hemisphere as
the D}, between simulated and real events.
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e Summary for D — K¥ events:

For kaons from fragmentation emitted in the same hemisphere as the charm meson we have
measured differences between data and simulation on the rate, momentum and angular
distributions. These differences depend also on the flavour of the accompanying charm
meson. Corrections have been defined according to the type of charm meson, and as function
of the momentum and angular distribution. These kaons are the main source of non-peaking
background in the D} — ¢etr analysis.

4.3.4 Charm peaking background

In events with a D** or a D} candidate, we search for ¢ — KK~ decays. We separate
events in which the ¢ is emitted in the same or in the opposite event hemisphere which
contains the D. Sidebands of the D and ¢ signal in the corresponding mass distributions
are used to subtract combinatorial background contributions. To compare the ¢ production
in data and simulated events, the samples have been normalized to the same number of
reconstructed D mesons.

e D*T¢ events:

The KK~ mass distribution for events with a D*t is shown in Figure 4.32. Momentum
distributions for ¢ mesons produced in the same (positive values) or in the opposite hemi-
sphere (negative values) as the D** are given in Figure 4.33.

In the simulation of eTe™ — ¢ events with a reconstructed D**, the origin of ¢ mesons is
given in Table 4.10. Most of the ¢ mesons present in the same hemisphere as the D** come
from fragmentation, 20% are expected to originate from the decay of a second D-hadron.

Sample ¢ opposite ¢ same
hemisphere hemisphere
¢ from D, | 1888.1 (50.5%) 16.7

¢ from D | 1485.0 (39.7%) 22.3
¢ from frag. | 367.5 (9.8%) 178.0

Table 4.10: Sources of ¢ mesons produced with a D** measured in simulated events.

Numbers of ¢ mesons reconstructed in events with a D*' are given in Table 4.11. The
simulation has been normalized to the same number of D*t reconstructed in data.
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Figure 4.32: K™K~ mass distribution for events with a reconstructed D** in Off-peak events.
Data (black points) and MC(red) have been normalized to the same number of reconstructed
D** mesons.

Sample ¢ opposite ¢ same

hemisphere | hemisphere
On peak zp-+ > 0.48
MC cé 21077.7+479 | 76.3 £ 11,1
Data 1653.8 £51.3 | 94.9+ 134
Data/MC 0.76 £0.03 | 1.24+£0.25
Off peak no cut on xp«+

MC ce 646.1 £ 12.8 | 32.7+3.5
Data 477.6 +£27.1 | 49.24+9.0

Data/MC 0.74 £ 0.05 1.5£0.3

Table 4.11: Comparison between data and simulation for ¢ production in events with a D*T.
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Figure 4.33: Momentum distributions of ¢ mesons acccompanying a D*T measured in data
(black points) and in the MC (red). Positive values correspond to the situation where the
two mesons are produced in the same event hemisphere.

There is a possible excess, in data, of ¢ mesons from fragmentation. But given the low
statistics, the rate of ¢ mesons accompanying a non-strange D-meson cannot be verified with
an accuracy better than 20%.

We measure a deficit of ¢ mesons coming from the inclusive decay D — ¢X (¢ mesons
produced in the opposite hemisphere). The ratio of data and MC is rather constant for ¢
momenta below 3 GeV/c and we observe a larger excess in the simulation of ¢ production
at higher ¢ momenta.

e DI — ¢ events:

Using the Run4 statistics, the K+ K~ mass distribution for events with a D/ is shown in

Figure 4.34. Momentum distributions for ¢ mesons produced in the same (positive values)
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or in the opposite hemisphere (negative values) as the D are given in Figure 4.35. Recon-

structed ¢ mesons from fragmentation have a higher energy in data than in the simulation.
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Figure 4.34: Kt K~ mass distribution for events with a reconstructed D}. Data (blue points)
and MC(red) have been normalized to the same number of reconstructed D} mesons.

In the simulation of ete™ — ¢¢ events with a reconstructed D, the origin of ¢ mesons is
given in Table 4.12. Most of the ¢ mesons present in the same hemisphere as the D come
from fragmentation. We note also an excess of ¢ from fragmentation emitted in the opposite
hemisphere as compared with the D** tag. This is because ¢ meson from fragmentation
have a low energy and can appear in both hemispheres.

Number of ¢ mesons reconstructed in events with a D] are given in Table 4.13, separately
for Runl, 2 and 4 (corresponding to 19666, 58718 and 91334 D; respectively). We measure
a deficit of about 10% of ¢ mesons coming from the inclusive decay D — ¢X in data, in the
hemisphere opposite to the Dy meson.

Sample ¢ opposite ¢ same
hemisphere hemisphere
¢ from Dy | 1031 (37.5%) 17 (1.5%)
¢ from D | 791 (28.7%) 2 (0.1%)
¢ from frag. | 931 (33.8%) | 1139 (98.4%)

Table 4.12: Sources of ¢ mesons produced with a D} measured for simulated events.
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Figure 4.35: Momentum distributions of ¢ mesons acccompanying a D} measured in data
(blue points) and in the MC' (red). Positive values correspond to the situation where the two
mesons are produced in the same event hemisphere.

sample ¢ opposite ¢ same
hemisphere | hemisphere
Run 1
MC ce 172.9+£9.3 784+ 5.6
Data 184.5£17.3 | 85.7+10.8
Data/MC | 1.07+0.10 | 1.09 +0.14
Run 2
MC ce 565.9 +20.3 | 219.3 £11.8
Data 469.5 £ 30.3 | 189.7 £ 18
Data/MC | 0.83+0.08 | 0.86+0.12
Run 4
MC ce 785.1+31.5 | 337.6+ 19
Data 699.3 4+ 37 308.8 4+ 22
Data/MC | 0.89+0.07 | 0.92+0.10

| Average | 0.91+£0.05 [ 0.94+0.07 |

Table 4.13: Comparison between data and simulation for ¢ production with a D in Run

1,2,4.
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e Summary for D — ¢* and D — ¢X events:

Combining the different results, we obtain that the data/MC agreement for ¢ coming from
fragmentation has been found compatible with 1, with an accuracy of 20%.

For ¢ coming from c-hadrons, we find 0.8 with a 10% accuracy. These rescaling are applied

on the charm peaking background for the D — ¢e™v analysis.
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4.3.5 The non-peaking background overall rate

The study of the non-peaking background is done using the wings of the K+t K~ mass distri-
bution of the D] — ¢ev, events. This distribution is shown in Figure 4.36 using a logarithmic
scale and for a range from 0.98 GeV/c? to 1.5 GeV/c?. On this plot, all corrections defined
previously have been applied, except the one concerning non-peaking c¢ events, determined
with D — K% events (section 4.3.3). Simulated events are scaled to the data luminosity.
One can see a discrepancy between data and simulation, with a mass dependence. This
discrepancy is partially explained by the fact that the simulated ¢ mass distribution is cut
above 1.08 GeV/c? by the generator. To get rid of this effect, we have generated a sample of
non-resonant D — KK etv, events which we reweight to simulate the expected ¢ mass
Breit-Wigner dependence.
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Figure 4.36: Data/MC comparison for KK~ mass distribution. The MC is scaled to the
data luminosity. The bottom plot shows the ratio (data — MC)/MC.
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To understand the remaining difference, we have checked the ¢¢ component and the
effect of the corrections defined with D — K* events on the continuum c¢ background. The
composition of the continuum c¢ background is given in Section 3.4.5. A large fraction of this
background involves a kaon from fragmentation and a kaon from a charm meson, thus one
can exploit the asymmetry due to the different momentum distributions of the two kaons.
For instance, in events with a candidate positron, most of K~ come from a charm meson
decay and K from fragmentation. Consequently, the K has on average less energy than
the K~ and the angle 6y is closer to 7, so we expect to see a negative asymmetry in cos(fy ).
The distributions of the mean value of cos(fy) as function of the Kt K~ mass for data and
MC are shown on Figure 4.37, with the corresponding ratios. In the same Figure we have
also displayed the KK~ mass distribution for events weighted by cos(6y-). Only ¢¢ events
are contributing to this asymmetry; there is no asymmetry for BB or light quark ¢g events.
These distributions are obtained using corrections depending on the fragmentation and on
the Fisher variables. If we use, in addition, the corrections that we measure for D — K
events, we can see in Figure 4.38 that the agreement between data and simulation is much
better.

The last correction applies to light quark ¢g events. On Figure 4.36 one can see a second
peak in the uds simulation at about 1 GeV/c?. It corresponds to the fo — K™K~ which
is not correctly modelled. Figure 4.39 left shows the uds background component, with the
fo clearly isolated. Replacing the simulated f; by the one generated according to a Flatté
distribution (see Eq.(1.40)), one obtains the right plot on Figure 4.39. In this plot, the
fo is normalized to the number of ¢, using measurements form LEP. The production of f,
mesons has been measured at LEP by DELPHI [63] and OPAL [64] collaborations. This is
an inclusive measurement in which particles produced in heavy flavour hadron decays are not
separated from those created by fragmentation. In anycase the fragmentation mechanism
is clearly dominant. The fy — 777~ decay channel is used to select the signal and they
assume that the branching fraction BR(fy — m) is equal to 80%. The particle data group
evaluation of this branching fraction is not still available as the dispersion of the different
determinations is large. If one takes the values of the f, parameters as measured by BES
[23], then one expects that this fraction is indeed ~ 50%. The production of the ¢ meson
has been also measured by ALEPH [65]|, DELPHI [66] and OPAL [64] collaborations, with
the ¢ reconstructed into KK . Averaged numbers of f; and ¢ mesons measured in a Z°
decay are given in Table 4.3.5.

Using the value ¢ — KTK~ from the PDG [4] we thus expect the following ratio between
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Figure 4.37: Left hand plots: data/MC comparison for the mean value of cos(fy) per KTK~
mass bin and data over MC ratio. Left hand plots cos(By) as function of KK~ mass, uds
and BB events have been subtracted from data.

Experiment 7( fo) n(¢)
ALEPH 0.122 £ 0.009
DELPHI | 0.164 +0.021 | 0.104 + 0.006

OPAL 0.141 £0.013 | 0.091 £+ 0.004
average 0.147 £0.011 | 0.097 £ 0.007

Table 4.14: Averaged numbers of f; and ¢ mesons measured at LEP in a Z° hadronic decay.
The numbers of f, have to be scaled by 0.8/0.5 to take into account present determinations of
fo decay parameters. The uncertainty on the average number of ¢ mesons has been increased
to account for the poor compatibility of individual measurements.
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Figure 4.38: Left hand plots: data/MC comparison for the mean value of cos(fy) per KTK~
mass bin and data over MC ratio. Left hand plots: cos(0y) as function of the KTK~ mass,
uds and BB simulated events have been subtracted from data. Corrections for charm non-
peaking background have been applied.
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fo and ¢ mesons decaying in the KK~ channel:

n(fo) BR(fo - KTK~) 0.147+0.011 L 08 026 (4.1)
n(¢) BR(¢p — K+K~)  0.097+0.007 =~ 0.5 0.49 ~ ‘

In fact this result is rather surprising. The rate of f, seems rather high. From studies of a
large variety of particles produced at LEP, it was concluded that the f; does not behave as if
it has a dominant component of strange quarks but contains mainly light quarks. This is not
in agreement with more recent measurements from BES which show a large coupling of the
fo to KTK~. Another possibility consists in invoking “a bare mass” (pole of the K-matrix)
for the fy of 720 MeV /c? and to consider that it governs its production rate. In this case a
large s5 component is still allowed [67].

In the following we assume that this fraction is equal to 1.0+ 0.5. The exact value of this
ratio has no real effect on the present analysis. As the form factors measurement performed
in this analysis is restricted to the mass range between 1.01 and 1.03 GeV/c?, we assume
that the behaviour of events with a fy in this range is similar to the one of continuum uds
events, and we simply rescale the latter by a factor 1.5 £ 0.25 (not including those with a
reconstructed ¢ meson).
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%) 500 . % in uds MC - f° with Flatte parametrization
3 500

o

400
% 400
& 300
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Figure 4.39: K*K~ mass distribution from light quark simulation. The left plot is the generic
MC. Apart from the ¢ peak one can see the fy contribution (magenta histogram). In the right
plot, the fo has been replaced by a Flatte distribution.

After having corrected ¢¢ and uds MC, the data/MC comparison for the K™K~ mass
distribution is shown on Figure 4.40, normalizing the different MC samples to the corre-
sponding luminosity. The distributions of the kinematic variables for the mass range from
1.1 GeV/c? to 1.2 GeV/c? are shown on Figure 4.41. In this mass region which is expected
to be dominated by background contributions, data and simulation agree.
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Figure 4.41: Kinematic variables for events between 1.1 GeV/c? to 1.2 GeV /c®. The MC is
normalized to the number of events in data in order to compare the shape of the variables.
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4.4 Summary of corrections applied to the Monte Carlo
simulation

The corrections applied on each type of simulated events are summarized in the following
list:
signal: Corrections as function of the Dy momentum, spectator sys-
tem momentum and Ry, smearing of the missing energy in
the lepton hemisphere.
c¢ background: - events with a D, in the signal hemisphere: corrections as
function of the D; momentum, Ry, and the multiplicity.
- events with a D in the signal hemisphere: corrections as
function of the D momentum, Ry and the multiplicity.
- events with a ¢: correction on the rate of the ¢ production
from charm hadron, no correction for ¢ from fragmentation.
- continuum c¢ background: for events with a kaon from frag-
mentation and a kaon from a D meson, correction as function
of the K momentum and direction relative to the D.

BB background: Corrections as function of R, and the multiplicity.
uds background: Correction of the f; shape, which implies a rescaling of 1.5 of
uds continuum events.

4.5 Corrected distributions

Using simulated events normalized to the data luminosity, and including the corrections
defined previously, we compare the projected distributions over the four kinematic variables
for data and simulated events (Figure 4.42). On these plots, the simulated signal is obtained
from the generic MC, in which the form factor model is ISGW2. One can see that this model
does not agree well with the data.

In the same way, the distributions of the two Fisher discriminants can be seen on Figure
4.43, when all the cuts of the analysis are applied except the cut on the Fisher discrimi-
nants. Using the generic MC for the signal 2, and before applying corrections, there is a
large disagreement between the simulation and the data (upper plot). After having applied
all corrections defined previously, the agreement is improved substantially (bottom plots).
The remaining differences have been taken into account in the systematic uncertainties,
performing the fit for several Fisher cut values.

2it has been verified that the shape of the Fisher discriminants does not depend on the form factors model
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Figure 4.42: Projected distributions of the reconstructed values of the four kinematic variables
which define the decay D} — ¢etv,. Points with error bars correspond to data. Distribu-
tions given as histograms correspond to expectations from the MC, normalized to the same
integrated luminosity. The variable cos(fy) is measured using the Kt for a DY candidate
and the K~ for a D, candidate. We can see that in data, this variable presents a positive
asymmetry.
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Figure 4.43: Fisher discriminants distributions obtained with D} — ¢etv, events. Right
plots are the Fisher discriminant against BB events and left plots correspond to the Fisher
discriminant against ¢¢ background events. Points with error bars correspond to real events.
MC' is normalized to the data luminosity. The upper plots show the comparison of data with
the signal from generic MC when no corrections are done on the simulation. In the bottom
plots, the different MC components (signal and background) are corrected.
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Chapter 5

Determination of form factors
parameters

‘Would you tell me’, said Alice, a little timidly ‘why you
are painting those roses?’

Five and Seven said nothing, but looked at Two. Two
began in a low voice, ‘Why the fact is, you see, Miss,
this here ought to have been a red rose-tree, and we put
a white one by mistake; and if the Queen was to find
out, we should all have our heads cut off, you know.’

In this chapter we describe the fit procedure used to extract the form factors parameters

and its validation through different tests.

5.1 Fit procedure

Events are distributed in 4-dimensional bins in the variables ¢2, cos(fy),, cos(f,), and X,
where the index r stands for the reconstructed value of the variables. The values of the fitted

parameters are obtained by minimizing a negative log-likelihood distribution:

nbins
L=— Z In P (ndete|nM). (5.1)

=1
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data
i

data

In this expression, P(nd®|nM¢) is the Poisson probability to observe nd*® data events, with

M
)

Considering the experimental resolutions (Figure 3.9), five bins have been used in each

nM¢ expected in bin i.

dimension which corresponds to 625 bins in total.

The expected number of events in bin 7 results from:

e oetu, signal events;
e the combinatorial background under the ¢;

e the background coming from ¢ mesons produced in the fragmentation process or in B
or D decays.

The number of signal events expected in bin ¢ is obtained in the following way. A
dedicated sample of signal events is generated with the SP8 release. The form factor model
used to produce this sample is the simple pole model with values of the parameters (\): ry =
1.5, 7, = 0.7 and the pole masses are fixed to the spectroscopic values (my = 2.5 GeV/c?,
my = 2.1 GeV/c?). PHOTOS is used to simulate radiative effects. This sample is analyzed
in the same way as the data, using the same reconstruction procedure, and it is corrected
with the weights defined in Section 4.1.1. Each event j is weighted using the differential
decay rate given in Equation 1.25. The weight w;(\;) can be written as:

CTr(Me) + T(Me) + I3 (M)
¢*Tr(N}) ’

wj(Ak) = (5.2)
where Zp, is defined by Equation 1.26 and the expressions used for Z5 and Z5 are explained
in Section 1.2.4. The numerator contains the fitted values Ay of the parameters whereas the
denominator corresponds to the distribution used in the generation of the signal MC, with
parameters \Y. In the following, the parameters \; are 7y, ro, quantities which define the
shape of the form factors (m4 and my) and the parameter related to S—wave amplitude,

To-

The expected average number of background events in each bin is obtained after having
noted that the background rate is flat versus two of the four dimensions: cos(fy) and ¥,
when the asymmetry is not taken into account. We thus use a constant average value for
these two variables:

anincos(gv ) ,nbiny bekg.
Jik=1 ti 7icos(€e)7j7k

bekg. . - (5.3)
142 %cos(fe ) steos(fy, ) stx nbincos(ﬂv)nbinx
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This expression applies to each component of background events. These components are
then normalized to correspond to the integrated luminosity used for real data events.

The absolute normalization for signal events (Ng) is left free to vary in the fit. In each
bin (i), the expected number of events is then evaluated to be:

I wj ()‘k) l?ckg.
' Wiot(Ak) C

(5.4)

Nsignal

Wiot(Ae) = >25—;  w;(Ax) is the sum of the weights for all simulated signal events. Ng and
Ar are the fit parameters. To avoid having to introduce finite ranges for the pole masses, we
define m; = 1+ \2. This expression ensures that m? is always larger than ¢2,,, ~ 0.9 GeV?,

thus avoiding a singularity in the simple pole parametrization of the form factors.

5.2 Fit quality

The fit quality is evaluated in the following way: in each bin, the measured number of events
is compared with expectations from the background and fitted signal components. We can
define the quantity x;:

glata _ nfgstimated
: ] ) , 7= 1, nbins (55)
\/n;_zstzmated + O-ZZ(bk-g) + JE(SZQ?’LGZ)

n

xT; =

In this expression, we take into account the uncertainties in the evaluation of the average
background level and the uncertainties from the weighting procedure o?(bkg) = n ¥ /25

n.?ignal nbins . . .
and o?(signal) = N2 Y7, w?/W2,. Then we define x> = 3°7*7" 22. The distribution

j=1
of the number of data events per bin can be seen in Figure 5.1. As this number can be
small, conditions for Gaussian statistics are not fulfilled and a more appropriate test con-
sists in comparing values of the minimum for the negative log-likelihood, obtained with toy

experiments and in real data.

5.3 Parameters sensitivity

To evaluate the sensitivity of the analysis on parameter’s values, we have done a study
using Monte Carlo generated events. A sample has been generated using values of the
parameters similar to experimental measurements : ry = 1.5, ro = 0.7, my = 2.5 GeV/c?

and my = 2.1 GeV/c?.. We have then reweighted this sample varying separately ry and
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Figure 5.1: number of data events in each of the 625 bins.

ry by 30, o corresponds to the statistical error of the preliminary version of this analysis,
performed with 78.5 fb=' (0,, = 0.065 and o,, = 0.053). Distributions of the four variables
and their corresponding ratios can be seen on Figure 5.2 and 5.3.

We have also varied m 4 and my by 0.5 GeV/CQ. The results can be seen on Figure 5.4
and 5.5 and show that the kinematic variables are sensitive to m 4 but the sensitivity on my

is very weak.

We can see that the determination of m 4 depends on ¢* and cos(6,) distributions, whereas
the determination of ry depends on these two variables and also on cos(6y ), which explains
why the data are sensitive to m4 and r,. On the other hand, the sensitivity to my in mainly
in the cos(f,) distribution, as for ry, which explains the fact that these two variables are
correlated, and cannot both be treated as free parameters in the fit. To assess the sensitivity
of the present measurements on m, and my, we have also done a scan of the negative log
likelihood distribution near its minimum (Figure 6.4).
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Figure 5.2: Distribution of the kinematic variables for different values of ro. The reference
histogram (rref = 0.7) is in black. The bottom plots correspond to the ratio between the
histograms rgef + 30 and the reference histogram.
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Figure 5.4: Distribution of the kinematic variables for different values of my. The reference
histogram (ma = 2.5 GeV/c?) is in black. The bottom plots correspond to the ratio between
the histogram m’;ff + 0.5 GeV/c? and the reference histogram.
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Figure 5.5: Distribution of the kinematic variables for different values of my . The reference
histogram (my = 2.1 GeV/c?) is in black. The bottom plots correspond to the ratio between
the histogram m’{ff + 0.5 GeV/c? and the reference histogram.
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5.4 Results on simulated events

Two tests have been performed to check the fitting procedure.

5.4.1 Toy simulations

In the adopted fitting procedure, two sources of statistical fluctuations are not included. As
a result, statistical uncertainties obtained from a fit on data or on the simulation can be
underestimated and the values of the fitted parameters can have biases.

These sources of additional statistical fluctuations are coming from the finite statistics
of simulated signal events and from uncertainties in the estimate of the average number of

background events in each bin.

These statistical effects, on the fitted values of the parameters ry and r, have been
evaluated using toy simulations. Experiments have been generated with a sample of about
25000 signal events, with the following parameters values: ry = 1.6, ro = 0.8, my =
2.5 GeV/c? and my = 2.1 GeV/c? 7000 background events have been added to each
experiment. Background events are generated with a flat distribution in the kinematic
variables. For each fake experiment we generate also a sample of events which are used as
simulated data in the fit. 225000 signal events are generated with a slightly different model
for the form factors. In this second sample we have used the values: ry = 1.5, ro = 0.7,
my = 2.5 GeV/c? and my = 2.1 GeV/c?. For each fit, not only the “fake experiment” is
generated but also the sample of pure signal and the background distributions are created.
Results obtained using 1000 such experiments are given in Figure 5.6.

The sigma of the pull distributions is 1.115 for ry and 1.055 for ry, biases are -0.008
and -0.044 respectively. Uncertainties on these numbers are +0.03. The exercise has been
repeated without including background events. The biases are then -0.020 and -0.013 for ry
and ry, respectively. The sigma values of these distributions are 1.063 and 1.085.

The systematic uncertainty attached to the statistics of simulated events and to the
statistical uncertainties on the average number of background events in each bin, has been
evaluated, from the increase of the sigma of the pull distribution, relative to unity.

v1.12 -1 x Ofit. = 0.46 x O fit. (56)

where 0.1 has been taken as representative value for the increase of the o of the pull, relative

to unity.
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background (B/S) of 28%.

The same study has been repeated fitting also the axial-vector pole mass as it can be
seen on Figure 5.7. For ry and ry, the biases are less than 0.05, and the sigma values are
1.074 and 1.033. For these parameters we use the same systematic uncertainty as the one
defined previously. For the parameter A4, the pull distribution is not symmetric and we see
a bias of -0.2. Nevertheless, the distribution of the difference between the fitted value of A4
and its generated value \%, shown in Figure 5.8, does not indicate a bias.

In fact, the variable A4 has two properties which can lead to a non Gaussian pull distri-

bution:

e it has asymmetric errors;

e the errors depends on its value, as shown in Figure 5.9.

These characteristics are related to the pole dominance: when the pole mass is closer to
the physical region of ¢2, the fit is more sensitive and errors are smaller. This explains why
negative errors are smaller than positive ones (this is visible also on the scan of the maximum
likelihood value as function of m 4, in Figure 6.4). Thus, the fit is underestimating the errors
of A4 if the fitted value is smaller than the true one, and it overestimates the errors if the
fitted value is greater than the real one. This is an intrinsic property of this fit and we have

not found a way to correct it.
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Figure 5.7: Pull distributions for the fitted values of v, ro and Aa obtained using a fraction
of background (B/S) of 28%.

Lt Rt et mares3
90F Entries 999
= Mean -0.001157
80F- RMS _ 0.09403
70F E
60— E
505 E
aof =
30 E
205 E
105 E

Evv b : P T O SO B .
05 -04 -03 -02 -01 -0 01 02 03 04 05

kA'Xg

Figure 5.8: Difference between the fitted value of Ao and the true value \Y.



168 Determination of form factors parameters

For the other fitted parameters, this effect is not present. Errors of the parameters ro
and 7y are shown in Figure 5.10 as function of the parameters value. The errors differ from
the mean error by less than 5% whereas this difference can vary between —20% and +50%
for the parameter \ 4.
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Figure 5.9: Error on A4 divided by the mean error value as function of A4, as obtained with
toys.

5.4.2 Analysis of fully simulated events

In the second test, we use a sample of Monte Carlo signal events generated with the simple
pole model and using PHOTOS for radiative corrections. These events are analyzed through
the same algorithm as real data events, and no background is added. 68674 events remain
after this procedure, they are fitted using an independent Monte Carlo sample of 5 times
the “fake data” statistics (342655 events) and results are given in Table 5.1. ry and ry differ
by about 1 o from the expected values.

parameter | Exact value | Fitted value

Ng 68674 68640 £ 262
Ty 1.5 1.519 £ 0.023
T9 0.7 0.667 £0.021

Table 5.1: Comparison between exact and fitted values on fully simulated events.

This sample has also been used to test the simultaneous fit of the form factor ratio ry
and ro and of the pole masses. With the present analysis one can determine m,4 but the
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sensitivity on my is weak and we have fixed its value to 2.1 GeV/c?. Results are given in
Table 5.2, and differ by less than 1 ¢ from the expected values. For these two fits, the 2

parameter | Exact value Fitted value
Ng 68674 68640 + 262
rv 1.5 1.516 4+ 0.027
To 0.7 0.675 £ 0.039
my 2.5 GeV/c? | (2.547018)GeV /c?

Table 5.2: Comparison between exact and fitted values on fully simulated events.

probability for nbins — 3 or 4 degrees of freedom is equal to 89%.



Chapter 6

Results

‘Would you tell me, please, which way I ought to go
from here?’

‘That’s depends a good deal on where you want to get
to,” said the Cat.

‘I don’t much care where -, said Alice.

“Then it doesn’t matter which way you go’, said the Cat.
‘- s0 long as I get somewhere,’ Alice added as an expla-
nation.

‘Oh, you’re sure to do that,” said the Cat, ‘if you only
walk long enough.’

To compare with previous analyzes, data are first fitted not considering a possible S-
wave component. Then this component is included in the fit and a signal with more than
5o significance is observed through its interference with the ¢ meson.

6.1 Fit values

Normalizing background contributions to the analyzed luminosity and using simulated signal
events generated according to a simple pole mass model, a fit to data events has been
performed. The Monte Carlo sample is equal to 7 times the data statistics. In this fit,
all corrections defined in chapter 4 are applied. Using fixed values for the pole masses the

following values have been obtained:

Ng = 25157 £ 177, ry = 1.799 £ 0.046 7, = 0.813 £ 0.036.
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With the correlation matrix:

1 0.059 0.001
0.059 1 0.138
0.001 0.138 1

The distribution of the z; values (see equation 5.5) obtained for the 625 bins is given in
Figure 6.1-left. A Gaussian fit of this distribution has a sigma close to 1.

l:l x2/ ndf 33.24/27 chi2 per bin

LB e e e e YR 0.1894 LI s e e
12

Constant 49.58 +2.46
50
Mean -0.03313 +0.04016
10
Sigma 0.9562+ 0.0274
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Figure 6.1: Left: Distribution of the values of the variable z; in each bin. Right: Values of

z? versus the bin number.
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The corresponding x? probability for nbins — 3 degrees of freedom is equal to 80%. Fitted
distributions, projected over the four variables, are displayed in Figure 6.2.

Values corresponding to the minimum of the negative log-likelihood for the 1000 toy
experiments have been displayed on Figure 6.3. The value measured with real data events

is 2082 which seems reasonable.

If we fix only the pole mass of the vector form factor (my), the following values and
correlation matrix have been obtained:

Mg = (1147580 GeVY2 Jc, Ng = 25146 + 177, ry = 1.831 4 0.060, r, = 0.758 4 0.071.

1 —-0.070 0.612 —0.859
—0.070 1 —0.089  0.060
0.612 —0.089 1 —0.581

—0.859 0.060 —0.581 1
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Figure 6.3: Values of the negative log-likelihood minimum obtained with 1000 toy experiments.
The corresponding value measured with real data events has been indicated.

The value of the fitted parameter A4 corresponds to m, = 14+ A4 = 2.307028 GeV/c?.

It has been tried to fit, in addition, the value of the vector mass pole but the sensitivity
to this parameter is too weak. The fit with 3 or 4 free parameters has been done fixing
different values for my . The value at minimum for each fit is shown on Figure 6.4 (left side).
This can be compared with the value at minimum for fits done with different values of m 4
(Figure 6.4, right side). The dotted lines correspond to a variation of +1/2 relative to the
value at minimum. These plots illustrate clearly the difference of sensitivity to the two pole

masses.

While r, and A4 are not really sensitive to the value of my, the fitted value of ry depends
on my-, as shown on Figure 6.5. We choose to fix my at the value 2.1 GeV /c? because it is
compatible with data and it is the usual value used by the experiments measuring the form

factors parameters.

In the parameterization used in this analysis, we consider that the two axial-vector form
factors, Ai(¢?) and As(q?), are governed by the same pole (m4, = m4, = m,). But more
generally, they could have a different ¢* dependence. It has been tried to fit two independent
pole masses for A;(¢?) and Ay(¢?). We found that the sensitivity to my, is too weak, as
shown on the maximum likelihood scan in Figure 6.6, and in the following we keep the same
pole mass for these form factors.
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6.2 Evidence for an S—wave contribution

By analyzing the D, — K™K etv, decay we measure an S—wave contribution through its
interference with the ¢. This measurement is only sensitive to the S-wave in a narrow mass
window centered on my. Figure 6.7 shows the K"K~ mass distribution when each event
is weighted by cos(fy). A signal is visible, which is not present in the simulation. We find
an excess of weighted data events in the region between 1.01 and 1.03 GeV/c? of 606 + 121

events.

gzso
% 200 E
a 150? :e(tj):tciground E

o i**#*iﬁiﬁ*%**iiﬁﬁ;%ﬁ

098 099 1 1.01 102 103 1.04 1.05 1.06 1.07 1.08
My (GEV/C)

Figure 6.7: KtK~ mass ditribution weighting each event by cos(6y). Data are compared
with the simulation where only the P wave is present. MC signal is scaled to the number of
events fitted in data.

In principle, a forward-backward asymmetry originating from pure reconstruction effects
(as difference of efficiencies between the K~ and K ) could also be possible. Let’s consider a
D} decaying semileptonically in the configuration shown in Figure 6.8-a. The final hadrons
K* and K~ have momentum p™ and p~ respectively, and cos 0y is positive. The efficiency
to reconstruct this decay configuration is proportional to ex+(pT)ex-(p~). We consider a
second configuration, inverting the two kaons so that cos @y is negative (the K+ has then
momentum p~, and the K~ has momentum p*), as shown in Figure 6.8-b. In this case, the
efficiency is proportional to ex+(p~)ex- (p™).
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a) b)

K" (p+) K™ (p*)

D%, O Ov D',

n
<

K (p7) K (p7)

Figure 6.8: Decay of a D} in two different configurations. a: cosby is positive, b: the K
and K~ have been inverted, cos by is negative.

We can write the asymmetry A,  as:

_ex+(pT)ex-(p7) — ex+(p7)er—(ph)
Ap- = €K+ (PJ“)EK* (pf) + €x+ (p*)EK* (PJ“)' (6'1)

For a given momentum, the kaon identification efficiency differs by a few percent for K™
and K~ (see Figure 2.24): ex+(p) = €x-(p) + J, where § > 0. The asymmetry can then be
expressed as:

o(ex—(p~) —ex—(p7))

A = e P en- ()

(6.2)

This quantity is, in principle, non-zero because ¢ is positive and the identification efficiency
of kaons depends on the momentum. Considering the case of a D_, to obtain its decay
pattern, we have explained in Section 1.2.2 that the roles of the Kt and K~ have to be
inverted. We should now obtain an asymmetry with opposite sign. Thus, on average, the
asymmetry due to detector effects cancels. In data, separating the D} and D, as shown in
Figure 6.9, we obtain a positive signal of the same order for both signs. This is expected for
an S—wave contribution and not from a detector effect.

Using Equation 1.43, we fit, in addition to the form factors parameters, the value of ry.
The following results and correlation matrix are obtained:

Ng = 25162+ 177,79 = 15.0 £ 2.5 GeV !, ry = 1.836 & 0.047, 15 = 0.814 %+ 0.036.
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1 —-0.015 —-0.062 0.001
—0.015 1 0.043  0.002
—0.062  0.043 1 —0.150

0.001  0.002 —0.150 1

This result is shown on Figure 6.10, using the same binning as in Figure 6.2, and on Figure
6.11 using the same binning as adopted for the fit. To perform this fit, we use a constant
average for the background in y, as it is expected to be flat (see Figure 6.10). Figure
6.12 shows the angular distributions for each of the five bins in ¢?. We can see that the
distributions resulting from the fit agree well with the data in each bin.

Fitting also the axial-vector pole mass, we obtain:

A = (1.147088) GeV/2 /e, Ng = 25152 4 177, 1o = 15.3 4+ 2.6 GeV ™',
ry = 1.868 + 0.061, ry = 0.763 & 0.072

and the correlation matrix:

1 —0.074 0.134 0.624 —0.858
—0.074 1 —0.046 —0.095 0.064
0.134 —0.046 1 0.118 —0.114
0.624 —0.095 0.118 1 —0.595

—0.858 0.064 —0.114 —-0.595 1



6.2 Evidence for an S—wave contribution

179

Entries/0.1 GeV?

Entries/0.1

AN

\
MR RN R RN
ARLLETRRRRRRRRRR RSN
AR RN R RN R RN RN
ARERE R R AN

// /

AN NN RN RN RSN

B

% 01020304 050607 0809" 1
o? (Gev?)

150/ SAAN RARE RARE RARE RARE RARE RARE RARE RRRE RAES

2000
v

1500

1000F

/
SIPIID

g
// /////

// // oI9S gy
//////// 7 ///// //
"/////////////////////////////////%

L0000 oy
0000000000000 7000
5007*/ . ////// G I Al s
L0000

Ql -0.8-0.6-0.4-0.2 -0 0.2 0.4 0.6 08 1

cos,,

Entries/0.1

Entries/0.32

2200
2000
1800
1600
1400
1200
1000
800
600F
400'
200
0
-1 -0.8-0.6-0.4-0.2 -0 0.2 0.4 06 0.8 1
cosf,
1800
1600 ;
S
% §
/' PSPPI P II PP IIP A
SIS I PP I I IIIIIIIIIIIA
S s S S S
S S S S S S S S S S A
/S //////// /////// /
S
GII SIS IS I ISP /////// SIS
400F ////;///////// S S //////
y

Figure 6.10: Projected distributions of the reconstructed values of the four kinematic variables

which define the decay D} — ¢etv,.

Points with error bars correspond to real events.

Hatched histograms show the fit result when taking into account the asymmetry.
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which define the decay D} — ¢etv,. Points with error bars correspond to real events.
Hatched histograms show the fit result when taking into account the asymmetry. The binning
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The comparison between data and simulation weighted using the fitted value ry, =
15.3 GeV ! is shown on Figure 6.13.
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Figure 6.13: KK~ mass ditribution weighting each event by cos(fy). Signal MC has been
reweighted to include an S-wave component with the parameter ry = 15.3 GeV ™.

The fitted value of 7y = 15.3 GeV ! corresponds to the ratio (see Figure 6.14):

BR(DS — f06+l/e) X BR(fO — K+K7)
BR(Ds; - KT*K~etv,)

= 0.237002% (6.3)

within the selected KK~ mass interval between 1.01 and 1.03 GeV/c?. This mass interval
contains 0.131 of the total fy — KTK~ decay spectrum.
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Figure 6.14: Fraction of the S-wave component per event in 2 MeV/c* bins, as a function
of the K™K~ mass, in the decay Dy, — KTK~e'v,.
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6.3 Fit stability

In order to test the fit stability, we have performed the fit for different cut values on the Fisher
discriminant against c¢ events. The number of candidates selected in data and estimated
background are summarized in Table 6.1, with the corresponding fitted parameters for three
different cuts on the Fisher discriminant. The cut value at 0 is used for the reference fit.
We can see that the variation from 0.3 to —0.3 corresponds to an increase of the number of
signal by a factor two, and an increase of the background events by a factor 4.6.

The fit results, when the axial-vector pole mass is also fitted are summarized in Table 6.2
for the same cut values.

F.. cut | data | background | fitted signal Ty v
—0.3 | 40647 11279 29386 £ 200 | 0.778 4= 0.035 | 1.855 + 0.046
0 31839 6675 25157 £ 177 | 0.807 & 0.036 | 1.826 + 0.047
0.3 18297 2474 15800 + 135 | 0.833 £0.043 | 1.736 4 0.054

Table 6.1: Number of candidates in data, estimated background, and fit results for different

cut values on the Fisher discriminant F,..

F.. cut | fitted signal T rv ma
—0.3 | 29357 +£199 | 0.67140.074 | 1.923 +0.063 | 2.1470 1%
0 25144 + 177 | 0.755 £ 0.071 | 1.855 £ 0.061 | 2.2875%%
0.3 [ 15792+ 135 | 0.745 £ 0.084 | 1.785 £ 0.069 | 2.1975%7

Table 6.2: Fit results when the axial-vector pole mass is also fitted, for different cut values
on the Fisher discriminant F... The number of candidates in data and estimated background
are the same as in Table 6.1.

The fit results for these three different cuts are shown on Figure 6.15.

The three samples are not independent and to have a more relevant comparison, the
systematics errors should have been computed for the three cut values. Our nominal mea-
surement with the five parameters fit is stable.
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Figure 6.15: Fit result for different cuts on F.., from left to right: —0.3, 0, 0.3. The upper
plots show the fitted values of ro and ry. Bottom plots show fit results with the axial-vector
pole mass as an additional free parameter.
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Chapter 7

Systematic uncertainties

‘I quite agree with you,’” said the Duchess; ‘and the
moral of that i1s:“ be what you wouls seem to be” - or
if you’d like it put more simply-“ never imagine your-
self not to be otherwise than what it might appear to
others that what you were or might have been was not
otherwise than what you had been would have appeared
to them to be otherwise.”

In this chapter, we detail the different sources of systematic uncertainties. Most of
them originate from corrections that are used to improve the agreement between data and
simulation. Remaining uncertainties on these corrections correspond to systematic errors on
the fitted parameters. We quote the corresponding variation on the fitted parameters with

the convention :
_ varied not varied
6(Ak) = AT — AR

where Apet varied corresponds to the nominal value of a parameter used to fit the data. For
each systematics evaluation, we give the errors for the four parameters fit (N, rq, 7y and
r9), and the errors for the fit where the axial-vector mass pole is also fitted. We evaluate
separately the contributions of remaining uncertainties on signal and background estimates,
and the PID corrections. The corresponding variations d()) are quoted at the end of each
subsection. Finally, all systematic uncertainties have been collected in Tables 7.9 and 7.10.
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7.1 Signal Monte Carlo corrections

As noted in section 4.1.1, the agreement between real and simulated events on D} production
characteristics is rather good after having applied several weights defined from the fragmen-
tation distribution, the spectator system momentum, and Ry. The remaining differences
between data and MC after these corrections can be seen in the Fisher variables for PHIPI
events in Figure 7.1. We define an additional weight as function of Fy, which corresponds to
the ratio of the normalized distributions of Fy, in data and in MC for PHIPI events. This
correction is used to evaluate the systematic uncertainty related to the generator tuning on

signal event.
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Figure 7.1: Data/MC comparison for the two Fisher distributions in PHIPI events after
having applied the corrections defined in section 4.1.1.

The second systematic uncertainty of the MC signal involves determination of the D}
direction and of the missing energy. The data/MC agreement for the D] angles (fps and
®ps) has been found to be satisfactory using PHIPI events (Figure 4.11). Nevertheless to
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evaluate the small remaining differences, a smearing has been added on the D/ angles. The

smearing is done by adding to the angle value, for each event, a random number generated

according to a Gaussian distribution. The effect of this smearing is shown on Figure 7.2.

250 O smearing i
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+ no smearing
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¢Ds(true~est.)

Figure 7.2: Difference between D} angles obtained from the decay products (¢7) and from
the other particles in the event. The red dots are obtained after having added a smearing.

In the same way, to evaluate the uncertainty on the missing energy, we change the

smearing defined in Table 4.1, using Gaussian distribution with sigma of 100 MeV and 170

MeV for each interval in the missing energy measured in the opposite hemisphere. This

procedure changes the resolution on the missing energy. The effect of these corrections are

shown on figure 7.3.

The effect of the different corrections related to the signal MC on the fitted parameters

are summarized in Tables 7.1 and 7.2.

Table 7.1:

corrections §(Ns) | 8(ro) | 6(ry) | O(re)

Fisher variables for signal MC +1 0 —0.012 | —0.011
smearing D angles +10 | —=0.1 | —0.001 | —0.005
smearing missing energy (100MeV) | —2 | 40.1 0 —0.001
smearing missing energy (170MeV) | +3 | —0.1 | —0.001 | +0.004

Variations of fitted parameters: Ny, vy (in GeV™"), vy, vy, for different corrections
applied on simulated signal events.
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Figure 7.3: Data/MC missing energy ratio when a smearing is applied on the missing energy
in the candidate hemisphere. These distributions are obtained with PHIPI events.

corrections S(Ns) | 0(ro) | d(rv) d(rz) | 0(Aa)
Fisher variables for signal MC -1 | —0.1 | —0.013 | —0.009 0
smearing D] angles +10 0 —0.001 | —0.005 0

smearing missing energy (100MeV) | +5 0 —0.009 | +0.013 | +0.02
smearing missing energy (170MeV) | +2 | —0.1 | +0.003 | —0.003 | —0.01

Table 7.2: Variations of fitted parameters: N, ro (in GeV''), ry, 1y and Aa (in
(GeV/c®)/2) for different corrections applied on simulated signal events.

7.2 Background Monte Carlo corrections

The different systematic uncertainties due to the background Monte Carlo corrections are
detailed in the next subsections. The variations of the fitted parameters are summarized in
the last part in Tables 7.3 and 7.4.

7.2.1 Fragmentation correction on the c¢¢c background

As explained in Section 4.3.2, we apply a correction on c¢¢ background events to correct the
c-quark fragmentation process in simulation. The correction is different for events with a
non-strange D meson and events with a D} meson. For the uncertainty on D] events, we
define an additional weight as function of Fj,, in the same way as we do for the evaluation
of the signal MC uncertainty. For events with a D meson, the uncertainty on the correction
is mainly coming from the selected D momentum range within which these corrections are
obtained (see Figure 4.30). To take this effect into account, we determine an additional
weight depending on the multiplicity using a first order polynomial expression leading to a



7.2 Background Monte Carlo corrections 191

typical variation of 10% of the correction over its range.

To give an idea of the global effect of the correction on the ¢¢ background, the fit has
been done without any correction from fragmentation. The following variations have been

found:

§(N,) = —525, 8(rg) = +0.3, d(ry/) = —0.017, §(ry) = —0.012

§(N,) = —537, 8(rg) = +0.7, d(ry) = —0.053, §(ry) = —0.068, 6(As) = —0.07

The estimated uncertainty on this correction is of the order of 10% of its global effect.

7.2.2 BB background correction

The uncertainty of this correction is mainly due to the subtraction of off-peak events from
on-peak events. To evaluate the uncertainty on the normalization of one sample relatively
to the other, we count the number of D candidate in both samples for zp; > 0.44. We find
that the uncertainty on the normalization is equivalent to a change of 2% of the luminosity of
the off-peak dataset. Using this normalization, we define a new parameterization as function
of R, and the multiplicity, that we use to evaluate the uncertainty on the BB background

correction.

7.2.3 Continuum background under the ¢ meson

As it has been explained in section 4.3.5, two components of the continuum background
MC are rescaled: c¢ events and light quark events. As it can be seen on Figure 4.40, the
remaining difference on the rate of the continuum background is about 10%. To evaluate
the systematic uncertainty on the continuum background, we use a global rescaling of 10%
in addition to the corrections defined for c¢¢ events and light quark events.

7.2.4 Peaking background correction

As explained is Section 4.3.4, different components of the charm peaking background are
rescaled. For events with a ¢ meson from fragmentation, we use 1.0 £0.2. For events with a
¢ meson coming from a charm hadron, we have determined a scaling factor of 0.8 0.1. For
events with a ¢ meson produced in light quark events, we have determined a scaling factor of
1.0+ 0.2. The uncertainty on ¢ mesons coming from b-hadrons has been taken into account
in the uncertainty on the BB background correction.
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7.2.5 Summary of background MC corrections systematics

Systematic uncertainties from background MC corrections are summarized in Tables 7.3 and
74.

corrections §(Ns) | 0(ro) | d(rv) d(r2)
Fragmentation correction on c¢ background | +37 | —0.1 | —0.003 0
BB background correction —230 0 +0.033 | +0.002
continuum bkg. —198 | +0.5 | +0.018 0

¢ from fragmentation —118 0 —0.008 | —0.003
¢ from c-hadrons =77 0 —0.004 | —0.002
¢ from light quark events —-95 0 —0.006 | —0.002

Table 7.3: Variations of fitted parameters: Ny, ro (in GeV™"'), ry, v, for different corrections
applied on simulated background events.

corrections O(Ns) | (o) | (rv) | O(re) | 0(Aa)
Fragmentation corr. on c¢ back. | +38 | —0.1 | —0.007 | +-0.004 | 4+-0.01
BB background correction —236 | +0.1 | +0.050 | —0.024 | —0.04
continuum bkg. —202 | 4+0.6 | +0.032 | +0.023 | —0.03
¢ from fragmentation —-120 | —0.1 | —0.019 | 4+0.013 | +0.03
¢ from c-hadrons —-80 | +0.1 | —=0.002 | +0.013 | —0.02
¢ from light quark events —100 | +0.1 | 40.007 | —0.024 | —0.03

Table 7.4: Variations of fitted parameters: N, ro (in GeV''), ry, 1y and Aa (in
(GeV/c®)/2), for different corrections applied on simulated background events.

7.3 Fitting procedure

This source of uncertainties corresponds to the effects of finite Monte-Carlo statistics which
have been studied in Section 5.4.1. Results have been given in Equation 5.6, and we evalutate

the systematic uncertainty to be 0.46 x o;, where oy is the statistical error obtained in the
fit.

7.4 Particle identification efficiencies

Effects induced by momentum dependent differences on the electron and charged kaon re-
construction efficiency between real and simulated events are evaluated. Standard correction



193

7.5 Radiative events

factors determined in BABAR are applied to correct for these differences which are typically
of a few percent (see Section 2.3). Differences in efficiencies for neutral particles are also
corrected. Fitted values of the parameters measured in the present analysis are quoted after
applying these corrections. The corresponding systematic uncertainties are estimated by
turning off these corrections for the signal, separately for the PID and for neutral particles.

corrections §(Ns) | 0(ro) | d(rv) §(r2)
PID efficiencies +3 —0.6 | +0.001 | +0.019
Neutrals corrections +1 —0.1 | —0.009 | —0.002

Table 7.5: Variations of fitted parameters: Ny, ro (in GeV '), ry, ry.

corrections §(Ns) | 0(ro) | 0(ry) | d(re) | d(Aa)
PID efficiencies +1 —0.6 | +0.006 | +0.011 | +0.01
Neutrals corrections -5 —0.2 | —0.018 | +0.012 | +0.02

Table 7.6: Variations of fitted parameters: N, 1y (in GeV™'),
(GeV/c?)'/?).

ry, Ty and Ay (in

7.5 Radiative events

In this analysis, radiative events, where a photon is emitted in the initial or final state, are
treated in the same way as non radiative events. There could be some difference of the rate
of radiative events between data and the simulation. In the MC, about 15% of events contain
a radiated photon. To evaluate the uncertainties due to this possible difference, we increase
by 30% the rate of radiative events in the simulation. The variation of fitted parameters are
shown in Tables 7.7 and 7.8 .

0 (Ns)
+2

6(ro)
—0.2

6(rv)
—0.018

6(rs)
—0.005

corrections
radiative events

Table 7.7: Variations of fitted parameters: Ny, ro (in GeV '), ry, ry.

In the CLEO-c measurement of D — K ~e*tv, [68] decays they have compared simulated
radiative events using PHOTOS and KLOR [69] and observed that this simulates a change
in the radiative branching fraction of up to 16% in the most extreme case. For D} — ¢etv,
we expect smaller effects as the available phase space is reduced so we consider that the

variation of 30% we have used overestimates the uncertainty from this source.
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corrections §(Ns) | 0(ro) | 0(ry) | d(ra) | (Aa)
radiative events +5 —0.3 | —0.028 | +0.011 | +0.03

Table 7.8: Variations of fitted parameters: N,, ro (in GeV '), ry, 1y and sy (in
(GeV/c?)1/2),

7.6 S—wave parameterization

The uncertainty due to the parameterization that we choose for the S—wave component, is
mainly coming from the phase of the f; obtained in Equation 1.44. If we use a constant
phase with value equal to 0, the following variation is obtained on the parameter ry : 0(rg) =
+0.3 GeV™".

7.7 Summary on systematic effects

In Table 7.9 and 7.10, we give a summary of the different systematic contributions on the
measurement of ry, ry and 7y, and of ry, ry, rg and Ay, respectively. The corresponding

errors matrices are the following:

129036 —106.1 —7.728 1.611

—106.1 0.78 0.0116  —0.0105
—7.728 0.0116 0.002574 0.000744
1.611  —0.0105 0.000744 0.000862

0.0082 1.4 —0.028 7.107°  0.00154
1.4 135482 —153.9 —14.527  3.754
—0.028 —153.9 1.01 0.0433 0.0117
7.107°  —14.527 0.0433 0.006223 —0.0004
0.00154 3.754  0.0117 —0.0004 0.003852

We consider that the systematics on the form factors parameters are similar for the fit

with or without the S—wave component.
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Source error on Ny error on ro €rror on ry  error on ry
Fisher variables for signal MC 1 0 0.012 0.011
smearing D] angles 10 0.1 0.001 0.005
smearing missing energy 13 0.1 0.001 0.004
total signal MC corrections 16 0.1 0.012 0.013
Fragmentation correction on cc events 37 0.1 0.003 0
Fisher variables for BB events 230 0 0.033 0.002
continuum bkg. 198 0.5 0.018 0
¢ from fragmentation 118 0 0.008 0.003
¢ from c-hadrons 77 0 0.004 0.002
¢ from uds 95 0 0.006 0.002
total background MC corrections 350 0.5 0.039 0.005
Monte-Carlo statistics 81 - 0.022 0.017
PID efficiencies 3 0.6 0.001 0.019
neutral correction 1 0.1 0.009 0.002
radiative events 2 0.2 0.018 0.005
S—wave parameterization - 0.3 - -
Total 360 0.9 0.051 0.030

Table 7.9: Systematic uncertainties on Ny, ro (in GeV '), ry and ry. The quoted numbers

correspond to absolute errors.
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Source error on Ny error on rp €rror on ry  €rror on ro error on Ay
Fisher variables for signal MC 1 0.1 0.013 0.009 0
smearing D] angles 10 0 0.001 0.005 0
smearing missing energy 5) 0.1 0.009 0.013 0.02
total signal MC corrections 11 0.1 0.016 0.017 0.02
Fragmentation corr. on cc events 38 0.1 0.007 0.004 0.01
Fisher variables for BB events 236 0.1 0.050 0.024 0.04
continuum bkg. 202 0.6 0.032 0.023 0.03
¢ from fragmentation 120 0.1 0.019 0.013 0.03
¢ from c-hadrons 80 0.1 0.002 0.013 0.02
¢ from uds 100 0.1 0.007 0.024 0.03
total bckg MC corrections 358 0.6 0.063 0.045 0.07
Monte-Carlo statistics 81 - 0.029 0.034 0.04
PID efficiencies 1 0.6 0.006 0.011 0.01
neutral correction 5 0.2 0.018 0.012 0.02
radiative events 5) 0.3 0.028 0.011 0.03
S—wave parameterization - 0.3 - - -
Total 367 1 0.079 0.062 0.09

Table 7.10: Systematic uncertainties on Ng,rg, v, r9 and Aj.
respectively GeV™' and (GeV/c?)Y/2. The quoted numbers correspond to absolute errors.

For ry and A4 units are
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We can see that the errors on ry, 7y and 79 increase when the axial-vector pole mass
is fitted. Especially, for the background MC corrections, the systematics on ry are really
small when A\, is fixed but they become important when A\, is fitted. To investigate this
effect, we take the example of the systematic uncertainty on the continuum background,
and we try to understand the effects of the variation of this background on the kinematic
variables. From Figure 4.41, we see that this background is almost constant as function of
cos By and x, so we can restrain the study to the two dimensional space (¢* x cos f;). Figure
7.4 shows the difference between the reference background distribution and the background
distribution when 10% of continuum background is added. The two plots show the same
distribution with two different representations. Now, we compare this distribution with
the ones resulting from the variations of the fitted parameters (which are used to evaluate
the systematic uncertainties). We expect that these variations compensate the background

changes.

For signal events, the difference between the kinematic distribution obtained with the
nominal fitted values and the one obtained when 10% of continuum background is added
are given on Figure 7.5 and 7.6, fixing or letting A4 to vary in the fit, respectively. These
distributions are obtained with toy experiments. In both cases, the fit tries to compensate
the shape of the background variation and it is more successful when there is one more degree
of freedom. The fact that the variation of ry is zero when the axial-vector mass pole is fixed
seems not to be a problem of the fit, which obtains the best minimization varying only ry .
From this study we show that the different parameters are correlated, and their behaviour,
when a component such as the continuum background is changed, is not obvious because it

generally takes place in a four dimensional space.
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Figure 7.4: ¢ versus cos, distribution as obtained with background MC' events. The plots
show the difference between the background used in the nominal fit and the one obtained
adding 10% of continuum background.
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Figure 7.5: ¢? versus cos @, distribution as obtained with toy experiments. The plots show
the difference between the signal distribution using the parameters of the nominal fit and the
one obtained with the parameters fitted when adding 10% of continuum background. Here
the fit is done firing the axial-vector pole mass.
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Figure 7.6: ¢* versus cos @, distribution as obtained with toy experiments. The plots show
the difference between the signal distribution using the parameters of the nominal fit and the
one obtained with the parameters fitted when adding 10% of continuum background. Here,
the azial-vector pole mass is a free paramter.
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To summarize the results obtained for the form factors parameters and the S—wave

component, fitting o, 7y and ry, we obtain:

rv = V(0)/AL(0) = 1.836 + 0.047 4 0.051, ry = Ay(0)/A;(0) = 0.814 4 0.036 =+ 0.030,
and 7o = 15.0 £ 2.5 + 0.9 GeV L.
(7.1)

Fitting also the axial-vector pole mass:

ry = V(0)/A4,(0) = 1.868 £ 0.061 & 0.079, r, = A5(0)/A;(0) = 0.763 & 0.072 £ 0.062
my = (2.30702%5 4 0.21) GeV/c? and 19 = (15.3 £ 2.6 + 1) GeV ™'

We quote also the results obtained without considering the S—wave component, to compare

with the previous experiments:

rv = V(0)/A1(0) = 1.799 & 0.046 & 0.051 and 5 = A5(0)/A;(0) = 0.813 & 0.036 & 0.030.

Fitting also the axial-vector mass pole:

ry = V(0)/A4,(0) = 1.831 £ 0.060 & 0.079, 5, = A5(0)/A;(0) = 0.758 & 0.070 £ 0.062
and m4 = (2.3010 73 £0.21) GeV /c?.
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Chapter 8

Decay rate measurement

‘Get to your places!” shouted the Queen in a voice of
thunder, and people began running about in all direc-
tions, tumbling up against each other; however, they got
settled down wn a minute or two, and the game began.
Alice thought she had never seen such a curious croquet-
ground in all her life; it was all ridges and furrows;
the balls were live hedgehogs, the mallets live flamin-
goes, and the soldiers had to double themselves up and
to stand on their hands and feet, to make the arches.

In the following, we present a measurement of the production rate of Df — KTK etv,
events relative to D — KTK 7", in a narrow range Am g around the ¢ mass peak, and
we compare this value with a similar ratio obtained using simulated events. In this way,
several systematic uncertainties cancel. We use as much as possible the same criteria to
select events in the two decay channels. In simulated events, we restrict the signal to K™K~
coming from a ¢, while in data there could be also non resonant contribution, D} — K*0K*
and D} — for™ decays. This is because with simulated events we are interested in measuring
the analysis efficiency and it is legitimate to consider only the D] decay into ¢ for which we
have a complete control, whereas it is necessary to include all contributing channels in data
to compare with the corresponding measurement done by CLEO-c, using similar selection

criteria.
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8.1 Branching fraction measurement

To obtain the value for the Df — K™K~ e'v, decay branching fraction we consider the

following ratio:

_BRIDY o KYKetvgy _ N(DY = KP K- etve)yy
© O BR(DS - KK ) (D = K+ K=etve) gy
- A
E(Dj — K+K 7r+)dath (81)

N(Df — K+K-g+)3m

The indices Am; and Ams refer to the considered K™K~ mass range for D7 — KT K etv,
and D} — KT K~7t events respectively. They are different because for the D} — KtK 7™
events we use the same mass interval as CLEO[70] (1.0095 < mgx < 1.0295 GeV/c?),
but for D} — KTK~e'v, events we keep the range used for the form factors analysis
(1.01 < mgx < 1.03 GeV/c?). The quantities N correspond to the measured number of
events in the two decay channels and the corresponding efficiencies, €, are evaluated from
the simulation and corrected for possible differences between data and simulated events:

— A
e(Df - K"K etve)q (8.2)

e(DF - KTK et1,)2™ = ¢(DF — ¢etv)om x
(D e) (Ds e)aic e(Ds —>qﬁe-i-l/@)]\A/fr’Cl,1

data

Efficiencies measured using the simulation are obtained by comparing the number of

reconstructed and generated events in the considered channel:

A
(D > getvydm = MO = V) riCrer

MC — A
N(Df — ¢etuv,) M’glgm

(8.3)

The number of generated events analyzed in the simulation depends on the statistics of
continuum ete~ — ¢, on the probability that a charm quark transforms into a D, during
fragmentation (P(¢c — D)) and on the value for the decay branching fraction of the Dy

meson into the studied channel:

N(Df — ¢etve)mcgen. = 2N (c€) e P(c = DFYBR(D) — ¢petve)mcBR(¢p = KTK )pc (84)
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The corresponding number of events in the KK~ range is:
N(D — ngeJrVe)AA/[rglgen. = N(D] = ¢etve)mcgen. X F(DF — petve) (8.5)

where F(D} — ¢etv,) is the ratio between the number of D} — ¢v, generated in Am,
and the number of D — ¢e™ v, generated over the whole my, spectrum:

A
N(D: - ¢6+V€)Mrg’lgen

F(D} — ¢etv,) =
(D5 = 0e7ve) = D5 S germyad

(8.6)

This ratio is evaluated from the simulation.
Similar expressions are used for the D} — ¢n™ channel, replacing Am; by Ams.

The numbers of reconstructed events in data are proportional to the analyzed integrated
luminosities £(data) for the two channels, respectively. Re-ordering the different terms and
eliminating a few parameters as P(c — DJ) and BR(¢p — KTK )yc, Equation (8.1)

becomes:

. BR(Df = K*K~c*ve)git _ BR(DY — getve) iy 8.7)
* " BR(Di - K+K—mt)3m BR(Di — ¢nt)5m
y N (cE)gper y L(data) g g r y F(D} — ¢etv,)
N(CC) b (data)KKeV F(D+ - ¢71'+)
N(Df — KtK=etu)3m N(Df — ¢nt)qm
N(D{ = petve)ire N(Df — K+K—g+)3m
G(D;_ — ¢6+V6)MC % G(D;— — KtK™m )data
G(Dj — K+K7€+Ve)data G(Dj — ¢7T+)MC

The first line, in this expression, corresponds to the ratio between the branching fractions
for the two channels used in the simulation:

BR(Df — ¢etve)ue  0.0242
BR(D} — ¢nt)ye  0.044°

(8.8)

The second line corresponds to the ratio between the number of c¢ simulated events and
between the integrated luminosities analyzed for the two channels:

N(€8) pew y L(data)g+x--  480.78 x 10° . 100314 fbt
N(c@)gr ~ L(data)g+x-er  150.58 x 106~ 214.204fb 1

(8.9)

The third line corresponds to the ratios between measured numbers of signal events in data
and in the simulation for the two channels. The last line corresponds to the efficiencies for
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data and simulation. In this double ratio most of differences between data and simulation

are expected to cancel.

The CLEO collaboration has determined a value for the branching fraction of the decay
D} — KTK n" [70] using a cut on the invariant K"K~ mass : 1.0095 < mg+p- <
1.0295 GeV/c? ( which corresponds to Amsy). They obtain:

BR(D} — KTK~7")3™ = (1.99 + 0.10 + 0.05)%

8.2 Selection of D] - K*K 7" events

The same lists for charged and neutral particles as used in semileptonic events are selected.
Events are also analyzed in the same way, separating reconstructed particles in two hemi-
spheres defined from the thrust axis. In each hemisphere a D, candidate is reconstructed by
combining two kaons of opposite sign with a pion. These tracks are required to form a vertex
and the two-kaons invariant mass is required to be in the range [1.0095, 1.0295] GeV /c?.

In addition, the following selection criteria are applied:

e the direction of the thrust axis must verify |cos Oyus| < 0.6;

e the D, candidate momentum in the center-of-mass is required to exceed 2.5 GeV/c to

remove contribution from BB events;
e at least one spectator particle accompanying the D, candidate in its hemisphere;

e the K K7 mass is selected in the range between 1.953 and 1.983 GeV/c? for the data
and between 1.9539 and 1.9839 GeV/c? for the simulation;

e the x? probability for the D} vertex is required to be greater than 0.01;

e the same cut on the Fisher variable Fj, against BB events as used in the D} —
K*TK ey, event selection;

e a cut on the second Fox-Wolfram moment R, > 0.2, this is a selection cut of the skim

used to select semileptonic events;

The Dy mass distribution is shown in Figure 8.1. As it can be seen from the MC, there is
a small component of signal composed of non-resonant events, D — for* with fo - KTK~
and Df — K*K* with K** — 77K . We choose not to cut on the cosine between the

pion and one of the kaons in order to have a similar efficiency for all components. Moreover
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the contribution from non-resonant events is kept as we use the D} — K™K~ 7 branching
ratio measurement, obtained in the same conditions, to extract the semileptonic decay rate.
We observe that the D, mass distribution in the simulation has a small shift as compared
to data. The estimated mean and width are determined from a Gaussian fit to the mass
peak. We find: pfole = 1.9677 GeV/c?, oftt* = 5.43MeV/c? and pp¢ = 1.9686 GeV/c?,
oy ¢ = 5.30MeV/c?. To correct for this difference, we shift the D, mass cuts by 0.9 MeV//¢?
for the simulation.

L LU L UL L UL L LI . data
4500 signal
[ ] BB
4000 |:]conti_nuum_cE
3500 Egzkmg cC

3000
2500
2000
1500
1000

500

Events/1.25 MeV/c?

P92 193 194 195 196 197 1.98 199 2 201 2.02
m(KK ) GeV/c?

Figure 8.1: K™K 7" mass distribution for real events and simulation.

To measure the number of D in data, the continuum background is subtracted using
the sidebands in the same way as explained in Section 4.1 and the difference in the ¢ quark
fragmentation between real and simulated events is corrected by applying weights to the

simulated events.

In simulated events it is required that the two kaons originate from a ¢ meson decay
because we use the value of the corresponding branching fraction in the simulation.
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The numbers of D signal events obtained in data and simulation are the following :

N(D} — ¢rt)y? 52994 + 230

= = 1.2304 + 0.0085 8.10
N(Di — KTK-m+)3m 43070 + 232 (8.10)

The systematic uncertainty that will remain on this ratio corresponds to the difference
between the pion reconstruction in data and in the simulation.

Amg

N(DF —¢rt) S en
MCoen — 87.03 £ 0.16 %.

N(D;*»qsﬁ)Mogm

From the simulation, we obtain F(D} — ¢nt) =

8.3 Selection of D} — K"K etv, events

The selection criteria are the following:

e criteria similar as those already applied on K™K 7 candidates: requirements on the
thrust axis direction, at least one spectator particle accompanying the D} candidate,
cut on the KK~ mass system and on the Fisher variable Fjy;

e a cut on the Fisher variable F. used against background charm events;

e the mass constrained fit has converged and the x? probability of the fit is larger than
0.01;

e the x? probability for the two kaons and lepton vertex is required to be greater than
0.01;

e the lepton momentum in the center of mass is required to be greater than 0.5 GeV/c?;

the rejection of converted photons.

The same corrections on simulated signal and background events are applied as in the
form factors measurement. The number of signal events in data is estimated by the fit
described in chapter 5, and performed in the K™ K~ mass range 1.01 < mgx < 1.03 GeV/c?.
The parameters Ny, ro, 1y, 79 and A4 are left free to vary in this fit.

To evaluate the number of signal events in the simulation, we replace the generic c¢ MC
by the signal MC generated with the simple pole model. This last sample is normalized
to the same generated number of signal events as in the generic MC sample. As the skim
(see section 3.2.1) is applied on the data but not on the specific MC, we apply the cuts
defined in the skim at the reconstruction level. The number of signal events obtained in
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the simulation is N(D] — d)e*z/e)fjgl = 46465, with the form factors paramters ro = 0.7,
ry = 1.5, my = 2.5 GeV/c?. If we reweight the MC using the fitted value of the parameters
(ry = 0.763, ryy = 1.868, m4 = 2.30 GeV/c?), we find a variation of (—1.20)% on the number
of signal events. There is an uncertainty on this variation originating from the uncertainties
of the fitted parameters. As the fitted parameters values are needed also in the final part
of the calculation to obtain the value of A;(0), we treat the corresponding errors at the
end, taking into account correlations. We obtain N (D} — ¢etv,) 3t = 45907 4 214. The
numbers of D} signal events obtained in data and simulation are the following :

N(Df = KtK-etu, Amy 25152 £ 177
(D] € Ve) gata _ = 0.5479 + 0.0046 (8.11)

N(D# — getu)yme 45907 + 214

From the signal MC, we obtain F(D] — ¢ev) = 86.89 £+ 0.29%.

8.4 Measured value of Rp; and statistical uncertainty

Combining the different measured quantities, one gets:

_ BR(D} - KK etv) 00242
Ds BR(D{ — K+K7W+)dﬂa%2 0.044

480.78  100.314  86.89 £ 0.29

15058« 214.204  87.03 £ 0.16
% (0.5479 = 0.0048) x (1.2304 = 0.0085)

= 0.5535 = 0.0064 (8.12)

8.5 Systematic uncertainties on Rp,

Systematic uncertainties on Rp, originate from quantities which are used to select D} —
K*K~etv, and which are different from those used in the selection of D} — KK~ (cut
on the Fisher discriminant against ¢ events and mass constrained fit), from the differences in
the PID requirements for the two channels and simulation of radiative events. The systematic
errors on the evaluation of the number of semileptonic events in data are also taken into

account.
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8.5.1 Cut on the Fisher discriminant variables

The stability of the fraction of events selected in data and in the simulation versus the cut
applied on the Fisher discriminant variable designed to reduce the charm background has

been verified.

In Figure 4.43 the distribution of the Fisher variable used against the charm background
is compared with expectation from the simulation. Background and signal events from

simulation are normalized to the same data luminosity as analyzed in real events.

Foo>—-03 | F..>0| F..>0.3
DATA /MC 0.5444 0.5465 0.5541
signal /backg. 2.6 3.8 6.4

Table 8.1: Ratio of the numbers of D — KK~ e*v, signal events in data and in simulated
events for different cuts on the Fisher variable F..

We quote, as systematics, the difference between the measurement using a cut > —0.3
and the one using a cut > 0.3, which are the two extreme values. This gives a relative error
on Rp, of 1.77%.

The same study has been done for the Fisher variable against the BB background,
the results are given in Table 8.2. Here, we vary simultaneously the cut value for D} —
K*K~etv, and D} — KTK~7" and we quote the Rp, value obtained with this variation.
We quote as systematic uncertainties, the difference between the measurement using a cut
> —0.3 and the one using a cut > 0. This gives a relative error on Rp, of 0.58%.

Fyp > —03| Fyp >0 | Fy > 0.3
Rps 0.5489 0.5521 0.5513
signal /backg. 2.8 3.8 4.4

Table 8.2: Value of Rp, obtained for different values of the cut on the Fisher variable Fy,.
The second line gives the signal /background ratio of D] — KTK e'v, events.

8.5.2 Number of events D} — K*K et

As we use the fit to evaluate the number of D} — K*K etv, events, we can use the
systematic uncertainty computed in Section 7: o(N) = 367. This error includes the error on
background estimation, correction on simulated signal events and difference on the electron



8.5 Systematic uncertainties on Rp, 209

efficiency between real and simulated events. Using this variation on the number of Df —
K*TK ey, events in data, we find a relative error of 1.46% on the determination of Rp;.

8.5.3 Mass constrained fit probability

The difference in the efficiency between data and simulated events for the cut on the mass
constrained fit probability has been evalutated for D° — K~eTv. An excess of 0.6% has
been found for the MC efficiency. Using this number, we obtain a variation on Rp, of 0.61%.

8.5.4 Particle identification

The differences between data and MC in the PID efficiency that could lead to systematic
uncertainties are coming from the electron and the pion, as differences in kaon efficiencies are
expected to cancel in the ratio. We evaluate this uncertainty turning off the PID correction
in both channels. This leads to a relative variation of 0.74% on Rps,.

8.5.5 Radiative events

As for the form factors measurement, the simulation of radiative events can be a source
of systematic uncertainty if the rate of such events is different in data and simulation. If
the efficiencies of radiative and non radiative events are different, a variation of the rate
can lead to a variation of the number of reconstructed DY — K*K etv, events. Using
signal MC events, the following efficiencies have been measured: €,,4. = (4.70 £+ 0.03)% and
€nonrad. = (4.72£0.01)%. We do not see any significant difference between the two efficiency
so the systematic uncertainty coming from simulation of radiative events is negligeable.

8.5.6 Signal events evaluation

We evaluate the number of simulated signal D} — KT K~e"v, events and D} — KTK~n*
events using corrections depending on the Dy momentum, on the spectator system momen-
tum and on the event shape variables. These corrections are expected to induce different
variations on the number of events in D} — KK e*v, and D} — K*K 7t events. This
is because the weight depending on the D} momentum, used in these corrections, is greater
than 1 for D} with high momenta and D decaying semileptonicaly have on average more
energy than D] decaying into ¢m (see Section 4.1).

If we do not apply these corrections, we obtain a relative variation on Rp, of 6.9%.
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Nevertheless, these corrections have been defined with a good accuracy and to evaluate the
corresponding uncertainty we use an additional weight as function of Fj, in both channels
(as done for the systematic uncertainties on the form factors parameters). Doing that, we

obtain a relative variation of 0.2% on Rp,.

8.5.7 Summary on systematic errors

In Table 8.3 have been summarized the values of systematic uncertainties contributing to

the determination of Rp,.

source relative variation
cut on Fisher variable c—evts 1.77%
cut on Fisher variable b—evts 0.58%
D — K"K etv, number of data events 1.46%
cut on mass constrained fit probability 0.61%
PID efficiency 0.74%
signal event evaluation 0.2%
total 2.56%

Table 8.3: Summary of systematic uncertainties on the measurement of the relative decay
rate.

8.6 Decay rate measurement and value of the hadronic
form factor at ¢> =0

The measured relative decay rate is:

Re BR(D} — KTK ety,)A™
Ps ™ BR(D} — K+K-—m+)Am:

= 0.5535 % 0.0064 = 0.0142. (8.13)

Using the CLEO value for the branching fraction D — K™K~ 7" within the selected Am
interval of (1.99 & 0.10 £ 0.05)%, it gives:

BR(Df — KTK~etr,)™™ = (1.101 4 0.013 £ 0.028 4 0.061) x 1072 (8.14)

where the last quoted uncertainty comes from the accuracy on BR(D} — KTK 7). We
remind that Am; = [1.01,1.03]GeV/c? in this equation. In [70], they measure BR(D] —
K*K~r") for different mass intervals. We choose as reference the one which is more similar
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to the range used for the semileptonic channel, and we check the stability of BR(D] —
K™K e*v,)2™ using the other CLEO measurements. The obtained values are summarized

in Table 8.4, and are compatible within errors.

Amgg (MeV/c?) | BR(D — KTK efv,)>™ (x10 ?)
10 1.117 £ 0.013 £ 0.029 £+ 0.066
20 1.101 £ 0.013 £ 0.028 £+ 0.061
30 1.099 £ 0.013 £ 0.028 4= 0.056
40 1.092 £ 0.013 £ 0.028 4= 0.063

Table 8.4: Value of BR(D} — KTK etv,)A™ obtained for different Amy intervals cen-
tered on the ¢ mass resonance.

To obtain the branching fraction for the decay channel D} — ¢e'v, the previous result

has to be corrected for the following effects:

e there are DI — ¢etv, events with myx outside the selected interval. To evaluate the
corresponding fraction, we use a non-resonant MC D} — K*K~etv, that we weight
with a P wave, using the fitted value of Ny, 79, 7y, and m 4. We do not use the signal
D — ¢etrv, simulation because the mass distribution is cut above 1.08 GeV/c? (see

section 4.3.5). We obtain the following fraction:

BR(D} — gety,)2m
- s — (86.37 + 1.22)%. 1
Ram = =g, ety = (5637 )% (8.15)

The uncertainty on this ratio has been evaluated taking into account uncertainties on
the ¢ meson mass distribution (essentialy coming from the Blatt-Weisskopf parameter,
taken to be r = 3 +2) and on the fitted parameters;

e D} — foetv, events. Within the selected m g interval, the measured fraction corre-

sponding to the S-wave amounts to:

N(D;_ — f0€+l/e)Aml, fg — K+K_
N(DF — K*K-etv,)am

Ry, = = (0.231752)102. (8.16)

The branching fraction for the decay D} — ¢eT v, is then:

1 - Ry, 1
Ram, BR(¢p — KTK-)
BR(D} — ¢etv.) = (2.585 + 0.031 £ 0.075 £ 0.147) x 1072

BR(D}! — ¢etv,) = BR(D = K + K — etp,)A™
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To have the corresponding value of A;(0), we have to integrate Equation (1.25) over ¢,
cos(fy), cos(f.) and x. Integrating over the three angles, we obtain:

F — QG% |‘/'Cs|2

3 (dn) 2 P 0> (|Hy (¢*))? + |H-(¢*)” + [Ho(¢*)?) dg”. (8.17)

The integration over ¢* gives:

_ hBR(DY — detv,) _ 2G |[Ve|’

r _ A (0)I2T. 8.18
— 3(47)3m%| 1(0)] (8.18)
with )
1 Qmax
L= W/o prk * ¢ ([Hy ()] + [H (¢*)]* + | Ho(¢*)]”) dq.

Using Equation 8.17, and calculating Z numerically, we obtain the following value:

A1(0) = 0.605 +0.012 £+ 0.018 + 0.018. (8.19)

In this last evaluation we have used the value 7, = (500 & 7) x 10~ s for the Dj lifetime
and |[V,s| = 0.9729 £+ 0.0003. The three errors on A;(0) correspond respectively to the
statistical error, the systematic errors, and errors from external inputs as branching ratios,
7p, and |V |. Errors of the form factors parameters rq, ry and my affect the measurement
of A;(0) by the intermediate of Z and of the number of signal D — ¢etv, events in the
simulation. The correlations between these two quantities are taken into account, and we
evaluate separately contributions of the statistical and systematic errors on o(A4;(0)). We
obtain oy (A1(0)) = 0.010 and 04,5 (A:(0)) = 0.015. These uncertainties are included in
the result quoted in Equation (8.19).



Chapter 9

Physics interpretations

At this the whole pack rose up into the air, and came
flying down upon her: she gave a little scream, half of
fright and half of anger, and tried to beatthem off, and
found herself lying on the bank, with her head in the lap
of her sister, who was gently brushing away some dead
leaves that had fluttered down from the tree upon her
face.

‘Wake up, Alice dear!’, said her sister; ‘Why, what a
long sleep you’ve had!’

In this chapter, we give comparisons between our results and other experimental mea-
surements, and theoretical calculations. Based on the formalism given in [27], we also try to
interpret in a very simple way these results in the framework of HQET, taking into account
the first order corrections.

9.1 Form factors parameterization

Using Eq.(8.17) and the fitted values of the form factor parameters for the D} — ¢etv,
decay, we show the distributions of the four kinematic variables. Contributions of the helicity
form factors H,, H and Hj to the ¢* distributions are also displayed (Figure 9.1).

We remind the expressions of these form factors as function of the hadronic form factors
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D.—~>gev. H,, H_ and H, contributions
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Figure 9.1: Contributions of the helicity form factors to the differential decay rate versus ¢
[H, (blue), H_(magenta), Hy(red) and total (black)] and angular distributions.

Ay, Ay and V:

m2 5p2
Ho(q?) = =—— |(mp, —mi — ¢*) (mps + my) Ai(¢®) — 4ﬁf12(q2)

(9.1)

These plots are purely theoretical (once parameters are fixed to measured values) and are

done with a toy experiment. Only the mass range between 1.01 and 1.03 GeV /c? is considered
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9.2 Comparison with other experimental results

and distributions are normalized to the number of generated events over the entire mass
spectrum. In Figure 9.2, the projected angular distributions are given for each of the five ¢?
bins as used in the fit. We oberve the same behaviour of the global distributions as function
of the ¢ range as observed in the data (Figure 6.12): cosf, and cos 6y have a specific shape
at low ¢? and become rather uniform at high ¢, whereas the oscillations of y are more
pronounced at high ¢%.

It is also possible to draw the contributions of A; and V instead of H, and H_ (Fig-
ure 9.3). Using these functions, we observe that the vector form factor has a really small
contribution, versus ¢?, which can explain the low sensitivity of the fit to the vector pole

mass.

9.2 Comparison with other experimental results

Previous measurements of the form factors parameters for the DY — ¢etv, channel have
been obtained in photo-production experiments, at Fermilab |73, 74, 76, 20|, and by CLEOII
[75]. Assuming a pole dominance for the different form factors with fixed values of the pole
masses, they measure the ratios ry and ro. Results have been summarized in Table 9.1. The
only experiment that has measured a significant difference between ry and ry is FOCUS.

Experiment | Statistics (S/B) ry o
E653 [73] 19/5 2.3 £ 0.4 21702 +0.2
E687 [74] 90,33 1.8409+0.2 1.14+0.8+0.1
CLEOII [75] 308,/166 0.9+0.6+0.3 1.44+05+03
E791 [76] ~300/60 2.27 +0.35 + 0.22 1.57 £ 0.25 + 0.19
FOCUS [20] ~560,250 1.549 & 0.250 4 0.145 | 0.713 = 0.202 % 0.266

Table 9.1: Results from previous experiments.

The parameters 7y and 7o have been also measured in the D — K*eTv, channel by
different experiments and with an accuracy better than the previous D measurements
thanks to the larger statistics available. Results from the PDG2006 [4] for the D* — K*0¢* 1,
decay channel and the FOCUS result for D° — K*~p*v, are compared with our results
(fixing pole masses to the same values) in Table 9.2. The accuracy of our measurement
is similar to the one obtained for the world average D decay, and it allows meaningful
comparisons for the first time between DT and D} — Ver decays. Due to the SU(3)
symmetry, the form factors parameters are expected to be similar in these two channels as
they mainly differ by the spectator quark. We observe that values for ry are identical within

uncertainties but the agreement for ry is more marginal.
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Figure 9.2: Distributions of cos 0y, cos@y and x for different ¢* bins. Top left: 0 < ¢* <
0.18 GeV?, top right: 0.18 < ¢* < 0.36 GeV?, middle left: 0.36 < ¢*> < 0.54 GeV?, middle
right: 0.54 < ¢* < 0.72 GeV?, bottom: 0.72 < ¢> < 0.9 GeV?2.
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D, = pev. A,, V and H, contributions
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Figure 9.3: Contribution of the form factors A; (blue), V (magenta), Hy(red) to the differen-
tial decay rate versus q* are compared with contributions from H,, H_ and Hy.

The summary of experimental results is shown in Figure 9.4, where the previous measure-
ments for the D} — ¢eT v, channel are compared with the results of this analysis and with
the DT — K*°¢*v channel. BABAR values are more accurate than previous determinations
and compatible with most of them.
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Parameter Df — ¢et v, DY — K*0ty, | D°— K* uty,
(this analysis) (PDG 06) FOCUS [71]
Ty 1.799 £+ 0.046 £+ 0.051 1.62 £+ 0.08 1.71+0.68 + 0.34
) 0.813 4+ 0.036 + 0.030 0.83 +0.05 0.91+£0.37£0.10

Table 9.2: Comparison between D/D} — Ve'tv, decays, for fized values of the pole mass
entering in the form factors.
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Figure 9.4: Results from previous experiments and present measurement of ro and ry in
D}f — ¢etv, decays. The error bars represent the statistical and systematic uncertainties
added in quadrature. These measurements for Dy — ¢etv, decays are compared with the
world average of similar measurements obtained for D — K*e*v, decays [4].
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9.3 Comparison with theoretical calculations

We compare the results obtained in this analysis (when rg, ro, 7y, and m4 are fitted) to the
theoretical expectations detailed in Section 1.3.2.

e Quark models: expectations from different quark models quoted in Table 1.3 are com-
pared with the BABAR measurement in Figure 9.5. There is only one model ([35])
clearly compatible with the experimental results.
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Figure 9.5: Comparison between BABAR results and quark model expectations.

e Lattice QCD: in Figure 9.6, our results are compared with the lattice calculations from
[44], [43] (preliminary) and [45], which have been done in 1994, 2001 and 2002, respec-
tively. These three calculations are performed in the quenched approximation. The
two results of [45] correspond to two different values of the coupling. The calculation of
|43 has been done for the D — ¢etv, channel and for the D — K*e*v, whereas [44]
and [45] correspond to the D — K*e*v, only. One can note that quoted uncertainties
for the evaluation relative to D} — ¢etv, are smaller than those for D — K*e*u,
but this quenched result does not agree with data. The BABAR determination of
is compatible with all lattice results but we find a higher value of ry than the more
recent lattice calculations. In [43], they also give the value of A;(0) = 0.63"3 for the

D} — ¢etv, channel, which is in agreement with our measurement.
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Figure 9.6: Comparison between BABAR results and lattice calculations using the quenched
approzimation. There is only one result, from 2001, corresponding to D} — ¢etv, decay
channel, the others correspond to D — K*e'v,.

QCD sum rules: results from QCD sum rules are shown in Figure 9.7, using values
from [39] and [40]. The uncertainties of these two determinations are very large. They
are compatible with our results.

Fajfer-Kamenik ansatz: we compare our results with the values of the form factors
parameters given in [48| (see Eq. (1.84) to (1.87)). Their value of ry = 1.8, which
derives from a constraint of LEET, is in agreement with our result, but they find
ry = 0.52 which is much lower than the experimental determination. They also give
A;(0) = 0.61 and &' = 0.74 that corresponds to m4 = 2.43 GeV/c?. These last values

agree with our determination.

z parameterization: in Figures 9.8, 9.9 and 9.10 we have displayed the variation versus
—z of the different form factors, normalized to 1 at ¢> = 0 after having removed the
contribution from the 2z expansion and considering cases were we take no or one pole
(see Section 1.3.1 and reference [31]). We use —z as variable so that the different form
factors have a positive slope, as they have when displayed versus ¢2. We compare these
expectations with the simple pole model using our fitted values.

Poles which have been considered are the DZ(2112) for the vector form factor and
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Figure 9.7: Comparison between BABAR results and expectations from QCD sum rules[39],
and light cone sum rules [40].

the Dy state at 2459 MeV/c? for the axial-vector form factors. We observe that
the form factors expressed with this parameterization have a quasi-linear dependence.
When compared with a simple pole parameterization one note that it has a quite
similar behaviour and that a linear expansion in z can account for the difference. In
particular, for the vector form factor, the agreement between the simple pole model
and the z parameterization with one pole is already very good.
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Figure 9.8:  Variation of the ¢Hy(q*) form factor parameterization versus —z, not including
the z expansion and considering that no, or one pole contributes. These distributions are
compared with the simple pole parameterization.
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Figure 9.9:  Variation of the V(q*) form factor parameterization versus —z, not including
the z expansion and considering that no, or one pole contributes. These distributions are
compared with the simple pole parameterization.
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Figure 9.10:  Variation of the Ay(¢*) form factor parameterization versus —z, not including
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compared with the simple pole parameterization.
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9.4 Present measurements and HQET

We have measured the respective contributions of the three hadronic form factors in the
decay D} — ¢petv,. Using the formalism given in [27] which provides expressions for the
first order corrections expected from pertubative QCD and 1/m expansion, we have evaluated
the relative importance of these effects. In the original publication, from 1992, experimental
results were too uncertain so that definite conclusions could be drawn.

At zero order we remind the following expectations from HQET for the values of the
different form factors at ¢* = ¢2,,,. (or w = 1):

f+ (qznax.) = V(qzna:v) = AZ(quna:v.) = RiZAl (quna:v.) = Rilg(q?nax.) ~ 1.1. (92)

At this order &( )=1and R = Zmim = 0.95 for D — ¢eTv, and = 0.81 for

D — Kev,. These expectations are compared with present measurements in Table 9.3.

2
Umaz.

f+ (qgwx) V(qznam) A2 (qgwx) Al (qznam)
HQET 0" order 1.23 1.05 1.05 0.95
Measurements 1.534+0.05| 1.424+0.11 | 0.56 & 0.07 | 0.73 = 0.05

Table 9.3: Quoted values for the measurements are obtained by extrapolating to q2,,, the
values given at ¢*> = 0, using the measured ¢* variation of the form factors, in the framework
of the simple pole ansatz.

The value quoted for the measurement of f,(¢2,,. ) corresponds to the BABAR result
obtained with D° — K e*v,. Table 9.3 indicates that corrections to naive HQET expecta-
tions are large, varying from 30 to 50%. In the following we examine if, including first order

corrections, a general picture emerges.

9.4.1 Determination of QCD corrections

To determine the parameter a; characterizing the perturbative QCD corrections, we use the
form factor A;. First order corrections (QCD corrections and finite mass corrections) to the
form factor A; can be expressed as [27]:

9.3)

w+ 1 A w—1
2 w—+ 1

() = R o, ) Xaen(w)ste) + 5o (L 16w) +0a,(w) )]
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where

i (w) = 1+ =By, (w) (9.4)

and

Vg, (w) = 1 (w) = 2¢3(w). (9-5)

The functions B4, (w) and Xoep(w) have been evaluated in QCD whereas the Isgur-Wise
function &£(w) and the two other functions which are introduced when considering the first
order 1/m, correction are unknown. At w = 1, constraints on normalization and on the

contribution from first order corrections apply:

1) =1, (1) = (1) = 0. (9.6)

The last equalities reflect the Luke theorem according to which 1/m corrections disappear
for some of the hadronic form factors when w — 1. Equation (9.6) is not valid at order

1/mg.

At w = 1, 1/m corrections in Equation (9.3) disappear and one expects that the value
of A;(1) is modified only by QCD corrections:

A1(1) = R aa, (1) Xgep(1) = 1.20 — 2.0%. (9.7)

Numerical values for Xocp(1) = 1.27 and B4, (1) = —1.65 are given in [27]. Comparing the
expected value for A;(1) with the experimental result one obtains:

25— 0.24 4+ 0.03. (9.8)
m

This value corresponds to an effective scale of the order of 500 MeV. In the original study
[27], larger corrections were obtained from first order perturbative QCD based on the mea-
surement available at that time (A;(1) ~ 0.58 £0.06 for D — K*e¢"v,). We are in a domain
where the validity of perturbative QCD evaluations is marginal and one can only expect to
have an approximate picture of the mechanisms at work.
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9.4.2 Determination of 1/2m,

The parameter A/2m, characterizes the scale of 1/m corrections. In the formalism used to
evaluate these corrections, A corresponds to the difference between the masses of hadrons

and quarks:

1 — 1
me = Z(3mD* +mp) — A; my = Z(3mK* +mg) — A (9.9)

We use the form factor V to determine A/2m,. First order corrections to the form factor

V' can be expressed as [27]:

V(’LU) = Rfl {Ogv(w)XQCD(UJ)f(’LU) + 27//;5 [6(11)) + \IJ\/(’U))]} (910)
where
ay(w) =1+ %Bv(w) (9.11)
and
Uy (w) = 1 (w) — 2¢3(w). (9.12)

One can note that the unknown function ¥y (w) = ¥4, (w) is equal to zero when w = 1. It
can be noted also that the ratio between the two form factors at w = 1 is independent of
the value of £(1).

> o _sav(1)Xeep(l) + A
TV(qmax.) - aAl(l)XQCD(l) (913)

Using the value 3y (1) = —0.315 [27] and the previous determination of 2 this gives:

A
2my

= Xoon(W) { B v (@) = 1+ = | B (@ B (1) = (1) }
= 0.184+0.13. (9.14)

Using the expression in Equation (9.9) relating the effective strange quark mass and A one
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obtains:

A=(0.2+0.1) GeV and m, = (0.6 £ 0.1) GeV /c? (9.15)

In |27], they obtain: % = —0.0540.24 and A = (—44 +297) MeV; uncertainties were too
large to draw any conclusions. The parameter /A is universal and can be compared with a

determination obtained in B meson semileptonic decays.

These numerical evaluations provide an explanation for the rise of the value of 7y (¢2,,,.)
from 1.1 (zeroth order expectation) to 1.94 (measured value). Perturbative QCD corrections
decrease A; by 30% and increase V' by 20%. Another increase of V' by 20% is given by the
1/m correction. The determination of 1/m corrections shows that their typical size is similar
(or lower) as compared with first order QCD terms.

9.4.3 Evaluation of the corrections to f,(¢2,,) and As(¢>,..)

The decay D — K e'v, depends on a single hadronic vector form factor (f,(¢?)). First
order corrections have been evaluated in [27]:

fitw) = B g 0) Xaen(w)é(u) + 5o | T2 0 = 2)¢(w) + )| | (0.16)
where
agl) =1+ 2 G () + P22 (o) (9.17)
and
Wp(w) = 1 (1) = 2w — iha(w) + 60 (w) = E (w4 Dy (w). (9.18)
At w = 1, these expressions simplify to:
1 _
o) = 17 g (1) Xaen (D) + 52 222 4 2, 1) (9.19)

Using 34 (1) = —0.98 and $_(1) = —0.26 from [27] and the previous determinations of o
and ﬁ, a value is obtained for ¢, (1) by comparing the measured and expected values of
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f+(1).

fo(1) =1.23[1.02 + 0.58 % (0.18 £ 0.13) (1 + 240, (1))] = 1.53 £ 0.05 (9.20)

giving a rather undetermined value ¢, (1) = 0.6 £ 0.8. It can be observed that perturbative
QCD corrections do not change significantly the value of f(¢?,, ) and that the 1/m term
is necessary to have agreement between measured and expected values of the form factor.

A similar study can be done for the A5 form factor:

aa(w) = 2 fan ) Xoen(wew) + 5 [ 2w+ vaw]} w21
where
() = 1+ 25 (225, 0) + ) (9.22)
and
() = o 0) +2 (22 1) () = 20n) + (22 1) v, (029

At w = 1, these expressions simplifies to:

1a(1) = 2 {ans ()Xo + 5o | +2 (22 = 1) a0 + (2 1) (1)

2mg

} (9.24)

Using f4,(1) = —1.20 and f4,(1) = —1.23 from [27] and the previous determinations of

as gand A
T 2ms’

and expected values of Ay(1).

one can relate the values of for 1, (1) and (1) by comparing the measured

Ay(1) = 1.05[(0.71 + 0.07) + (0.18 £ 0.13)(—=0.52 — 0.9615(1) + 1.52¢), (1))]
= 0.56+0.07 (9.25)

The diminution of As(1) as compared with the zero-order estimate comes from a 30% decrease
from pertubative QCD and an additionnal decrease of 20% from 1/m corrections.
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9.5 Experimental results on charm semileptonic decays
branching fractions

9.5.1 Inclusive results

Before the first measurements from the CLEO-c¢ collaboration [77], inclusive semileptonic
branching fractions of charm mesons were rather inaccurate as there was no easy way to tag

the production of a D° a DT or a D meson.

D" DF
Inclusive s.1. BR (%)[77] 6.46 +0.17 +0.13 | 16.13 £ 0.20 £ 0.33
Lifetime (ps)[4] 0.4101 =+ 0.0015 1.040 £ 0.007
Inclusive s.l. width (x10 2ps 1) | 15.75 4 0.41 £ 0.32 | 15.51 & 0.20 & 0.31

Table 9.4: Inclusive results on D° and Dt mesons.

Results from CLEO-c [77] for D(®*) are given in Table 9.4. These values are consistent
with isospin invariance: 'S}, /Tl = 0.985 +0.028 4 0.015. Isospin invariance can be broken
mainly in Cabibbo suppressed semileptonic decays.

For the DT

o, similar results are not available yet, the inclusive semileptonic branching

fraction quoted in [4] being 878%. Using the measured inclusive semileptonic width for
non-charmed D-mesons, the measured D lifetime -(0.500 & 0.007) ps- and assuming SU(3)
invariance, one expects:

BRY =78 % (9.26)

One can note that in D, semileptonic decays there could be contributions from ss annihila-
tion, a mechanism which is not possible in D° or D* decays (apart in Cabibbo-suppressed
D™ transitions).

So, prior to a real measurement, there are still large uncertainties on the inclusive semilep-

tonic decay branching fraction of Dy mesons.

9.5.2 Exclusive measurements

Rather accurate measurements exist also for exclusive D) semileptonic decay channels.

Cabibbo allowed individual measurements are compatible with isospin invariance.

The sum of exclusive semileptonic D) decay channels agrees with the inclusive results
so the “missing” channels are compatible with present uncertainties which are of the order
of 3% (relative).
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DY decay BR ek D™ decay BR rs,
channel (%) (x1072ps™1) channel (%) (x1072ps™)
K ety, 3.03 £0.05 8.61 £0.12 KO%ty, 8.55 £0.23 8.22 £0.22
K*~e'tu, 217£0.16 5.29 £ 0.39 K ety, 5.61 £0.31 5.39 £ 0.30
(Km)getv, (K7)%etv, 0.3£0.1 0.3+£0.1
K (1270)etv, 0.08003 0.240.1 | K%(1270)etv,
K[ (1400)et v, K;°(1400)et v,
K5~ (1430)et v, K3°(1430)et v,
ety 0.293£0.011 | 0.71£0.03 lety, 0.380 £0.024 | 0.37£0.02
p ey, 0.19 £ 0.04 0.46 £0.10 pletu, 0.22 £0.04 0.21 £ 0.04
wlety, 0.1610-07 0.15+0.07
Total measured | 6.26 4+ 0.18 15.26 £ 0.44 15.22£0.41 | 14.63 +0.39

Table 9.5: Exclusive results on D° and Dt mesons.

D} decay rs D} BR expected | BR (PDG06) | BR (ISGW2)
channel (x102ps—1) SU(3)(%) (%) (%)
(m+n)etv. | 852+0.11 4.34+0.1 4.2+ 0.8 3.3
pet, 5.35 £ 0.24 2.68 £0.13 24+04 2.3
foet v, 0.3£0.1 0.15£0.05 0.0
K"y, 0.71 £0.03 0.36 £ 0.02 0.22
K*etu, 0.46 £ 0.10 0.23 £ 0.05 0.11

Table 9.6: Expectations for D} exclusive decays assuming SU(3).

Cabibbo allowed decays are dominated by the K/K*e*v, channels. Contributions from
other excited states as the 0" and 17 have been recently observed, at a very low level (1—2 %
of the total width for each channel). Dominance of the pseudo-scalar and vector hadronic
final states is expected from HQET and it is surprising that it is verified in D decays even

better than in B decays. Naive expectations were in the opposite direction.

From these results, and assuming SU(3) symmetry, one can evaluate expectations for D
semileptonic decays and compare with other models. Table 9.6 gives this comparison. The
ISGW2 model predicts rather large violations of SU(3) symmetry. Our result, BR(D} —
petv,) = (2.585 4 0.031 + 0.075 + 0.147) x 1072, is in agreement with the value expected

from universality of semileptonic decay widths of charm mesons.
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9.6 Evaluation of D — fietv,

Taking the f; as a candidate for the S—wave contribution, we measure ry = (15.3 + 2.6 +
1) GeV™', which corresponds, in the K+ K~ mass range between 1.01 and 1.03 GeV/c?, to
the ratio:

BR(D, — foetv.) x BR(fy — K*K")

=0.237%12 4 0.03 9.27
BR(D, — K+*K~etw,) 008 % (9:27)

Using the fy decay parameters measured by BES, the K"K~ and 777~ mass distributions
given in Figure 9.11 are expected for the decay D, — foeTr,. The following value for the
ratio between these two decay channels is expected:

BR(D, = foe*v.) x BR(fo — KTK")
BR(Ds — foetve) x BR(f% — ntn™)

= 0.345. (9.28)

These evaluations can be checked by searching for the decay channel D, — 77 etr,
which is expected to be dominated by the fy contribution.

One can also compare the S—wave contribution relatively to the P—wave in the D} —
K"K ey, and in DT — K 7 /lv. Still considering the fy as candidate for the S—wave,
and correcting for efficiency effects, we obtain for the entire mass range:

BR(Ds — foe*ve)
BR(D; — ¢etv,)

= 47730 £ 0.6%. (9.29)
In the K7 mass range [0.65, 1.5]GeV /c?, the FOCUS collaboration has measured [72]:

BR(D — Krmuv,)s
BR(D — Kruv,)p

=5.30 £ 0.747592%. (9.30)

The ratio is similar for the two channels.
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Figure 9.11: Ezpected 7w~ and KK~ mass distributions in the decay D} — foetv,.



Conclusion

In this thesis, we have presented a study of the Df — K*K~etv, decay channel using
a data sample of 214 fb~! recorded by the BABAR experiment. Semileptonic decays have
been selected in continuum c¢ events with an untagged technique in which events are only
partially reconstructed, allowing a rather important efficiency. Events have been selected
in the K™K~ mass range between 1.01 and 1.03 GeV/c?, where the ¢ meson is largely

dominant.

The contributions of the A, and V hadronic form factors, relative to A;, have been
measured in the semileptonic decay channel D} — ¢etrv,. In this measurement, pole mass
expressions have been used for the ¢?> dependence of the form factors.

With the following values for the pole masses: m4 = 2.5GeV/c? and my = 2.1GeV/c?,
we have obtained:

ry = V(0)/A; (0) = 1.799 £ 0.046 & 0.051 and r5 = A5(0)/A;(0) = 0.813  0.036 = 0.030.

These values are compatible and more accurate than previous determinations obtained using
a similar ansatz for the ¢? variation of the form factors. The precision achieved on these
form factors ratios is similar to the one obtained for the world average Dt — K*°¢*v decay.

We have also studied the ¢? variation of the form factors and measured the value of the
axial-vector pole mass, m,. Present measurements have reduced sensitivity on my and its
value has been fixed to 2.1GeV /c?. We have also searched for an S—wave contribution in the
KT K~ system, supposing that it corresponds to the fy. The normalization of this S—wave
is given by the parameter ry. Fitting ro, 7y and m4 and ry we have obtained:

rv = V(0)/A;(0) = 1.868 + 0.061 4 0.079, ry = A5(0)/A;(0) = 0.763 4+ 0.072 £ 0.062
ma = (2.307025 4 0.21) GeV/c? and 1y = (15.3 £ 2.6 £ 1) GeV !

This is the first evidence of an S—wave component in the D semileptonic channel. The

measured S-wave component corresponds, in the KTK~ mass range between 1.01 and
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1.03 GeV/c¢?, to the ratio:

BR(D;— — f06+l/e) X BR(fO — K+K_)

=0.2312-1240.03
BR(D} — K+K-etv,) —0.08 %

Finally we have measured the branching fraction D — KTK e'v, relative to the
D} — KK~ r* decay channel:

P _ BRDY — KPK-ety,)smex
P> ™ "BR(Df — K+K-nt)Amrx

= 0.5535 £ 0.0064 £+ 0.0142,

from wich we obtain:

A;(0) = 0.605 % 0.012 = 0.018 £ 0.018.

These results have been compared with previous experimental measurements, when avail-
able, and theoretical calculations. Our results are compatible with those obtained by FOCUS
on the form factors normalization parameters r, and ry, and we are much more precise. We
find a value of ry compatible with the one obtained for the D* — K*%/*v decay, but the
agreement on ry is more marginal. On the theoretical side, the more recent lattice QCD
calculations are not in agreement with our determination of ry and the values of ry differ
by less than 20. These calculations have been obtained using the quenched approximation
and it would be of great interest to have unquenched results in order to validate the lattice

calculations.
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Résumé

Les désintégrations semileptoniques du charme permettent une validation des calculs de
QCD sur réseau grace a la mesure de facteurs de forme hadroniques qui décrivent I’effet
de l'interaction forte dans ces réactions. La précision de ces calculs joue un réle crucial
dans "amélioration des tests du modéle standard dans le domainde des saveurs. Cette thése
présente une étude du canal D} — K+ K~etv,, utilisant 214fb~" de données collectées par
Pexpérience Babar. Pour les événements ayant une masse K™K~ dans l'intervalle entre
1.01 GeV/c? et 1.03 GeV/c?, le ¢ — KTK™ est le canal dominant. En utilisant le modéle
des poles simples pour paramétrer la dépendance en ¢?(= (p. + p,)?) des facteurs de forme
V(g?), Ai(q*) et Ay(q?), les rapports suivant sont mesurés a ¢> = 0: ry = V(0)/A1(0) =
1.868 + 0.061 4 0.079, ro = A5(0)/A;(0) = 0.763 + 0.072 + 0.062. La masse du pdle du
facteur de forme axial-vecteur est également obtenue: my = (2.3070% + 0.21) GeV/c2.
Dans le méme intervalle de masse, le rapport d’embranchement relatif au canal D} — ¢r™,
est mesuré, et la normalisation absolue du facteur de forme A;(0) en est déduite: A;(¢* =
0) = 0.605+0.012 + 0.018 £ 0.018. Les erreurs mentionnées correspondent aux incertitudes
statistique, systématique et a celle due aux mesures extérieures a cette analyse. Enfin, le
systéme KK~ en onde S, pouvant étre issu du fy, est étudié a travers son interférence avec
le ¢. Une composante d’onde S est observée dans ce canal pour la premiére fois a plus de
o0.

Mots clés: charme, semileptonique, facteurs de forme, Babar
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Abstract

Charm semileptonic decays allow a validation of lattice QCD calculations through the
measurement of the hadronic form factors, which caracterize the effect of strong interaction
in these reactions. The accuracy of such calculations is crucial for the improvement of the
test of the standard model in flavour physics. This thesis presents a study of the D —
K*K~etv, channel using 214fb~! recorded by de Babar experiment. For events with a
K*K~ mass in the range between 1.01 GeV/c? and 1.03 GeV/c?, the ¢ — K™K~ is the
dominant component. Using the simple pole model to parameterize the ¢? dependence of
the form factors -V (¢?), Ai(¢?) and Ay(¢?)- the following ratios are measured at ¢* = 0:
ry =V (0)/A;(0) = 1.868+0.0614+0.079, ro = A5(0)/A;(0) = 0.763+0.072+0.062. The mass
pole of the axial-vector form factor is also obtained: m 4 = (2.307025 £0.21) GeV/c?. In the
same mass range, the semileptonic branching fraction, relative to the D} — ¢n™ channel,
is measured, and the abolute normalisation of the axial-vector form factor is extracted:
Ai(¢* = 0) = 0.605 + 0.012 + 0.018 + 0.018. The stated errors refer to the statistical,
systematic and errors from external inputs, respectively. An S wave component in the
K™K~ system, possibly originating from a f, is also studied through its interference with
the ¢. An S wave component is observed for the first time in this decay channel with a 5o

significance.

Key words: charm, semileptonc, form factors, Babar



