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Résumé

Ce mémoire est consacré a I'étude expérimentale de la production des mésons BY produits
par des collisions e*e™ a la résonance Y (55) (/s = 10.87 GeV) ainsi qu’a des mesures
faites avec des désintégrations complétement reconstruites du méson B faisant intervenir
un méson DSV, Les données analysées ont été enregistrées au Japon entre juin 2005
et décembre 2009 avec le détecteur Belle situé aupres 'anneau de stockage KEKB. Elles
représentent le plus grand échantillon jamais enregistré a la résonance Y (55).

Aprés avoir écrit une procédure moyennant les mesures existantes de la fraction des

événements Y (55) produisant une paire de mésons BYBY,
fs =o(ete” = BYBM) /o(ete™ — bb) = (19.9 £ 3.0)%,

nous présentons une nouvelle mesure du rapport entre le nombre d’événements Y(55)
produisant une paire de mésons BB et le nombre de ceux faisant intervenir une pairs
de mésons BB non-étranges. Cette mesure, faite avec 121 fb~! de données a I'Y(55),
utilise une nouvelle méthode basée sur les événements contenant deux leptons et sur la
corrélation entre leur signe. Le résultat est

o(ete” = BYBM)/o(ete” - BB (X)) = (38.6 £3.8+4.1)%,

ol la premiére erreur contient I'erreur statistique et celle due aux autres parameétres phy-
siques, et la deuxieme erreur contient les incertitudes dues a la sélection et a la procédure
du fit. L’erreur relative totale est plus petite que celle de la moyenne des autres mesures
existantes (obtenue avec le fit mentionné ci-dessus) :

o(ete” = BUYB)/o(ete” — BYBM(X)) = (26.313)%.

Nous reconstruisons aussi des désintégrations B? — D7t dans un échantillon de
23.4 fb~1. Avec ce signal trés pur, nous obtenons la mesure la plus précise d’'une désin-
tégration exclusive du méson BY (lerreur systématique dominante, celle due a la fraction
fs, est données séparément) :

B(B? — D;7t) = (3.60 + 0.33(stat) & 0.42(syst) & 0.54(f,)) x 1073,
avec la mesure la plus précise de la masse du méson B,
m(B}) = 5416.4 & 0.4(stat) + 0.7(syst) MeV /c?
et la deuxiéme mesure la plus précise de la masse du méson BY,

m(BY) = 5364.4 & 1.3(stat) 4 0.7(syst) MeV /c?.



II

Résumé

Avec le méme signal, les fractions de la production des mésons excités B¥ a 'Y (55) sont
mesurées :

Fpip: = o(ete™ — B'B¥)/o(ete” — B BM) = (90.1755 (stat) & 0.2(syst)) %,
Fp.go =0o(ete” = BiBY) Jo(ete™ — BB = (7.3753(stat) £ 0.1(syst)) %.

Ces analyses prolifiques sont étendues a quatre autres modes du B? dont les rapports
de branchement sont mesurés :

B(B? - DFK®*) = (2.4 + 1.1(stat)=£0.3(syst) + 0.4(fs)) x 107,
B(B? — D n") = (2.3 £ 0.4(stat) £ 0.3(syst) = 0.3(fs)) x 1073,
B(B? — D;p") = (8.2 + 1.1(stat) £ 1.1(syst) = 1.2(fs)) x 1073,
B(B? — D~ pT) = (11.5 & 2.0(stat) 4 1.6(syst) &= 1.7(fs)) x 1073

Les trois désintégrations, B? — D:~nt, BY — D;p* and B? — D*~p*, sont observées
pour la premiére fois, avec des significances excédant 8¢. La désintégration B — D~ p™T
fait intervenir deux polarisations et nous présentons une mesure de sa fraction de polari-
sation longitudinale,

fL(BY = Dy p*) = 105038 (stat) " i (syst)

qui est la premiére mesure de ce type pour une désintégration du méson BY. Tous ces
résultats sont en accord avec les prédictions de la théorie des saveurs lourdes et avec les
mesures effectuées avec des désintégrations similaires du méson B,

Mots-clés : Physique des hautes énergies, KEK, Belle, modéle standard, méson BY, Y (55),
HQET, saveur lourde.



Abstract

This work is dedicated to the experimental study of BY production in e*e~ collisions at
the T (55) resonance (/s = 10.87 GeV), as well as measurement with fully reconstructed
BY decays involving one D{”™ meson. The analysed data sample was recorded between
June 2005 and December 2009 with the Belle detector at the KEKB storage ring in Japan,
and represents the largest statistics ever collected at the Y (5.S5) resonance.

After having performed a fit of the current existing measurements of the fraction of

T(55) events producing a BY BY meson pair,
fs=o(ete” = BB /o(ete™ — bb) = (19.9 +3.0)%,

we perform a new measurement of the ratio between the Y (55) events producing a B? B0
meson pair and those involving a non-strange BB meson pair, by implementing an alter-
native method based on sign correlations of dilepton events in 121 fb~! of T(5S) data.
The result is

o(ete™ = BYBM) /o(ete™ - BYBM (X)) = (38.6 £3.8+4.1)%,

where the first quoted error includes the statistical uncertainty and the errors due to ex-
ternal physics parameters, and the second quoted error represents uncertainties due to the
selection and to the fitting procedure. The total relative error is smaller than that of the
average obtained from other existing measurements with the above-mentioned fit,

o(ete™ = BYBM)/o(ete - BHBW (X)) = (26.373)%.

We also fully reconstruct B? — D7 7wt decays with a sample of 23.4 fb~!. From this
high-purity signal, we obtain the most precise measurement of a B? exclusive decay (the
dominant systematic error, due to the f, fraction, is quoted separately):

B(BY — D7xt) = (3.60 & 0.33(stat) & 0.42(syst) & 0.54(f,)) x 103,
together with the world most precise measurement of the B} mass,
m(B}) = 5416.4 & 0.4(stat) + 0.7(syst) MeV /c?
and the second most precise measurement of the BY mass,

m(BY) = 5364.4 & 1.3(stat) 4 0.7(syst) MeV /c?.
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Abstract

With the same signal, the production fractions of excited B} mesons at the YT (5S5) are
obtained:

Fpspe o(ete™ — B'B¥)/o(ete” — B BM) = (90.1755 (stat) & 0.2(syst)) %,
Fp.go =0o(ete” = BiBY) Jo(ete™ — BB = (7.3753(stat) £ 0.1(syst)) %.

These fruitful analyses are extended to four other BY modes which branching fractions
are measured:

B(B? - DFK®*) = (2.4 + 1.1(stat)=£0.3(syst) + 0.4(fs)) x 107,
B(B? — D n") = (2.3 £ 0.4(stat) £ 0.3(syst) = 0.3(fs)) x 1073,
B(B? — D;p") = (8.2 + 1.1(stat) £ 1.1(syst) = 1.2(fs)) x 1073,
B(B? — D~ pT) = (11.5 & 2.0(stat) 4 1.6(syst) &= 1.7(fs)) x 1073

The three decays, BY — D~ =+, B — D, p" and B? — D}~ p* decays are observed for
the first time with significances in excess of 8¢0. The BY — D*~p* decay involves two
polarisations and we report a measurement of its longitudinal polarisation fraction,

fL(B) = D;~p*) = 1052515 (stat) 55 (syst)

which is the first polarisation measurement of a B? decay. All these results are in agree-
ment with expectations from heavy-flavour theory and B° counterparts.

Keywords: high-energy physics, KEK, Belle, Standard Model, B? meson, Y (55), HQET,
heavy flavor.
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Introduction

The Belle experiment [1], located at the interaction point of the KEKB asymmetric-energy
ete™ collider [2], was designed for the study of BT and B° mesons produced in ete™
annihilation at a centre-of-mass (CM) energy corresponding to the mass of the Y(45)
resonance (/s ~ 10.58 GeV). In addition to an unprecedented sample of ~ 800 millions
of B°B? and BT B~ pairs, the Belle collaboration has also recorded collisions at higher
energies, opening the possibility to study the BY meson. The Y(5S) resonance (/5 ~
10.87 GeV) is above the BY B0 threshold and it was naturally expected that the B? meson
could be studied with Y(55) data as well as the B mesons can with Y (45) data. The large
potential of such T (55) data, mainly due to the low multiplicities of charged and neutral
particles and high reconstruction efficiencies, was quickly confirmed [3, 4] with the 2005
engineering run representing 1.86 fb~! of integrated luminosity.

After a data sample of 23.4 fb~! was collected at the Y (5S5) resonance, the Belle ex-
periment became, and remained, the only experiment with a significant dataset at this
energy. It was natural to start analysing BY mesons with these data by reconstructing
decays that were expected to have large efficiencies and branching fractions. The first
choice is naturally B — D; 7t which involves a Cabibbo-allowed b — cud transition,
and which has only four charged particles in its three dominant final states. This analysis
was extended to the flavor-independent B? — DF K* decay which is Cabibbo-suppressed
but very similar to reconstruct. More challenging Cabibbo-allowed decays involving pho-
tons and neutral pions in their final states, such as B? — D! 7+ and B? — Dg*)fpﬂ
were also studied afterwards. The B? — D;nt decay is a primary normalisation mode
at hadron colliders, where the absolute production rate of B? mesons is difficult to mea-
sure directly. Normalisation is especially crucial for the search of very rare B? decays,
such as B — p*u~ [5, 6]. The Cabibbo-suppressed mode B? — DF K* produces very
few events, but this flavour-independent mode is of high importance for measuring time-
dependent C P-violating effects with BY mesons [7]. All these analyses, from which many
interesting physical quantities have been measured, are described in Chapter 4 and in two
Belle notes [8, 9]. They are published in two Letters [10, 11].

As the number of fully-reconstructed exclusive B? decay were increasing, it quickly
became crucial to know more precisely the B? production fraction at the Y (5S5) energy in
order to extract branching fractions with smaller systematic uncertainties. The CLEO and
Belle collaborations published several measurements of the BY production made with very
small data samples. These measurements are largely limited by systematic uncertainties,
and repeating them on the large Belle sample wouldn’t improve the precision. In order to
extract the maximum from existing publications, we implemented a fit with all the known
correlations between these measurements. It is described at the beginning of Chapter 3,
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Introduction

and an earlier version of its result appeared in the Heavy-Flavour Averaging Group (HFAG)
review [12]. The 15% uncertainty on this averaged fraction of BY events was still limiting
severely our branching fractions, and we decided to make a new measurement of the B?
production with a novel approach, proposed in Ref. [13] and based on dilepton events.
This analysis, for which we had to implement new functions in the simulation software of
the Belle experiment, is detailed in the second half of Chapter 3 and in two Belle notes
[14, 15].

Before the description of these original analyses, a first chapter is dedicated to a sum-
mary of the standard model and to a theoretical review of the physics with B(,) mesons.
The second chapter details the experimental setup which is composed of the KEKB accel-
erator and the Belle detector.



Chapter 1

The standard model of particle
physics

The standard model is the current theoretical paradigm in particle physics. It originates
from the works of Weinberg, Glashow and Salam [16-18] on electroweak interactions.
Quantum chromodynamics and quarks have been first independently proposed by Gell-
Mann [19] and Zweig [20] later on. This chapter is only a brief introduction to the
standard model parts that are relevant to experimental particle physics. It is based on the
textbook of Langacker [21] and several others [22, 23]. The C'P violation is described
following the extensive monographs by Bigi and Sanda [24] and Branco et al. [25].

1.1 Symmetries and conservation laws in physics

Symmetries have always played a very important role in physics theories. The conserved
quantities in a mechanical problem have driven the development of mechanics, from New-
ton’s first law to the analytical mechanics of Lagrange and Hamilton and, later, quantum
mechanics. From Noether’s theorem [26], these two concepts are linked. A constant quan-
tity of motion is associated with any continuous symmetry of the problem. For instance,
the conservation of energy and momentum is related to the invariance under space-time
translations, the conservation of angular momentum is related to the invariance under
rotations, the conservation of electric charge is related to the invariance of the quan-
tum wave function under a complex phase shift, etc. While the symmetries involved in
Noether’s theorem are continuous (i.e. can be parametrised by a real number), three dis-
crete symmetries play an important role in quantum field theory.

e Charge-conjugation
The charge-conjugation operator C' changes a particle into its anti-particle.

C — —_
T phvr) = (7T = pRiL) (1.1)

(m
Some neutral particles can be eigenstate of C, such as 7%, 1, p°, but not K or BY.

e Parity
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The parity operator P reverses the space coordinates of a particle, and thus its he-
licity (defined as the projection of the spin direction on the momentum). It is not
reducible to a rotation (det P = —1).

P
(rt = phvr) — (7t = pfvg) (1.2)

e Time-reversal

The time-reversal operator T reverses the time coordinate of a particle.

It was thought that these three C, P and 7 symmetries were respected at the micro-
scopic level. This is true for the strong and electromagnetic interactions. However it was
discovered that the weak interaction violates maximally the parity [27, 28], and thus the
charge-conjugation [29-31]. It is an experimental fact that there is only left-handed neu-
trinos and right-handed anti-neutrinos in Nature. The decay 7™ — i vg is forbidden. The
C'P symmetry is slightly violated by the weak interaction [32]. The combination of these
three symmetries, C' PT, is conserved by any Lorentz-invariant quantum field theory [33].
All experimental searches for C'PT violation have given negative results. If C'P is violated
and C'PT holds, the time-reversal symmetry 7" should also be violated in weak interac-
tions. This has been confirmed by the CPLEAR collaboration [34]. As shown by Sakharov
[35], CP violation is one of the three ingredients required to explain the baryogenesis,
i.e. the excess of matter over anti-matter in the universe. For tests of discrete symmetries,
see Ref. [36] or the most recent review in the latest Review of Particle Physics [37].

1.2 Fundamental forces

The standard model is a theory based on the local gauge group associated with three
“charges”, namely colour, chirality and hypercharge:

GSM = SU(3)C X SU(Q)L X U(l)y. (1.3)

The three components correspond to the three fundamental interactions which are medi-
ated by force bosons.

1.2.1 Strong force

The strong force was first invoked to explain the cohesion of the nucleons (neutrons and
protons) in the atomic nuclei. Its range is of the order of a nucleus size (~ 1 fm). The
particles that decay strongly are called resonances and are characterised by a very short
lifetime, of the order of 10~2*s. It is now known that the strong force is only a residual
force from the colour interaction between the components (quarks and gluons) of the
nucleon.

The colour interaction, sometimes called colour force, is described by Quantum Chro-
moDynamics (QCD), a quantum field theory based on the local colour gauge group SU(3)¢.
Each quark carries one of the three colour “charges”, conventionally named red (), green
(¢) and blue (b). The force is mediated by eight massless gauge fields (gluons), Gf}

(A=1,...,8). Agluon carries a colour and an anti-colour, with strong isospin fg =1+1.



1.2 Fundamental forces

There are nine states (1 + 3 + 5), but the colourless singlet (/, = 0) is excluded. This is
motivated by the non observation of free gluons [23].

This interaction conserves P, C' and the isotopic spin (strong isospin). It is hard to
study at its fundamental level (quarks and gluons) because of the colour confinement
[38], and only colourless composite particles can be experimentally studied. In addition,
the coupling constant is close to unity, precluding precise calculations using perturbation
methods.

1.2.2 Weak force and electromagnetic force

The weak interaction was first suggested by Fermi to explain the nuclear § decays [39]. In
the late 1940’s, Quantum ElectroDynamics (QED) was the first theory of electromagnetic
interactions based on an Abelian local gauge invariance.

A non-Abelian local gauge group SU(2);, x U(1)y is at the origin of the unification
of the electromagnetic and weak interactions. This electroweak theory is the cornerstone
of the standard model formulation. The electroweak force is mediated with three Wy
(e = 1,2,3) and one B,, gauge bosons. The weak force violates maximally the C' and P
symmetries, while C'P violation is tiny.

The “charge” of a field under the SU(2);, group is the chirality. There are two chiral-
ities, right (singlet) and left (doublet). Only the left-handed fermions interact with the
weak gauge bosons, which is the base of the original VV — A theory [40, 41]. The trans-
formation under the Poincarré group determines the chirality. For a massless particle, the
chirality coincides with the helicity, which is defined as the projection of the spin on the
momentum direction: .

y_ 5%
1l
By convention, a field with ~ > 0 (h < 0) is right(left)-handed (Fig. 1.1).

L R

1.4

V,p SV,p
Figure 1.1: Left and right-handed particles.

The electromagnetic charge ¢ is conserved. It is related to the U(1)y hypercharge, Y,
and the weak SU(2), isospin, I3, with the Gell-Mann-Nishijima formula [42, 43]:

1
¢=1Is+3Y. (1.5)

1.2.3 Gravitation

There is no quantum theory of gravitation, and gravitation is therefore not included in the
standard model Lagrangian density. For a review, see Refs. [44, 45]. This is undoubtedly a
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weak point of the model however the strength of this force is so small (Table 1.1) that, in
practise, no gravitational effects have been observed so far in particle physics experiments.

Table 1.1: Gauge bosons and relative strengths of the three fundamental forces of the
standard model and gravitation. The electromagnetic force relative strength is given by
fine-structure constant at low energy, a = e?/(4mweohc) ~ 1/137. The weak force relative
strength is evaluated from the ratio of the A and ¥ baryon lifetimes, ay /as ~ /77 /™ =~
4 x 10~°, The gravitational force is evaluated from the ratio of the electromagnetic and
the gravitational forces between two protons, ag/a = 4regGn(myp/e)? = 8.1 x 10737,

Force Carrier Mass (GeV/c?) [37] Range Relative strength [46]
Strong 8 gluons 0 107 m 1
Electromagnetic v 0 00 1072

Weak (Charged) w* 80.399 + 0.023 0-18 10-6

Weak (Neutral) Z° 91.1876 + 0.0021

Gravitational — — 00 1038

1.3 Fermions

Apart from the Higgs and the gauge bosons, the standard model contains fermions (spin-
1/2 particles), divided in two categories', the colour triplets, called “quarks”,

e left-handed quark QL (3,2).1/3, which is a SU(2), doublet (U, D)7,
e right-handed up quark Ug(3,1) /3, and
e right-handed down quark Dg(3,1)_/3;

and the colour singlets, called “leptons”,

e left-handed SU(2).-doublet Ly(1,2)_;/o; this is composed of left-handed charge
lepton and its neutrino (v I1,)7, and

e right-handed charged lepton Ip(1,1)_;.

In the minimal standard model, no right-handed neutrinos are included. Right-handed
neutrinos are not sensitive to any of the three forces of the standard model: they would
be colour singlets and SU(2), singlets without hypercharge.

The Dirac equation, (ih@ —mc) ¥ = 0 [47], which describes the motion of fermions
in quantum mechanics, predicts that each fermion has an associated antiparticle with the
same spin and mass but opposite electric charge.

The fermion pattern described above can be duplicated in several families. The number
of families is denoted as Np.

!We write the fields with their charged number for each of the three groups. For instance, the left-handed
quark field, Qr.(3,2)1/3, is a triplet for SU(3)¢, a doublet for SU(2),, and has an hypercharge Y = +1/3.



1.4 Spontaneous symmetry breaking mechanism

1.4 Spontaneous symmetry breaking mechanism

In a Lagrangian density that respects the local gauge symmetry of Eq. (1.3), any fermionic
field must be massless because a non-zero mass term would break the local symmetry
because it connects the right-handed with the left-handed part of the field. Phenomeno-
logically this is certainly incorrect because fermions obviously have a finite mass. This
puzzle is solved by adding a left-handed complex scalar field to the theory ¢(1,2) /o with
a quadratic potential (A > 0)

V(g) =166+ (66) (1.6)

In the case y? < 0, the vacuum expectation value (¢), is different from zero, but has a
finite value

(#)o = —% = \% (1.7)
V()
_____ Im¢

—> Re ¢

Figure 1.2: (Reproduced from Ref. [48]) The potential V' (¢) as a function of the complex
field ¢. The minima of the potential are degenerated. The vacuum state is chosen to lie
along the real direction. The two oscillation modes around this vacuum state are shown;
the radial mode is the massive Higgs boson while the azimuthal mode is the massless
Goldstone boson.

This non-zero vacuum expectation value spontaneously breaks the symmetry of the
potential. When the complex field is quantised from its ground state (¢),, it has still
four degrees of freedom, but one appears as a massive boson, the infamous Higgs boson,
and the three others are massless. One can illustrate this mass effect from the shape of
the potential (Fig. 1.2). A radial motion changes the potential (i.e. “the particle feels
massive”), while an azimuthal motion does not change the level at all, and the movement
is free (i.e. “the particle feels massless”). The mass less Goldstone bosons [49] do not
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appear when the unitary gauge is used to write the Lagrangian density. In this gauge the
field ¢ and its conjugate ¢ are written as function of one real value defined by Eq. (1.7),
v, and one real scalar field, H:

1 0 ~ 1 v+ H
- . 1.8
(b \/§<V+H>7¢ \/i( 0 ) ( )

This mechanism leads to three massive bosons for the weak interactions which are
combinations of the gauge bosons W, and B,,. The weak charged currents are mediated

by massive bosons W:
1
+ 1 2
WH = E (WH + /LW;“) . (19)
The massive neutral weak current boson Z,, and the electromagnetic gauge field A, are a
rotation of W2 and By,

Zy \ | cos Ow —sinby WS (1.10)
A, sinfy  cosby B, ’ .

where 0y is called the Weinberg angle [16]. It is related to the SU(2);, and U(1)y coupling
constants, g and ¢’ respectively though

cos By = , (1.11D)

sinfyy = ——3— . (1.12)

A U(1)gpr symmetry is preserved, corresponding to the well-known electromagnetic
force carried by the photon, A,,. This residual symmetry is crucial to preserve the electric
charged conservation. The U(1)gs coupling constant correspond the electric charge unit,

/
e=—39 (1.13)

The charges (in unit of e~) of the fermions is given by Eq. (1.5).
With the field ¢ and ¢, it is possible to add new gauge invariant terms to the Lagrangian
density, the so-called Yukawa couplings?®

Lilrg, QrDré, QrUr, etc. (1.14)

Because of the spontaneous symmetry breaking in the electroweak part, the physical
symmetry group of the standard model becomes

SUB3)e x U(L)gum - (1.15)

This mechanism has two important experimental consequences:

*Named after Hideki Yukawa, who proposed that the interaction between two nucleons (fermions) is
mediated by a boson [50].



1.5 Physical Lagrangian density

e As will be shown below, the fermion masses and C'P violation naturally appear in
the quark-related Yukawa terms of Eq. (1.14).

e A new massive boson appears in the theory. Intensive experimental efforts have been
deployed for measuring this “Higgs” boson, which mass is expected in the 100 —
200 GeV /c? range [51], but there is still no experimental evidence for its existence.

1.5 Physical Lagrangian density

The underlying fundamental principle in quantum field theory is that of minimal action,
developed more than 200 years ago by Lagrange [52]. The action is the time-integrated
Lagrangian where the Lagrangian is the difference between the kinematic and potential
energies. In the framework of special relativity, it is convenient to use the Lagrangian
density £, instead of the Lagrangian, L, itself:

L= /£d3:f. (1.16)
In this way, the action is the four-dimensional space-time integral of £,
S:/Ldt:/ﬁd“x. (1.17)

A space-time invariant theory simply requires a Lorentz-invariant Lagrangian density. The
Lagrangian density of the standard model is constructed from Lorentz- and gauge-invariant
terms. For this purpose, it is useful to introduce the covariant derivative which is invariant
under the local gauge group,

SU@3)c SU(2) g, U(l)y
A4 o Y
. . 0T .
Dy =8, — zgs(;;j‘7 —igWyi— —ig'Bus (1.18)

where gg, g and ¢’ are the coupling constants of the SU(3)s, SU(2), and U(1)y gauge
groups, respectively. The product® between the Dirac matrices v* and D), is usually written
with the Feynman slash notation, [) = y*D,,.

The total Lagrangian density, Lg\r, contains the Lagrangian densities of the complex
scalar field, the gauge fields (Yang-Mills), the fermion kinematics and the Yukawa cou-
plings,

Lsm = Liiggs + LyM + Liin + Ly - (1.19)

1.5.1 Complex scalar field
The Lagrangian density of a scalar field is
Lhtiggs = (Dpo)" (D"9) = V(9). (1.20)

After the spontaneous symmetry-breaking mechanism, ¢ is separated into a vacuum ex-
pectation value and a real scalar field H (Eq. (1.8)). The physical Lagrangian density is

3Einstein’s convention [53] on implicit summation is used throughout this thesis.
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therefore, after expanding the covariant derivative with only its SU(2); component and
introducing the Higgs mass, my = /—2u?,

22 _ H\? 1 V2 H\?
EHiggs = 94 W+7MWM (1 + V> + 5 (92 + 9/2) ZZMZ# <1 + V)
1 o 1 oo mi® miy s omy o,
— H) — - H - g fF° - L H*. 1.21
5 OuH)" = gmy H™ 4+ =3 2 812 (1.21)

It contains the W and Z° mass terms, the interaction of the Z° and W* with the Higgs
field (Z°Z°H, Z°Z°HH, W*W—H, W+W ~HH vertices), and the self-interaction of the
Higgs (HHH and HHHH vertices). The masses of the W= and Z° are related to the
vacuum expectation value of the complex field,

my = % , (1.22)
vVg*+g?  mw
_ - . 1.23
mz 2 cos Oy ( )

1.5.2 Yang-Mills Lagrangian term

The Yang-Mills [54] part contains the kinematic terms of the gauge fields themselves which
involve the gauge curvatures*:

1 1 1
vt = =3 GG = QW W = 1B, B (1.24)

The SU(3)c part contains three- and four-gluon vertices, as for any non-Abelian local
Gauge group. Similarly, when the SU(2), x U(1) part is expressed as function of the phys-
ical fields let, 22 and A,, it leads to additional terms representing 3- and 4-point gauge
self-interactions (WW~=Z°, WHW =, WTW-WHtW—, WTW 2%, W+Ww-2z°Z° and
WFW=y7),
Lys = —ig cos QW(OPZV)WJW;OWW
—ig cos Ow (0,W,F) 2, W, OP7H
—ig cos Ow (0,W, ) Z, W, T PPHe
—ie(@,)Al,)WjW;Op“””
fie(aij)A,,W;Op”"”
—ie(0,W, ) A,W I Prre (1.25)
Lwa = L(fW;WjWUWp Qrvra
—eg cos GWWJZ,,AUW; QHrve
g° cos? Oy
S

2
— S W AA W, Qe (1.26)

Wrz,z,w,; Qe

“The gauge curvature is defined as F,, = 9, F} — 0, F}, — gci;x F} F¥, where g is the coupling constant and
cijr are the structure constants of the Lie group (null for an Abelian group).
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with the combinatorial factors depending only on the space-time metric g*":

O;wpa — g,ul/ng _ gMUgPV , (127)
zp,u,l/pcr — g,qupU _ gﬂﬂg’/f” (128)
Quupoe = 29uw9poc — Jup9ve — GuoJup - (1.29)

1.5.3 Fermion kinematic term

The kinematic term of the fermions is written as

Nf
Liin = ZZ (QriPQr; + UrjPUrj + DrjIpDpj + L IPLy; + lr;j Dlg;) - (1.30)
j=1

When expressed in terms of physical fields, only the colour force remains in the covariant
derivative
Docpy = 9, —igsG 5 (1.31)

and the Lagrangian density gets additional terms representing charged currents (CC), in-
volving W¥ couplings, and neutral currents (NC), involving Z° and photon couplings:

N
Liw =Y QriPqepQrj + UriPocpUr; + DriPoepDr; + LidL; + E;E;
Jj=1
+Lcc; + Lnc,j - (1.32)

The Lagrangian densities for the weak and electromagnetic currents are

g -
Lees =25 (g2, + T W) (1.33)
9 .
‘CNC,j = eJ(;L,jAH + m (Jél;j — sm2 HWJ;L’J) Z;U« . (134)

The charged currents connect only the left-handed fields:

L = Uy Drg +ley'v; s (1.35)

Jt = Driy"Us; + vy, (1.36)
1 _ _

Ty5 = 5 (Uny"Ury = Dy Dig + vy*vy = leyyleg) - (1.37)

The standard electromagnetic current, which does not depend on the chirality (D; =
Dy; + Dgyj, etc.), reads

2 _ 1~ T
J;j = ng’y'“Uj - ng'y“Dj - lj’)/‘ulj . (1.38)

This term contains all the interactions between fermions and the three forces: strong
force (gluons), charged weak current (W+), neutral weak current (Z°) and electromag-
netic interaction (vy).
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1.5.4 Yukawa couplings

The Yukawa couplings between fermions and the Higgs field are the only terms that can
connect fermions of different families:

2 /- _ _ N
Ly = —\Vf (LLMlleb +QLMpDRr¢ + QLMyUgre + h-C-> (1.39)

— H _ H _ H
= — (lLMllR <1 + l/> + D MpDpg (1 + I/> +UrMyUg <1 + I/) + h.C.) ,

where the fermionic fields (typeset in bold) are now vectors of dimension Nz containing
the corresponding fermions from the Ny flavours. M;, Mp and My are Nr x N matrices.
In Eq. (1.39), mass terms arise from the spontaneous symmetry-breaking mechanism, as
well as fermion couplings to the Higgs boson.

A priori, the complex Nrp x Np matrices are not diagonal. The singular value decom-
position theorem proves the existence of two unitary matrices Ty 7, and Ty r such that
Ty, LMUT& R= M{}iag is real, positive and diagonal. Similarly, T ;, and T r are defined

such like Tp 1 M DT,& R= Mgiag is also real, positive and diagonal. Then, the fermionic
mass eigenstates can be defined as U* = Ty, UL, UR = Ty,rUr, DT = Tp, Dt and

% = Tp rDgr. With this new basis, the neutral currents remain unchanged, the mass
eigenstates are also eigenstates of the neutral electroweak interactions, therefore we do
not expect flavour-changing neutral currents at tree level in the standard model. However,
the charged weak currents .J. are modified because

Upy"Dy, = U Ty, T}, ;7D # UP+"DE . (1.40)

expliciting the fact that mass and interaction eigenstates are not aligned.

It is not possible to diagonalise simultaneously Mp and My, unless a new unitary
Nr x Np matrix V = TU7LTLT7 ;, is inserted. This is the so-called Cabibbo-Kobayashi-
Maskawa matrix [55]. It tells us that the gauge eigenstates and the mass eigenstates of
the quarks are not the same. It can be shown [24] than this matrix has Np(Np — 1)/2
angular parameters and (Np — 1)(Np — 2)/2 phase parameters. It is remarkable that
only the Yukawa coupling of the quarks to the Higgs field breaks effectively the flavour
symmetry (if the CKM matrix is not diagonal) in the quark sector. This is the domain
of study of flavour physics, which intends to explore the phenomena associated with the
CKM matrix (mixing between flavours, C' P violation, etc.).

In the lepton sector, because of the absence of right-handed neutrinos, the lepton states
can be redefined such that the matrix M is diagonal and nothing will change in the other
part of the Lagrangian density. As a consequence, the lepton number is expected to be
independently conserved for each family.

1.6 The three flavours: consequences for the CKM matrix

From experimental evidences, there are three flavour families (Ny = 3). The fermions of
the three observed families are shown in Table 1.2 with their mass hierarchy. The CKM
matrix, V, has thus three angular parameters 6,2, 013, 23, and one complex phase § [56].
As will be shown below, this phase is the only source of C'P violation in the standard
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model, and all the results are so far consistent with this view [57, 58]. The matrix can be
explicitly written as a function of these four parameters:

Vud Vus Vub
V=1 Ve Ves Va (1.41)
Via Vis Vu
€12C13 $12C13 s13e” %
= | —si2c23 — cra823513€™  ci2ca3 — s12523513€°  sascis )

i i
512823 — C12€23513€"°  —C12523 — $12C23513€"  €23C13

where ¢;; = cos 0,5, s;j = sinf;;, and the matrix elements V;; have row and column indices
written as ¢ = u,¢,t and j = d, s, b, respectively. An expansion in powers of the Cabibbo
angle [59],

A =sinfi2 = 0.22543(77) (see Table 1.5), (1.42)

was proposed by Wolfenstein [60]:

1-)2%/2 A AN3 (p —in)
V= - 1- )22 AN? +0 (M) (1.43)
AN (1—p—in) —AN? 1

The Wolfenstein parameters are related to the three angles and the phase by the relations

5923 S13 cos 0 513 sin ¢
A = 8192, A:T, p= , n= ) (1.44)
5192 512523 512523

The unitarity condition®, V1V = 1, leads to six independent relations

> ViiVi =6, (1.45)
k

Three of them (i = j) are related to the weak universality (same coupling constant for all
fermionic fields):
> Viil?=1,i=1,23. (1.46)
k
The remaining three represent the so-called “unitary” triangles in the complex plane:

o) o) OW)

/—’R* ,_/\* A*
(VIV)31 = VaaViy + Vg Vi + VigVis = 0 (1.47)
o) on) o)
—~ N
(VIV)a1 = ViaViks + VgV + ViaVi = 0 (1.48)
onY) 0N oK)
—~
(VIV)30 = Vs Vi + Vi Vit + Vis Vi = 0 (1.49)

>The second condition VVT = 1 provides six other relations. It can be shown that they are the same as
those given by VTV = 1 at least up to the order \*.
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Table 1.2: Fermions of the standard model, with their masses [37]. Each fermion has an
anti-fermion with the same mass and opposite charge. The neutrinos have no mass in the
standard model, one of the current experimental limit is > S m, < 0.28 eV at 95% C.L. [61].

Family
1 2 3
q=+2/3 up (u) charm (¢) top (£)
Colour triplet Mass (MeV /c?) 2.5 1.3 x 10° 172 x 103
(quark) g=-1/3 down (d) strange (s) beauty (b)
Mass (MeV /c?) 5.1 101 4.2 x 103
g= -1 electron (e~) muon (u™) tau (77)
Colour singlet ~ Mass (MeV /c?) 0.511 105.66 1.777 x 103
(Iepton) q = 0 (neutrino) Ve vy vy
Mass 0 0 0

Only Eq. (1.47) has its three terms of the same order in A. In the next sections, the rela-
tionship between this equation and the B mesons will be made explicit. When normalised,

VudVip | VidVy,

1=0 1.50
VoV Vv T (1.50)

the first relation is called “the” unitary triangle [62]. This unitarity condition is testable by
measuring only one complex number corresponding to the non-trivial apex of the triangle®
p + i (Fig. 1.3). The angles of the unitary triangle are traditionally named «, 3,~ (rec-
ommended by the Particle Data Group) or ¢1, ¢2, ¢3 (used by the Japanese community).
They are defined as functions of the CKM matrix elements:

VipVid

= = —_— 1' 2

*=9 arg( V;bvud)’ (52
V’chd>

= = ar ¢ 5 (1'53)
B = g( Vil
Vi Vi

= (ha = —_u ) 1.54

v=on o (- .

The quasi-degenerated triangle of Eq. (1.49) is also very interesting because it is re-
lated to B? decays and new physics could greatly impact its angles. This BY unitary

®At the lowest order in ), it coincides with the Wolfenstein’s p + in:

2

p+in= (1 + %) (p+177) + O\Y). (1.51)
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(0,0) (1,0)

Figure 1.3: Definition of the angles of the unitary triangle.

triangle, similarly defined by its apex ps + i7)5, can be drawn with Eq. (1.49). This triangle
is expected to be very flat, but measurements [63, 64] of the angle

VipVis
Bs = arg (—tfj ) (1.55)
VipVes

with B? — Jhp¢ decays allows stringent tests of the unitary condition (Fig. 1.8).

The areas of the unitary triangles are all the same. This is a geometric interpretation
of the unique phase of the matrix V. That area is phase invariant and correspond to half
the Jarlskog invariant [65-67], defined as

)\2
J = 6126236%3812823813 sind = A2>\677 <1 — 2) + O()\IO) . (1.56)

Without the phase 6, J = 0, and the unitary triangle is flat. J # 0 is a necessary condition
to get C'P violation.

1.7 Heavy meson phenomenology

1.7.1 Heavy quark effective theory

Isolated quarks have never been observed, and this fact is included in the SM by assum-
ing that the physical particles are colourless. Thus, two kinds of hadrons are possible,
the mesons, composed of a quark and an anti-quark, and the baryons composed of three
quarks.

Sometimes seen as the “simplest non-trivial” hadrons [68], Qq mesons, composed of
a heavy anti-quark @, and a light quark ¢, are specially interesting in flavour physics.
Their structure can be well approximated by an effective theory [69]. In such picture a Q,
meson can be described, in a very good approximation, as a () quark at rest around which
the light constituents (the “cloud”) are in (relativistic) motion, like the hydrogen atom in
atomic physics. In the heavy-quark effective theory (HQET), the mass of the light quark
enters the calculation in an Taylor expansion in power of the parameter m,/mg. This
parameter is of the order of 0.1% for the B and BT mesons, 0.3% for the D° and D~
mesons, 2% for the B? meson and 8% for the D, meson. The corrections are large (30%)
for the B meson, which is not expected to be precisely described by this approximation.
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In this framework, it is natural to expect that all the species of B mesons, B*, B, B? and
B, share similar properties at leading order.

Computations in HQET are considerably simplified because the heavy-quark spin does
not interact when mg — co. The spin-parity j© of the cloud of the light quark is the

same as a meson with a spin-less heavy anti-quark, (j° )o = 07. The cloud must have

(GF)y =1V @17 e (j7), = 1" for a S-wave (I = 0) meson, (j7), = 1" or 3~ fora

P-wave (I = 1) meson, etc. With the fermionic nature of the heavy quark ((;© )Q = %7),
the spin-parity of the meson must satisfy J© = (j©), & (j7)g, i.e. P = (-1)"*! and
J= (& 3)® 3. For | = 0, there is one S-wave doublet (07,17), for I > 0, there are two
[-wave doublets (I—1,1) and (/,l+1) (Table 1.3). Finally, HQET calculations can be carried
out by using the factorisation hypothesis [70, 71]. The part that can be computed with
a perturbative approach is separated from the non-perturbative hadron structure which
is described by a parton distribution function. Experimental measurements can provide
insights about the limits of the factorisation view [72].

The mass splitting inside the doublets (called hyperfine splitting) is an effect of the
finite heavy-quark mass [73]. For the S-wave doublet, the mass difference is expected to
be [68, 74]

2 3

mpe —mp = 2 40 (AQ§D> ~ 50 MeV /c?, (1.57)
3my, mj

where Agcp & 1/Rhadron ~ 200 MeV [69] is the QCD scale and ;HG is the matrix element

of the chromomagnetic interaction operator. Of course, more subtle corrections can be

added [75].

Most of the S-wave states for the charmed and strange mesons were experimentally
established more than 20 years ago, in full agreement with the HQET picture: the two
states for the charmed mesons, D*)? and D™+ [76, 77] (1976); the D meson [78]
(1979). The discovery of bottom mesons followed, with the first evidence in 1981 [79, 80],
the first exclusive B decay in 1983 [81], the excited B* in 1985 [82]. Finally, the first
evidences of the existence of the B? and B} mesons were published in 1990 [83].

It is remarkable that many P-wave states have also been measured. The four states
of the DY (¢u) system are established (Fig. 1.4) [84, 85]; two states, 0T and 27T, of the
D~ (cd) system, have been seen [86, 87], while the spin is unknown for two other states
[88, 89]. For the B mesons, the splitting is smaller (larger mq), but the CDF and D@
collaborations [90, 91] have reported 1+ and 2% excited B mesons. For the B? mesons,
the situation is quite similar, with the observation of 1 and 2% states from the two same
experiments [92, 93].

The heavy quark symmetry is firmly established, and it is natural to expect the B?
meson to be as different from the B® meson than mg/m; is different from mg/my. While
one can think that the study of the BY meson is not interesting, since it is expected to be
very similar to the well-known B particle, it can be exciting to precisely measure the BY
system in order to further test HQET, and a lot can be learnt from the discrepancies.

1.7.2 Neutral mesons

The pseudo-scalar neutral mesons reported in Table 1.4 can mix with their antiparticle
before they decay. Figure 1.5 shows the two leading-order diagrams of a BY — Bj tran-
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Table 1.3: Spin-parity of (), mesons. In the m¢ — oo limit, the doublets are degenerated.
The bottom part of the table presents the experimental observations [37]. The physical 17
states are an admixture of the two (j, = 1/2,J = 1) and (j, = 3/2,J = 1) states. There
are no direct measurement of the spin-parity for many of these states. In the ¢s system,
a 1~ meson, D (2700), has been observed, it is expected to be a D-wave meson (I = 2,

. +
(Jp)q:;) ).
1D S wave 0F P wave 1~
. + - -
(JP)q % % %
JE | o 1- 0+ 1+ 1t 2+
eu || D°  D*(2007)° | D§(2400)°  D;y(2420)°  D1(2430)°  D3(2460)°
ed || D~ D*(2010)~ | Dg(2400)~ D1(2420)~ D3(2460)~
és || Dy Di~ D*,(2317)"  D41(2460)~ Ds1(2536) D% (2573)~
bd | B° B*Y B1(5721)° B3(5747)°
bu || BT B+
bs || BY B} Bs1(5830)° B?,(5840)°
be || BF
T L=0 T L=1 ]
D L I j=3/2 |
2.6
N b| b P
S 24 -
s |
2 22
s L
ol D
— D
18 | — . | . | . | .
0 1 0 1 1 2
]P

Figure 1.4: (Reproduced from Ref. [84]) Experimental spectrum [37] for the cu system.
The vertical bars show the widths. The two physical 1" states are an admixture of the

j=1/2and j =3/2 Dg/) states, the mixing angle is of the order Agcp/m. [68].

sition. A lot of interesting phenomena arise from it because the properties (mass, flavour,
C'P eigenstates, etc.) of a neutral meson and its corresponding anti-meson are all distinct.

The time evolution of an oscillating meson PV is formalised using a vector in the Hilbert
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Vi i Vi d b Vi W Vi
By BY By t t B

Vig Vib Vig Vi
Figure 1.5: Leading order box diagrams involved in B mixing. Diagrams with loops in-
volving the ¢ or u quark also exist, but are suppressed with respect to the heavy ¢ quark.

space restricted to the two-dimensional subspace composed of |P%) and |P?),

() = i (t) [P7) + 4a(t) | P°) (1.58)

and by the non-Hermitian Hamiltonian H. In the Wigner-Weisskopf approximation [94,
95], the Hamiltonian can be decomposed into two Hermitian matrices,

H=M+iT, (1.59)

representing the mass (free evolution) and the decay width, respectively. In case of C PT
invariance, which is a general assumption in quantum field theory, the diagonal elements
are equal: My, = My and I'y; = I'9s. The (complex) eigenvalues are

7

MHL =MH]L — 5

1 )
=My — ;' £ L ( My — 2Ty, (1.60)
2 P 2

with ) ‘
My, — T}
(q> S A LE- (1.61)
P My — 5T'12
The sign of ¢/p is conventionally chosen such that my > my. The eigenstates are written
as

|Pr) =p|P%) +q|P°) , (1.62)
|PL) =p|P°) —q|P°) . (1.63)
From the Schrédinger equation, i0; [¢(t)) = H |1 (t)), the eigenstates evolve as
[Prr(t)) = et | Py} = emmirtem2 bt | Py (1.64)
|PL(t)) = et | Pp) = emimite=alLt Py | (1.65)

where we have set 4 = ¢ = 1 for clarity. The states Py and P;, are, in general, not
orthogonal,

(Py|PL) = |p|* — |q|* # 0; (1.66)

they are C'P eigenstates only if C'P is a symmetry of the total Hamiltonian.

The width, T, and the mass, m, of P are the arithmetic averages of the decay widths
'y and I'z, and the masses my and my, respectively. The inverse of I' is defined as the
PO lifetime”:

mzw : F:M:l_ (1.67)
2 2 T

"This convention is well suited for B?S) mesons, which have I'y ~T'.
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The oscillation properties are summarised in two quantities, conventionally named

Am AT
r=— and y=

- = (1.68)

where Am = my —mp and AT =T'; — I'y.
A meson is created by strong interaction in a P? or P state. Let |P°(¢)) denote a state
created as a PY at t = 0; it evolves as
1
|PO(t)) = o7 (1Pr (t)) + [PL(t))) (1.69)
; I't I't _
— ¢ Tt/2—imt [cos < (x + 1y ) |PYy — id sin < (x+ zy)> |P0>} ,
2 p 2
Similarly,
_ 1
|PO(t)) = % (1Pa () = 1PL(t))) (1.70)
, I't I't _
= ¢ Tt/2gmimt [—zz sin (2 (x + zy)) ‘PD> + cos (2 (x + zy)) ‘PO>} :

For a P created at time ¢ = 0, the probability to have a P at time ¢ is not zero, showing
explicitly the P® — PV oscillation. It is proportional to

2 2 2
’<]50\P0(t)>|2 = ‘2 e 1t |sin (1;5 (x + 2y)> = % ‘Z e 1 (cosh (yI't) — cos (zT't)) ,
(1.71)
while the probability that it stays a P is proportional to
2 I't S|
‘<P0|P0(t)>‘ = e 1t|cos <2 (x + Zy)) = §€_Ft (cosh (yI't) + cos (xI't)) . (1.72)

The mixing properties of the neutral mesons (K, D°, B® and BY) are quite different,
see Table 1.4 for experimental measurements. For the B? and B systems, the formulae
above can be simplified by assuming that C'P violation is negligible, i.e.

‘q' —1. (1.73)

The B° case can be further simplified with the assumption that the width of the By and
By, states are the same, i.e.®
yqg = 0. (1.74)

For the B® meson, Egs. (1.71) and (1.72) become
‘<BO|BO >’ —e Tat (1 — cos (z4Tgt)) , (1.75)

(BY1B(1))[* = ;—th (1+ cos (zal'at)) - (1.76)

®In the context of this thesis, the subscripts d and s refer to the B® and B? system, respectively.
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Table 1.4: Properties of the neutral mesons: K (d3), D° (cu), B (db) and B? (sb) [37].
The unit of Amc? is 1h/ps~ 6.6 x 10710 MeV.

Meson K° DO B BY

Mass (MeV /c?) 497.614(24) 1864.80+0.14 | 5279.5040.30 5366.3+0.6
Amc? (h/ps) 0.5292(9)x 1072 | (2.397029)x 1072 | 0.5074+0.004 17.7740.12
i (ps) 5.116(21) x 10* 154310058

(410.14£1.5)x 1073 | 1.51940.007

7L, (ps) 89.53(5) 140810033

Amc? T =z (9.8738)x1073 | 0.7714£0.008  26.240.5

|AT/T| =2y (1.66+0.32)x 1072 | 0.010+0.037  0.0927091
~ | =4/ -

ol ~ |22 [ 2:22801)x10-

lq/p| 0.86701% 1.0025(19)  1.0058(31)

1.7.3 CP violation in heavy meson decays

CP violation of the order of 10~ has been discovered in neutral kaons in 1964 [32]
but has been understood and included in the standard model only ten years later, when
Kobayashi and Maskawa proposed [55] a third family of quarks in order to have a 3 x 3
matrix with a complex phase that can provide the standard model with a source of C'P
violation (Sec 1.6). This implies large C'P violation in neutral B mesons. C'P violation
can show up in three different ways: in decay amplitudes, in mixing amplitudes, and in
the interference between mixing and decay amplitudes.

C P violation in decay (direct C P violation)
The direct C'P asymmetry for a charged B decay to a final state f is defined as

decay F(B+ — f+) _F(Bi — fi) _ L - }Af_/Af+’2

= = - , (1.77)
T TBTS ) ATB = ) L+ | Ay A
where A are the decay amplitudes
Ape = (fY|H™*|B") and (1.78)
Ap = (f7|H"|B™). (1.79)

For C'P violation to appear, there should be at least two different contributing amplitudes
(diagrams), A;, with different strong (6;) and weak (¢;) phases. In the case of two am-
plitudes: Ay+ = Z?:l a;e'%iti) and A;- = 2]2‘:1 a;e' (=% +%)  The asymmetry is given
by

decay —2a1az Sin((sl - 62) Sin((bl - ¢2)

= . 1.80
@+ a% + a% + 2a1ag cos(d; — d2) cos(p1 — ¢2) ( )
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Hadronic uncertainties in a; and strong phases make difficult the determination of the
weak phases in measurements of direct C P-violating effects.

In the case of neutral B mesons, C'P violation in mixing (see below) is negligible and
the direct C'P asymmetry for a flavour-specific final state is described in a similar way.
Direct C'P violation in B — K7~ decays has been observed by both Belle [96]

S5, = —0.094 % 0.020, (1.81)
and BaBar [97]
A = —0.107 £0.019. (1.82)

C P violation in mixing (indirect C P violation)

In semi-leptonic decays of neutral B mesons, the charge of the lepton indicates whether
the B® was in a B or a B state when it decayed. An asymmetry related to C' P-violating
effects in the mixing is constructed from the “wrong-sign” leptons,

(BO(t) — I*vX) —T(B(t) - I"0vX) _ 1—|q¢/p|* L2

BY) = —— = — [m-—12
ast(B) = T 5o S o X) 3 T(BO) = -0 X) L+ (g/pt My

(1.83)

where I'(BY(t) — I7vX) ('(B%(t) — I*vX) is the time-dependent decay rate of a pro-
duced B° (BY) decaying after a time ¢ to a negative (positive) lepton. The asymmetry agr,
is not zero if the rate of the BY — B transition differs from that of B° — BY. This asym-
metry is hard to measure because |¢/p| is very close to 1. So far, a non-zero asymmetry
was only measured in the neutral kaon system [37]:

ast,(K°) = (3.32 4+ 0.06) x 1073 (1.84)

C P violation in the interference of mixing and decay (mixing-induced C P violation)

As before, this C' P asymmetry can occur only with neutral mesons. If the final state f is a
C'P eigenstate, the time-dependent asymmetry acp ¢(t)

I(BYt) — f) — T(B(t) —
on s = 0 =) =T > ). s
I(B(t) = f) + D(B(t) = f)
is given by?
acp,f(t) = adce}cj’a}’ cos(Amt) + aicrv‘tRf sin(Amt), (1.86)
where agelf,a; corresponds to the direct C'P violation in the limit |¢/p| = 1 and o},

corresponds to C'P violation in the interference between mixing and decay. It can be

measured only with time-dependent studies, as the time-averaged asymmetry vanishes.
In terms of

_qAB = f)

T SESL (1.87)

i

°In the Review of Particle Physics [37], the asymmetries are defined as C; = aée;f‘}y and Sy = —ap ;
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the direct and interference asymmetries read

1— &
decay f
a = (1.88)
CP,f 1 + |£f|2
and
: 2Im¢
altt, = (1.89)

A condition to get C'P violation in the interference is that {; must have an imaginary part.
For the C'P-eigenstate B® — Jip K2 “golden” decay, the asymmetry can be expressed
with the CKM matrix elements:

VisVed Vo Vi Vs Vg _ 2B

~_ _ 1.90
S T Vi Ve ViV €20

The amplitudes are therefore directly related to the angles,
aicri;,’J/ng = —sin(28) + O(1%) and (1.91)
alee® =0, (1.92)

CP,JWKY

The B? counterpart of this mode, B? — J/)¢, can be used to measure ag‘}, T DA similar
way [63, 64]. In principle, a similar calculation for B — 7t7~ leads to &,+,- ~ e%©.
However, penguin contributions to the B — 7t7~ decay are not negligible and the
extraction of « is more complex. Belle [98] and BaBar [97] observed C'P violation with a
time-dependent analysis.

The study of C'P violation in B meson decays is a long-standing source of research
in high energy physics and more sophisticated methods for observing C' P violation have
been developed over the recent years, like the Dalitz-plot analysis [99, 100], the Atwood-
Dunietz-Soni (ADS) [101, 102] or the Gronau-London-Wyler (GLW) [103, 104] methods.
In addition to the B® mesons, B? mesons can provide crucial and independent measure-
ments from its non-strange counterpart [7, 105]. See Ref. [106] for a review of physics
achievements made with B meson decays.

1.8 Tests and limits of the standard model

1.8.1 Standard model parameters
The effective Lagrangian density of the standard model has 18 parameters:

e the coupling constants g5, g and ¢, or [37]

2
o =2 = 0.1184(7) (@t Q= M7,

T
2 12
g sin” Oy 1 9
“ i 3701, @@ =0an
/
sinfy = ——2— = 0.23116(13) ;

VT
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e the W= boson mass [37],

My = % — 80.399 + 0.023 GeV /2 ; (1.93)

e the masses of the six quarks and three charged leptons (Table 1.2);
e the four parameters of the CKM quark-mixing matrix (Table 1.5) and
e the Higgs mass, which is still unknown.

All but the last one have been measured. So far, this model is very successful and has
almost never been contradicted. The electroweak precision measurements show a re-
markable consistency (Figs. 1.6 and 1.7).

1.8.2 The success of the CKM theory

The current constraints on the unitary triangle show an exceptional agreement with the
CKM picture of C'P violation (Fig. 1.8). The current values of the parameters of the CKM
matrix are shown in Table 1.5. The constraints used to fit the unitary triangles (Fig. 1.8)
include [58]:

o cx = (2.229 £0.010) x 1073, measured with the C'P-violating decay K9 — rr;

|Vius| = (3.92 4 0.46) x 10~3, measured with inclusive B — X, /7 modes;

o Amgyc® = (0.507 & 0.005) h/ps, measured from B° mixing;

Amgc? = (17.77 4+ 0.12) h/ps, measured from BY mixing;

direct measurements of the three CKM angles, the most precise is 3, sin 2, =
0.673 4 0.023, measured from b — céq (¢ = d, s) decays.

The observation of C'P violation and the confirmation of the CKM theory is undoubt-
edly the greatest success of the B factories. Their results [108, 109] are mentioned by the
Nobel committee for the 2008 Nobel Price in physics awarded to Nambu, Kobayashi and
Maskawa.

1.8.3 Beyond the standard model

However, the standard model as described here is certainly not the final story.

Several experimental evidences remain unexplained. The unitary triangle fit shows
some tensions between best-fit values and direct measurements [110], the most serious
case being the direct B(B™ — 771, ) measurements by Belle [111] and BaBar [112, 113].
Two surprising results have recently been reported by the Tevatron experiments, the large
dilepton asymmetry reported by the D@ collaboration [114] and the intriguing 4.10-excess
near m ~ 140 GeV/c? reported by CDF [115], but excluded at 4.3¢ level by D@ [116]. The
existence of the Higgs bosons still need to be confirmed or excluded. For what concerns
the SM Higgs, a definite answer is expected in the coming year from the LHC experiments
which produce Higgs analysis results remarkably fast [117].
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Ohad (1)
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Figure 1.6: Measurement of the hadronic cross-section around the Z° resonance at LEP
[51]. The error bars are multiplied by 10. The curves indicate the prediction of the stan-
dard model for 2, 3 and 4 species of standard-model neutrinos. The number of neutrino
species is fitted to be N, = 2.9840 + 0.0082.

Measurement Fit |Omeas — Ofit| /gmeas
0 1 2 3

m,[GeVl 91.1875+0.0021 91.1874
r,[GeVl  24952+0.0023  2.4959
o0 nbl  41540+0.037  41.479

R, 20.767 +0.025  20.742
AY 0.01714+0.00095 0.01645
Ai(Py) 0.1465+0.0032  0.1481
R, 0.21629 + 0.00066 0.21579
R, 0.1721+0.0030  0.1723
AL 0.0992+0.0016  0.1038
AY° 0.0707 £ 0.0035  0.0742
A, 0.923 + 0.020 0.935
A 0.670 + 0.027 0.668

A(SLD) 0.1513+0.0021  0.1481
sin? 01P*(Q1,)0.2324 + 0.0012  0.2314
my[GeVl  80.399+0.023  80.379

I'wlGeVl 2.085 + 0.042 2.092
m, [GeV] 173.3+ 1.1 173.4
July 2010 0 1 2 3

Figure 1.7: Summary of electroweak precision measurements: differences (in standard
deviations) between single measurements and best fit values [51].
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Table 1.5: Experimental status of the CKM matrix as of Summer 2010.

parameter | Fit result [58]

A 0.81210:932

A 0.22543 + 0.00077
7 0.144 4+ 0.025

7 0.34270018

Ps —0.0077 £ 0.0014
s —~0.0183170 50057

a®)  ]91.0+39

3 (©) 21.7675:%5

v () | 67.2+3.9
J (1073 | 2.96701%

In the lepton sector, the well-established neutrino oscillations [118, 119] indicate that
at least two neutrinos are massive, which is not accounted for in the SM. Neutrino masses
can be included in the standard model by including “sterile” right-handed neutrinos. So
far, there is no direct evidence for such neutrinos but they are not excluded by cosmological
observations (Fig. 1.10). Proposals of extensions of the SM include flavour mixing in the
lepton sector with the PMNS matrix [120], the leptonic counterpart of the quark-mixing
CKM matrix.

The excess of baryons over anti-baryons in the early Universe is much too large to be
explained only by the three-family CKM model [122, 123]. It is thus very plausible that
there are other sources of C'P violation [124]. The study of the cosmological microwave
background shows that only a small fraction (4.6% [125]) of the Universe is made of
standard model particles. Dark matter and dark energy are the main constituents, but
nothing is known about their nature.

From a theoretical point of view, the standard model exhibits strange features. It is
not well understood why there is no C'P violation in the strong sector [126, 127]. The
mass pattern of the components of the standard model, from the fermions (Table 1.2) and
the Higgs boson to the Planck mass, m, = \/hic/Gn = 1.22089(6) x 101 GeV/c?, is not
understood at all as well as the large differences between the relative strengths of the
various forces.

Extensions of the standard model have been proposed to resolve these problems: with
a fourth quark family [128, 129], large extra-dimensions [130], warped extra-dimension
(Randall-Sundrum models) [129, 131-133] or a form of supersymmetry (SUSY, CMSSM,
mSUGRA, etc.) [134, 135], etc. The imagination of theorists is boundless. More funda-
mentally, the gravitational force should be present in a theory that aims at explaining the
whole Universe; this is the goal of grand-unification theories [136].

The LHC experiments will restrain considerably the parameters space of the speculative
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Figure 1.8: CKM fit results for two unitary triangles [58]. Note the difference between the
scales.

Event per 0.5 ps

Asymmetry
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At (ps)

Figure 1.9: (Reproduced from Ref. [107]) Time-dependent yields and asymmetry of B —
JAK® and B® — JipK° decays at Belle. The fit result [107] is consistent with no direct
C P violation, adceliay = 0.0184-0.025, but with mixing-induced C P violation, al%}, = 0.642+

0.035.

standard model extensions. ATLAS and CMS are designed for direct searches of particles
[137] taking further what the Tevatron experiments have started. On the other hand indi-
rect tests via precision measurements are the goal of the LHCb experiment and the future
super B factories (Belle II [138] and SuperB [139]). The b hadrons are very convenient
[140, 141] for such studies and allow new physics phenomena to be probed at a larger
energy scale than the direct searches which are limited by the collision centre-of-mass
energy.

Because of the very successful start of LHC [142], important discoveries may happen in
the coming years; new super B factories as well as possible new high energy e™e™ linear
collider will then be crucial to confirm them and perform precision measurements.
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Figure 1.10: Marginal probability of the effective number of relativistic neutrino species
Neg from the observations of the Atacama cosmological telescope (ACT) [121]. Even
though not the preferred value, the SM N g = 3 is included in the 95% C.L. interval.
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Chapter 2

The Belle experiment at KEKB

This chapter is dedicated to the description of the KEKB collider and the Belle detector.
Standard particle detection and reconstruction techniques, as well as the Y (55) data sam-
ple, are also presented.

2.1 The KEKB accelerator and storage ring

The KEKB B factory [2] is an asymmetric electron-positron storage ring. It has one inter-
action point (IP) where the Belle detector stands (Fig. 2.1). It was designed for producing
a large number of B mesons, with a design luminosity of 10 nb~! per second. Two 3016m-
long rings, a high-energy ring (HER) and a low-energy ring (LER), are installed in an
11m-deep tunnel at the High Energy Accelerator Research Centre (KEK) located near the
city of Tsukuba (Japan). From a linear accelerator (Linac), an electron beam of energy
Exgr = 8.0 GeV is injected in the HER while a positron beam of energy Ergr = 3.5 GeV
is injected in the LER. The crossing angle between the two beams at the interaction point
is 0x = O gr — Oaer =22 mrad, where Oggrr (7 +0LgR) is the angle between the centre-of-
mass (CM) direction and the HER (LER) beam direction (Fig. 2.2). The non-zero crossing
angle reduces the CM energy by about 1 MeV (0.01%). It will be shown in Sec. 2.3.1 that
the CM energy is actually determined at this level of precision. The CM energy is designed
to be close to that of the Y (4S5) resonance,

\/g = \/2 (1 -+ cos (9)() ErerFEuEr = 10.58 GeV

while its boost,

By = Eugr cos 0uagr — ELER cos OLER — 042,

NG
was chosen as a compromise between the data statistics for observing time-dependent C'P
violation and the acceptance for the analyses that don’t require time information.

During its 10-year operation from 1999 to 2009 the KEKB accelerator performed very
well and even above expectations (Table 2.1). Several improvements during that period
increased the instantaneous luminosity up to 21 nb~! per second. This has been achieved
in 2009 following the installation, in 2006, of special devices called “crab cavities” [143]
aiming at restoring head-on bunch collisions. This is done by rotating the bunches without

29
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Figure 2.1: Sketch-plan of the KEKB collider. The Belle detector is installed at the interac-
tion region (IR) in the “Tsukuba” hall.
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Figure 2.2: Definition of the beam angles, and sketch of crab crossing of bunches.
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Table 2.1: Designed values of the KEKB parameters, compared with the achieved values,
without and with the crab-crossing. 5* is the value of the S function (envelope of the
betatron oscillations) at the interaction point.

Parameter Design value [2] Achieved values
June 2006 June 2009

Crab crossing no no yes
Luminosity (nb=!'s™1) 10 16.5 21.1
HER current (A) 1.1 1.2 1.2
LER current (A) 2.6 1.6 1.6
Number of bunches 4608 1388 1584
B2 (cm) 33 56 — 59 120

B; (cm) 1 0.59 — 0.65 0.59

changing the beam angles (“crab-crossing” scheme, Fig. 2.2). A second important aspect
is the introduction of continuous injection: the electrons and positons are injected during
the data taking. The data taking is very efficient without the need to abort the beams
every hour for a new injection!. Typical accelerator parameters are shown in Fig. 2.3, in
the form of the summary of the run when the luminosity first reached 20 nb~! per second.

The machine was stopped after it had delivered an integrated luminosity in excess of
1 ab~!, which was the goal set at the inception of the project. The Belle detector has
recorded about 1040 fb~! of data on tapes. While most of these data have been taken
at the T (45) energy, the KEKB accelerator also delivered collisions at higher energy by
increasing the LER energy to 3.6 GeV and the HER energy to 8.2 GeV, in order to reach
the next bottomonium resonance, called T(55). This energy is above the B B? threshold
and opened new physics opportunities for the Belle collaboration.

2.2 The Belle experiment

Located at the interaction point, the Belle detector [1] is a general-purpose 47 detector
composed of many sub-detectors (see Fig. 2.4). The excellent performances of the particle
identification and tracking system, and large angular coverage, make it very efficient to
reconstruct B decays. A super-conducting solenoidal magnet producing a 1.5 T magnetic
field is used for the momenta measurements.

The main sub-detectors,i.e. the silicon vertex detector (SVD), the central drift chamber
(CDC), the aerogel Cerenkov counter (ACC), the time-of-flight system (TOF), the electro-
magnetic calorimeter (ECL), the extreme forward calorimeter (EFC) and the Kg and p*
detector (KLM), are described in the following sections. Cylindrical coordinates are gen-
erally used throughout this thesis, the positive z axis being defined along the CM boost

'In normal conditions, the run stops after an error or when the 8 hour limit is reached.
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Start Time: 2009 Jun 15, 11:26:48 took 22 sec to start

Stop Time: 2009 Jun 15, 15:42:44 took 15356 sec

Stop Reason: FATAL from [TRG] (TT) BUSY in COPPER crate 1b at event 6122992
Expert shift: R.Louvot

Non-Expert: A.Kuzmin

BCG shift: T.Nozaki

Run Mode: Luminosity Run

Accelerator: at start at stop Fill-number=18801 Status=Lp New Record!! > 20/mnb/s

HER current 1143.4 mA 1164.5 mA  8.2150 GeV Lp New Record!! > 20/nb/s

LER current 1599.7 mA 1617.2 mA  3.5941 GeV Physics Run (Crab ON)
(CM-energy 10.8675 GeV)

HER beamsiz 401.5/ 2.0 456.5/ 2.0 um (x/y) 1life 158 min

LER beamsiz 390.1/ 2.3 416.7/ 1.9 um (x/y) 1life -200 min

HER vacuum 2.6/ 1.5 2.8/ 1.7 xle-8 Pa (average/upstream)

LER vacuum 6.6/ 1.5 8.1/ 1.9 xle-8 Pa (average/upstream)

LER cont. inj. ON (11.7 Hz 179590 times) inj.veto ON (0)

Luminosity: ECL EFC KEKB
at start 177.96e32 164.81e32 137.27e32
at stop 193.07e32 176.33e32 155.14e32

peak/fill 199.99e32

Figure 2.3: Summary log of Run 1140 of Experiment 69. KEKB delivered for the first time
an instantaneous luminosity larger than 20 /nb/s on June 15, 2009. A software limit at 20
/nb/s disturbed the online monitoring (last line). An offline recovery later confirmed that
the luminosity actually exceeded 20 /nb/s. The record of 21.08 /nb/s was achieved two
days later.

SC solenoid . Aerogel Cherenkov cnt.
1.5T . AN n = 1.015 ~ 1.030

EM calorim.
CsI(T1) 16X,

Central Drift Chamber
small cell + He/CoHg

T K9, 1 detection
\ 14/15 lyr. RPC+Fe

Si vtx. det.
3/4 lyr. DSSD

Figure 2.4: Perspective view of the Belle detector.



2.2 The Belle experiment

33

direction in the laboratory, with its the origin located at the nominal interaction point.
More details can be found in Refs. [1, 144].

2.2.1 Silicon vertex detector

The silicon vertex detector is designed for tracking particles as close as possible to the
interaction point. B mesons, which have ¢ ~ 460um, fly approximately Sycr &~ 200um
in the laboratory before they decay. The beam pipe has a reduced radius of 15 mm near
the interaction point to place the SVD as close as possible to the point where the collisions
take place. The SVD is the closest detector to the interaction region and subject to large
radiation damage. After four years of data taking, the original SVD has been replaced
[144-146]. We describe here the second version of the SVD (Fig. 2.5), which is relevant
to our data sample.

10
F <D it ~ 8 E
10 | 3D hit E 4
: S 5 E
75 o 0 F
: X 2 |
- 5 4 F
> X 6
’g 25 _1-8 | ——— - | rir——
S -20 10 0 10 20 30
g °F Z-axis (cm)
S 25 | A1g e ——
E 8 fF  ——e———
s S 4t —
o 2 F —
7.5 . » 0 E J/
F 2 s
10 F > -4 F -~ —
x \ SE —e
10 75 -5 25 0 25 5 75 10 10 —eS—ef 0o ‘ I
X-axis (cm) -20 -10 0 10 20 30
Z-axis (cm)

Figure 2.5: Schematic view of the Belle SVD detector with a reconstructed cosmic-ray
track.

The SVD is composed of four concentric layers of double-sided silicon detector (DSSD)
located at radii r = 20.0,43.5,70.0 and 88.0 mm, respectively. The polar coverage (17° <
6 < 150°) matches that of the CDC. A total of 110592 strips are read out by 864 indepen-
dent radiation-hard ASICs? and the analog signals are then transmitted to the electronic
hut where they are digitised and sent to the trigger system and the central Belle DAQ
system. Very good performance has been achieved. The DAQ system is very stable in the
standard Belle environment (trigger rate of 400 Hz) with an occupancy of 4%. The SVD
was designed to handle a trigger rate up to 1.3 kHz with an occupancy of 5%. The achieved
resolution is 12 um in the r, ¢ plane, and 19 pm in the z direction. The SVD resolution is
the key for precise time-dependent measurements because the position difference in the =
direction between the decay points of the two B mesons is related to their proper lifetime
difference (Az =~ ByAb).

2Application-specific integrated circuits.
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The SVD was also used for the trigger system in early days of data taking, well before
the time when Y (55) data were recorded. We ignore this aspect of the SVD system here.

2.2.2 Central drift chamber

The central drift chamber is crucial for measuring charged tracks. It provides information
about their trajectory (sign and momentum) and energy loss (dE/dx measurement). It
has a large angular coverage, 17° < 6 < 150°, from the inner radius of » = 103.5 mm to
the outer radius of » = 874 mm (Fig. 2.6). The longest wires (at large r) are 2.4 m long.
There are 50 cylindrical layers of wires and the maximal drift distance lies between 8 and
10 mm. About 3.5 tons of tension are applied by the wires on the CDC structure.

The CDC volume is filled with a mixture of helium and ethane (50% He, 50% CyHg).
This gas has a large radiation length (640 m) in order to reduce multiple scattering. Its
saturated drift speed of 4 cm/us ensures a good quality dE/dx measurement (Fig. 2.7).
The achieved relative track momentum resolution at start-up was (1.64 + 0.04)% in the
range 4 to 5.2 GeV/c.
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Figure 2.6: Layout of the CDC structure.

In the period of running we are interested in, the CDC was used in the trigger to
identify tracks in the » — ¢ plane. The CDC trigger signal is formed from wire hits. Hit
patterns are examined by a memory look-up table which latches with a period of 16 MHz.
The CDC is divided in 6 concentric trigger layers and the CDC trigger system returns the
number of short and long tracks and the maximum opening angle between two tracks
when more than 135° (for the recognition of back-to-back event topology (Table 2.19)).
The short (long) tracks are defined as tracks with hits in the three innermost (in all the
six) layers and with p > 200 MeV/c¢ (300 MeV/c).

2.2.3 Aerogel Cerenkov counters

An array of Cerenkov counters complement the particle identification system. It makes
a good separation between 7+ and K¥, especially in regions out of reach for the CDC
and TOF systems. It is composed of 960 modules with refractive index between n = 1.01
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Figure 2.7: Truncated mean of the measured energy loss dE/dz (in arbitrary unit) as
a function of the logarithm of the momentum (in GeV/c), in collision data. The dotted
curves show the expectations for pions, kaons protons and electrons.

and 1.03 (Fig. 2.8). The active medium of a module is made of five tiles of silica aerogel
stacked in a thin 12 x 12 x 12 cm® box. The Cerenkov light is detected by two mesh-
type photomultipliers. The ACC system is not used in the trigger. The light yields of the
ACC modules are used in the computation of the electron-pion and kaon-pion separation
likelihoods.
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Figure 2.8: Side view of the ACC detector.

2.2.4 Time-of-flight system

Time-of-flight measurements are performed with scintillating plastic counters with a de-
sign time resolution of 100 ps. A very good time resolution enables efficient particle iden-
tification. This system also provides fast trigger signals. However, the trigger rate of
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Figure 2.9: Dimensions and positions of the TOF (yellow) and TSC (red) modules. The
TOF (TSC) modules are 4.0 (0.5) cm thick, 6.0 (12.0) cm wide and 255.0 (263.0) ¢cm long.

the time-of-flight counter would be too high. Thin dedicated trigger scintillation counter
(TSC) are added to the system (Fig. 2.9) to produce a fast trigger signal with a reasonable
rate (below 70 kHz).

The whole TOF system contains 128 TOF and 64 TSC counters. The light guides are
reduced as much as possible by using fine-mesh-dynode photo-multiplier directly mounted
on the modules. The system has an angular coverage of 34° < 6 < 120°. A charged particle
needs to have a momentum larger than 0.28 GeV/c to reach the TOF counters. Above
that limit, the TOF measurement is included in the algorithm of particle identification.
Figure 2.10 shows the mass of the tracks including TOF and CDC signals. There is good
agreement between simulation (with 100 ps TOF time resolution) and data.

- - - N

N o ~ o

Q o o o

=] o o o
T

Events per bin

1000
750 |
500

250

-0.2 0 0.2 0.4 0.6 0.8 1 1.2

Mass (GeV/c?)

Figure 2.10: Distribution of the mass of hadron-event tracks, calculated as m = P/c x

(cT'/L)? — 1, where T is the time-of-flight from the TOF system, and the momentum P
and path length L are obtained from the CDC. The MC simulation (histogram) assuming
a resolution of 100 ps is compatible with data (points) .
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Figure 2.11: ECL layout.

2.2.5 Electromagnetic calorimetry

The electromagnetic calorimeter (ECL) is needed for measuring the energy and the posi-
tion of electrons and photons. In the study of B decays, it is crucial to get photon mea-
surements at low energies (below 500 MeV) because they ofter appear at the end of the
decay chains. The high energies (up to 4 GeV) are also important because rare two-body
decays like B — K*%y [147], B® — n%70 [148] are important milestones in B physics.
In addition to the energy requirements, a good position resolution is required to identify
high-energy neutral pions. The electromagnetic calorimeter is also important in combi-
nation with the hadronic calorimeter for photon and electron particle identification. It is
crucial for luminosity measurements which are based on Bhabha and photo-production
(Sec 2.3).

The electromagnetic calorimeter of Belle is a highly-segmented array of caesium iodide
crystals doped with thallium, CsI(T1). This material has several interesting properties like
large photon yield, low hygroscopicity and mechanical stability. The ECL (Fig. 2.11) is
composed of three parts: the central part or barrel (6624 crystals), the forward end-cap
(1152 crystals) and the backward end-cap (960 crystals). The typical size of a crystal (cell)
is 6 x 6 cm?.

With time, radiation degrades the crystal transparency and the performances of the
system. The barrel region receives 3 to 4 times less radiation than the end-cap regions
(Fig. 2.12). In the most recent physics analyses, only the barrel region is used because of
the deterioration of the data quality in the end-cap regions.

The ECL energy resolution achieved is about 2%; 7 and 7° signals are shown in
Fig. 2.14. ECL information, like the number of high-energy clusters, is also used by the
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trigger. An important measurement used for photon and electron candidates is the ratio,
Eqy/E»5, between the energy deposited in the 3 x 3 crystals near the main signal and that
deposited in the 5 x 5 crystals (Fig. 2.13).

2.2.6 Extreme-forward calorimeter

The extreme-forward calorimeter covers the small and large values of 6, from 6.4° to
11.5° and from 163.3° to 171.2°. It was designed to improve the sensitivity to processes
such as Bt — 77v,, and to provide tagging information for ~+ physics. In addition, it
provided important information for beam monitoring and luminosity measurements. This
calorimeter is made with bismuth germanate (BGO, Bi;Ge3015) crystals. Each part of the
detector is segmented into 160 cells (Fig. 2.15). The system is located in a harsh radiation
area and wasn’t used in recent analyses.

2.2.7 Solenoid and yoke

A magnetic field in the central part of the detector is required to curve the particle trajec-
tories. The momentum of a track can be measured from its curvature. The subdetectors
described above are located inside a cylindrical (3.4 m diameter x 4.4 m length) super-
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Figure 2.15: EFC isometric view.

conducting solenoid which provides a uniform magnetic field of 1.5 T. An early field map
(Fig. 2.16) and calibration gave a magnetic field precision of about 0.25% as checked with
the measured J/) mass. The 1132-ton iron yoke provides the structure of the detector, but
it is designed for two other purposes: a return path for the magnetic flux and an absorber
for K 2 and muons (see below).

2.2.8 K-long and muon system

Long-living neutral hadrons (such as K?) and muons can only be detected in a very mas-
sive detector. This is the purpose of the K-long and muon (KLM) system located in the iron
yoke.

It consists of successive layers of charged particle detectors (resistive plate counters,
RPC) and iron plates (4.7 cm thick). In the central part (barrel), there are 15 layers
of detectors and 14 of iron, providing approximately 3.9 interaction lengths (Fig. 2.17).
The end caps are similarly instrumented. The neutral K meson produces a hadronic
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Figure 2.16: Overall view of the magnet and B field map.

shower when interacting in the iron, allowing for position detection. However, no useful
measurement of its energy is possible because of the fluctuations of this shower. The
muons easily go through all the detector and the hits in the RPC allow for energy and
position measurements. Other charged particles, such as pions and kaons are stopped in
the system and can easily be separated from muons.

The KLM information (presence of hits in the central/forward/backward regions) is
sent to the trigger. The KLM provides efficient muon identification with more than 90%
efficiency and less than 5% fake rate for p, > 1.5 GeV/c. The K detection is also per-
forming well, with the expected rate of 0.5 per hadronic event (Fig. 2.18).

2.2.9 Trigger and data acquisition systems

An important part of the Belle experiment is the trigger and the data acquisition systems
(DAQ, Fig. 2.19). Many events are not interesting for physics studies, like eTe™ scattering
(Bhabha interactions), beam-gas interactions, interactions in the beam pipe, cosmic rays,
etc. The trigger is designed to ignore background as much as possible and keep inelastic
ete™ interactions with high efficiency, within a very short decision time. The overall Belle
trigger can work up to an output rate of 500 Hz.

A hardware “level 1” trigger (Fig. 2.20) has a designed latency (time to process one
event) of 2.2 us; the subdetector signals have a maximum latency of 1.85 us in order to
let 350 ns for the Global Decision Logic (GDL) to form the trigger signal. In total, the GDL
receives and can combine up to 94 trigger signals. It delivers a 96-bit signal. For instance

(ncdr_short>2)&&(ncdr_full>0)&&e_low&&(nicl>1)&&tsc_gel&&(!iveto35) ,

is a trigger signal used for the selection of hadronic events. It corresponds to at least three
short and at least one long track in the CDC, at least two clusters in the ECL (one of them
having more than 0.5 GeV), at least 1 hit in the TSC and no beam injection. If the event
passes any of the trigger signals, all the subdetectors are read out and the selected event
is sent to the event-builder farm (EFARM) and finally to the reconstruction farm (RFARM)
before being saved to tape. Before ~ 2007, a level-3 software trigger was rejecting events
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cluster and the missing momentum, during a KEKB commissioning run. Right: muon
detection efficiency as a function of momentum. The muon likelihood, made of SVD (if
available), CDC and KLM information, is required to be larger than 0.66.

in the RFARM in order to save tape space and offline reprocessing time. This trigger
was based on an ultra-fast track fitter. With the improvement of computing storages and
performances, this level-3 trigger could be disabled in the last years of data taking.

Because of the continuous injection scheme, the events that are in coincidence with
injection are not good for physics studies. A veto is sent by the accelerator to the trigger
in order to forbid event recording at these moments (around 6 times per second).

The raw data are then reprocessed off-line and converted to physics data (4-momenta,
likelihood values, etc.) to be stored on other tapes (data summary tape, DST).

At this stage, a classification is made between the different types of events. The study of
B mesons are typically performed on the HadronBJ events, i.e. events passing the so-called
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Table 2.2: Cross-section o, efficiency ¢, and visible cross-section os = o x ¢, for ete™
processes at /s = 10.58 GeV [149]. ¢q events refers to light-quark production, ¢ =
u,d, s,c; QED refers to Bhabha scattering. The typical number of events per second is
given for L = 2 x 10** cm~2s~!. For comparison, the bb cross section at /s = 10.87 GeV is
o = 0.3 nb.

bb  ¢q¢ 7ttt QED ~y Beam-gas

o (nb) 1.1 33 093 378 11.1 —

e (%) 99.1 795 49 0.002 04 —

ovis (nb) 1.09 262 0.05 0.001 0.04 0.11
typical rate (Hz) 21.8 524 1.0 0.02 0.8 2.2

HadronB requirement or the J/i) selections. These events are recorded on the mini-DST
(mdst) which are read for physics analysis. In Table 2.2, the trigger efficiency for various
ete™ processes is reported. At Y(4S) energy, there are, each second, an average of 22
ete™ — bb events recorded on tape together with 52 e*e™ — ¢q (¢ = u, d, s, ¢) continuum
events. The latter are discriminated in the selection with the Rs variable (see below).
At the Y (59) energy, the bb events are about three times less frequent than at the Y (45)
resonance.

Data samples are further reduced for specific purposes with tighter skimming criterias.
Only the location of the qualified events are saved into index files. This procedure largely
reduces the amount of data to be analysed. For instance, in Sec. 3.4, the index file for
preselected dilepton events is used.

2.3 The Belle data set

The main Belle data used in this work are the collisions recorded at the Y (5S) energy
(Table 2.3). The whole 121 fb~! are used for the dilepton results presented in Chapter 3,
while only the first 23.4 fb~! are used for the results of Chapter 4. A subset of so-called
continuum data (Table 2.4), recorded at 60 MeV below the Y(45) energy, was used for
background subtraction in Chapter 3. The luminosity of these datasets is measured [150]
with the processes eTe™ — vy and eTe™ — eTe~ (Bhabha scattering), for which the ECL
performances are crucial.

2.3.1 Determination of the centre-of-mass energy

As explained in Chapter 4, the B? and B’ masses can be determined with exclusive fully-
reconstructed B! decays. The CM energy must be known, together with its uncertainy, to
provide a correct measurement of the B} mass.

The CM energy is determined with fully-reconstructed Y (55) — T(15)(— putp ) r 7~
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Table 2.3: Y(55) data samples. The reduced 23.4 fb~! sample corresponds to the first two
lines. Each Belle data-taking period is called an “experiment” and receives a unique integer
number (increasing with time). An odd (even) number indicates a physics (calibration)

experiment.

Date Experiment Run range(s) Line (b~
June 2005 43 1013 -1034 1.857
June 2006 53 1-272 21.513

Oct.-Dec. 2008 67 98 — 696 27.222
Apr.-June 2009 69 12 - 819, 892 - 1309 47.830
Oct.-Dec. 2009 71 27 — 221, 2001 - 2185, 2194 — 2244 22.938
Total 121.36 fb~ !
Table 2.4: Continuum data samples used in Chapter 3.
Date Exp. Run range(s) Lint (fb™H
Spring 2005 43 559 - 604, 924 — 972 6.448
Autumn 2005 45 383 -421 2.295
Autumn 2005 47 550 - 622 3.413
Winter 2006 49 553 - 706 2.567
Spring 2006 51 1312-1395, 1778 — 1805 4.878
Autumn 2006 55 793 - 853, 1579 — 1677 7.665
Autumn 2007 61 668 — 739 2.466
Spring 2008 63 618 - 679 5.212
Spring 2008 65 626 — 687 4.374
Autumn 2008 67 698 — 742 3.206
Spring 2009 69 823 -887, 1311 - 1397 4.874
Autumn 2009 71 2249 - 2292 1.022
Total 48.420 fb~!

events [151, 152], by measuring the quantity Am = mxr — Myy,. Assuming® my . =
\/s, the CM energy is estimated as /s = Am +my(;5) where my ;5 is the nominal T(15)
mass [37].

Am is first measured in MC data, where /s and the T(15) mass are known without

3The radiative corrections, if any, are assumed to be the same for T(15) and B? productions.
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uncertainties; the central value of m,, = /s — Am = 9460.5 & 0.1 MeV/c? is 0.2 £+
0.1 MeV/c? larger than expected. In other terms, the CM energy measured with Am +
7711\16/1(01 ) = 10868.240.1 MeV/ c?is 0.2+0.1 MeV /c? lower than the CM energy input value,
10.8684 GeV. A correction of § = 0.2 + 0.1 MeV/c? should be added to the result for the
CM energy.

In 21.5 fb~! of data (Experiment 53), representing 92% of the data used in Chapter 4,
Am = 1406.5 & 0.5 MeV /c? is measured (Fig. 2.21). Then, the corresponding CM energy
is /5 = Am + my() + 6 = 10867.0 £ 0.6 MeV. The 0.6 MeV uncertainty is rounded
to 1.0 MeV in order to include other possible systematics (e.g. momentum calibration:
~ 0.2 MeV). The final value is then

Vs =10867.0 + 1.0 MeV , (2.1)

which can be compared with the official estimates obtained from the KEKB machine
parameters, 10.869 GeV (Experiment 43, 1.86 fb!) and 10.871 GeV (Experiment 53,
21.5 tb™1).

2.3.2 Continuum event rejection

At the Y (59) energy, for each interesting eTe~ — bb event, nine non-interesting continuum
ete™ — qq events (q = u,d, s, c) are recorded (Table 2.2). In the light-quark production
process, a lot of energy is carried by the produced quarks. Because of momentum con-
servation, the quarks are traveling back-to-back in the centre-of-mass frame, forming two
jets. In contrast, when a pair of B mesons is produced, most of the energy is converted
into mass, and the products have small momenta. These events have a spherical shape.

The second Fox-Wolfram moment, Ry = Hs/H, [153], is an observable that quantifies

the event “jettiness” (Fig. 2.22). By setting a maximum value of Ry, most of the continuum
events can be removed while keeping a maximum of bb events.
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events.

2.3.3 Particle identification

Detected particles have to be correctly identified. Most of charged tracks are either pro-
tons, kaons, pions, muons or electons. Likelihood quantities are formed in order to dis-
criminate between these five choices. The charged tracks have all some vertex require-
ments: they must have an impact parameter with respect to the interation point smaller
than 0.5 cm in the radial direction (dr) and smaller than 3 cm in the beam axis direction
(02).

For distinguishing kaons from pions, a likelihood ratio,

Lk

== 2.2
RK/ﬂ L+ L’ (22)

is computed with information coming from the ACC, TOF and CDC (dE/dx measurement)
sub-detectors [154] where Lx (L) is the likelihood for the kaon (pion) hypothesis. The
limit is set at 0.6, i.e. a track with R/ < (>)0.6 is identified as a pion (kaon). The typical
identification efficiencies of pions and kaons are above 80%, while the fake rate are below
10% [154].

For electrons and muons, electronic likelihoods £. and £, are formed and tracks
with £.(£,) > 0.8 are identified as electrons (muons). The electrons are identified with
charged tracks with matching ECL showers [155]. The muons are identified with charged
tracks that have matching hits in the KLM [156].

Tables of efficiencies and fake rates are available for systematic uncertainties estima-
tions [157-159]. The efficiency uncertainty of kaon indentification is 1.43% and 1.72%
for pion.

The only detected neutral particles used in this work are the photons. Photon candi-
dates are indentified from ECL showers with E, > 50 MeV, Eq/FEs; > 0.85 and 17° <
6, < 150° [160]. Tables for systematics uncertainties associated with photons are avail-
able [161]. Neutral pions are reconstructed from two photons, and contrained to have an
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invariant mass equal to the nominal 7% mass (under an assumption for the 7° production
and decay point). The identification systematics uncertainties is detailed in Ref. [162]

2.4 Summary

The KEKB accelerator and the Belle detector are research instruments dedicated to the
production and the detection of B mesons. Their performances are designed for precise
studies of C'P-violation in B decays. An increase of the centre-of-mass energy allowed
for BY production, while the operation and trigger remained unchanged. The experience
gained with the standard data at Y (4S5) could be used directly for the pioneering Y(55)
runs.
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Chapter 3

BY production at the Y (55)

Because the Y (5S) mass is substantially larger than the BB threshold, the production of
bottom mesons at the Y(5S5) resonance is more complex than at the T(4S) resonance.
In particular three different species of bottom mesons can be produced: B*, B° and
BY. An important motivation to study BY production at the Y(5S) is the possibility to
determine the number of B? mesons present in the data sample, N B0, such as to enable
the measurement of BY branching fractions: from the number of reconstructed B? events
in a given channel, N,.., and the total efficiency, ¢, the branching fraction can be obtained
with the relation

L Nree

B =
NBQ €

3.1)

The study of B? production at the Y (59) is also interesting on its own right and is part
of a much broader task: identifying and measuring all the Y(55) decay modes.

In this chapter, we review the existing measurements of the Y (5S5) branching fractions
and combine all the available information to extract the best possible estimate of the
fraction of BY events in Y(5S5) decays. Ideas for new measurements of this fraction are
then presented. The one that appeared to be the most promising is then deployed as an
analysis of the full T(55) data sample, resulting in a new measurement.

3.1 Overview of eTe™ collisions at the Y (5S5) energy

3.1.1 b-quark production

The heavy flavour quarks can be produced in electron-positron annihilation. They are
always produced by pair of a quark and its antiquark (conservation of quark flavours
by the strong interaction). At low energy, this pair can appear as a bound state, called
quarkonium. Non-relativistic QCD describes well this type of systems. Charmoniun (cc)
and bottomonium (bb) states have been extensively studied [163].

The Feynman diagram governing the creation of a pair of bottom mesons (BTB~,
B°B°, BYBY, etc.) is presented in Fig. 3.1. At a centre-of-mass energy much below the Z°
mass, the ete™ annihilation and the subsequent hadronisation of the ¢g pair are governed
by the electromagnetic and strong interactions which conserve both parity and charge

49
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Figure 3.1: Leading-order Feynman diagram of an e*e~ annihilation producing a bottom
meson pair though a bb (T) resonance. At the Y (45) (Y (55)) energy, q can be a u or d (u,
d or s) quark. At energies much below the Z° mass, the virtual particle is dominantly a
photon.

conjugation. The final state is a coherent quantum state with defined C = C(v) = —1 and
P = P(y) = —1 eigenvalues.

To produce bottom mesons the minimum centre-of-mass energy of the collision must
be larger than the open-beauty threshold!, i.e.

Vs> 2mpc? ~10.56 GeV (3.2)
for creating B+ and B° mesons, and
Vs > 2mpo ¢® ~10.73 GeV (3.3)

for producing B? mesons in addition to B+ and B mesons.

In order to produce bottom mesons with maximum efficiency, it is better to run at
a centre-of-mass energy where the process ete~ — bb has a large cross section. The
measurement reported on Fig. 3.2 show three distinct Y resonances: Y(45), Y(55) and
T(6S). The first resonance above the BY BY energy threshold is the Y(55).

The mass of the Y (45) resonance is remarkably convenient for the study of B mesons.
It lies just above the BB threshold, but is too small to produce excited B* mesons, or an
extra particle. B meson pairs produced at the T (45) mass are C-odd coherent B™ B~ and
B°BY states. The B factories have been built to take advantage of this unique situation.

In contrast, the situation is more complex at the Y(5S5) resonance, but this is the
price to pay to get BY mesons: its production cross-section is three times smaller and
excited B* and B} states are also present. The collision can produce several types of
By, pairs and up to two additional pions can also be produced in association with a BB
pair. The types of events involving bottom meson pairs at the Y(55) energy are shown in

Fig. 3.3, where their corresponding fractions are defined. The excited BE*S) mesons decay

electromagnetically to their ground state via the process BE*S) — Bg)7-

The bb production cross-section?, o(e*e~ — Y(55)), has been measured by subtracting
the eTe™ — ¢qq (¢ = u,d, s, c) component obtained just below the T(4S) resonance. With

!The notation B refers to the B* or B® mesons. B
2Throughouﬁt this thesis, the notation Y'(55) is used also for all the bb pair at YT (55) energy, including the
non-resonant bb pairs.



3.1 Overview of ete™ collisions at the Y (55) energy

51

Rb C BB BB BB BB BB B
- T(49)
R
1

1.6

1.2

4

0.8
T(55) T(65)

L s date
)
4 4 bt "‘ U K “0.’,‘ o 4%‘0 ’
; u ¢ ¢ ¢ 4
o 3 T “#‘6" o D DALEOA ek LR AT )
RN A ¢ LA TN

0.4

¢

IJI|III|III|III|III|III|III|III

106 107 108 100 11 111
Vs (GeV)

Figure 3.2: Energy scan in the Y(4S) — T(6S) region by Babar [164]. The normalised
b-hadron cross-section, R, = o(ete™ — b-hadrons)/o(ete™ — ptp™), is plotted against
the centre-of-mass energy. Vertical lines shows the BB, B*B, B*B*, B’BY, B*B? and
B! B! energy thresholds, from left to right. In this energy range, o(ete™ — utpu™) =

410 (16)? 2 0.75 nb.

o

0.42 fb~!, the CLEO collaboration reported [165]
olete” — Y(55)) = 0.301 & 0.039 nb, (3.4)
while the Belle measurement, with 1.86 fb~!, is [3]
olete” — Y(55)) = 0.302 £ 0.015 nb. (3.5)
The weighted average of these two measurements is chosen for our numerical calculations:

olete” = Y(55)) = 0.302+0.014 nb . (3.6)

3.1.2 Composition of the Y (55) events
The T(55) events are divided into three categories:
1. events containing two strange bottom mesons, whose fraction is defined as

o(ete= — B BY)

oglete — T(59)) ; (3.7)

fs:

2. events containing two non-strange bottom mesons, whose fraction is defined as

olete” - BWBM (X))
oletem = T(55))

fu,d = (38)
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Figure 3.3: Classification of hadronic events produced in e*e™ collisions at the T (59)
energy. The arrow labels define the fractions inside the categories. The subdivision of the
non-strange B meson categories are driven by the experimental method to measure these
fractions.

3. events containing no bottom meson, whose fraction is defined as

U(€+€_ — non-B(S)B(S))

fe = olete= = Y(59)) (39
By definition, the sum of the three fraction equals unity;,
fs+ fuat+fr=1. (3.10)

Three hadronisation modes with BY pairs are kinematically allowed?, T(55) — BYBY,
Y(59) — BB and Y(5S) — B!B:. As will be shown in Sec. 4.4.1, our study of
BY — D7 7" events provides measurements of the relative abundance of these modes:

+ - B*B*
Py = 2 2B (901 2 5.9)%, (3.11)
**  o(ete” — Bs'’'Bs ))
+e¢— — B*BO
Fppo = olele” = = —?*)) = (7.3+3.2)%, (3.12)
" o(ete — Bs 'Bs)
Fgogo =1 — Fpip: — Fpogo = (26 £2.6)%. (3.13)

3Throughout this thesis, the notation B(,)Bs) refers to the two B{,, B(s) and B(,)B(,, states.
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Figure 3.4: Scatter plot [166] of the beam-constrained mass M. and energy difference
AF (defined later in Sec. 4.1) of B — Ja)K* candidates in 23.4 fb~! of T(55) data,
showing the signal region and its subregions.

This shows that most of the B? mesons are produced by the decay chain Y(55) —
B:B:, B — BY%.

The Y(55) events can also contain a non-strange BB pair. Because of the significant
energy release (/s —2mp c¢? ~ 290 MeV), excited B* mesons can appear, as well as three-
or four-body modes [167], as detailed in Fig. 3.4. The composition of these non-strange
B meson events has been measured as follows by Belle [166]:

olete” — B*B*)

B*B e X(E)) = Jea X Fase = (BT5£36)%, (3.14)
.= o(ete” - B*B) -
B*B et S TG = Jea * Forp = (13T £ 1%, (3.15)
_ o(ete” - BB) -
BB et ST Gg)) = Jud % Fes = 65 £10)%, (3.16)
_ +e~ () B X)
(*) B(*) 0'(6 e — B _ B _
BOBOX N Gey) = fud X Faopox = (IT5£2.1)%, (317)
. o o(ete™ — B*B*m) ,
B*B — =Fr.5..=((b9x+75%, 3.18
T oete S BOBOX)  Tmem =l )% (3.18)
= o(ete” — B*Bm) ,
B*B — =FL.5 =(41.6 £11.8)%, 3.1
T oete S BOBMX)  LmEr = % (3-19)
_ o(ete” — BBm) ,
BB — =F,z =(02+6.7 3.20
i o(ete” — BHBX X) B5r = ( )%, ( )
residual 1 — Fl. o — Flhp — Fly = (523+15.5)%. (3.21)

About half of the events with more than two bodies are not three-body events. This
surprisingly large fraction is interpreted as initial state radiation producing a BB pair
at a lower centre-of-mass energy. The decay e*e~ — BBn is also allowed, but the phase
space (~ 37 MeV) is too small to give such a large fraction. In the following, we will
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Figure 3.5: Background-subtracted experimental spectrum [172] of the missing mass in
dipion events, MM (rt7~) = \/(\/E - E7’§+7r_)2 —pr2__, at the T(55) resonance, with
a fit including known bottomonium resonances. Several of them, interpreted as being
produced by Y(55) — (bb)mTn~ decays, are observed. The two unlabelled peaks near
9.98 and 10.32 GeV/c? correspond to the Y(nS) — Y(19)n* 7~ (n = 2,3) decays. The
Y(55) — Y(1D)ntn~ signal, which has a statistical significance of only 2.4, is not in-
cluded in our calculation of fg‘i“.

assume that the B+ and B” mesons are produced in equal numbers?, like at the Y(49)
energy [12].

Finally, bb events can contain a bottomonium resonance below the open-beauty thresh-
old. The fraction of these events without B meson, fp, is expected to represent only
a few percents and was often ignored in previous work®. Some of them, the Y(55) —
Y(nS)rtr™ (n=1,2,3) [151], Y(5S) — T(1S)K+ K~ [151], and Y(55) — hy(nP)rtn~
(n = 1,2) [172] decays, have been observed by Belle (Fig. 3.5), from which the following

*However this assumption could be challenged in presence of an exotic resonance. For instance, a
tetraquark component can enhance the B°B° pairs by a factor o(BT™B~)/o(B°B°) ~ 0.8 + 0.1. Indeed
Ref. [168] reports o(BYB™)/o(B°B°) ~ 1 — 0.2/(x* + 0.27) with x = 0.87 4 0.13 [169]. See also
Refs. [170, 171] for predictions from the tetraquark hypothesis.

>In Y (4S) decays, they represent less than 4% (at 95% C.L.) [173] and the observed decays add up to ess
than 0.03% [37].
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branching fractions were extracted:

B(Y(5S) = Y(1S)ntr™) = (5.3 +0.6) x 1073, (3.22)
B(Y(5S) = YT(2S)ntr™) = (7.6 £1.2) x 1073, (3.23)
B(Y(55) = Y(3S)nTr™) = (4.8 +1.8) x 1073, (3.24)
B(T(58) = Y(1S)KTK™) = (6.1+1.8) x 1074, (3.25)
B(Y(55) = hy(1P)m 7™)
BT(3) = T (28)r ) ~ 0.407 + 0.100, (3.26)
BIT(5S) = hP)m™m7) _ 25 4 19, (3.27)

B(T(55) — T(28)m+7-)

Summing these measured branching fractions, and adding also the contribution of simi-

lar decays but with pairs of neutral pions and kaons estimated from isospin invariance®,

yields”
B(Y(5S) — Y(nS)hh) = (2.8 +0.3)%, forn=1,2,3, h=m, K , (3.28)
B(Y(5S) = hy(nP)rm) = (1.4+0.6)% , forn=1,2, (3.29)
with a grand total (taking into account correlated errors) of
BS(Y(58) — (bb)hh) = f™ = (4.13 £ 0.55)% (3.30)

for all observed decays involving a bb resonance below the open-beauty threshold. We take
this as our lower limit for the fraction of bottomonium events at the Y (55), fg.

3.2 Existing measurements of f; and f, 4

Several measurements of f; and f,, have been published. Most of them assumed no
bottomonium production, i.e. fp = 0. We average them at the end of this section without
this assumption.

3.2.1 Measurements of f, 4 with fully reconstructed B® and B+ decays

fu.a can be measured by reconstructing B and B decay modes with reasonably large and
well-known branching fractions, and assuming the numbers of charged and neutral non-
strange B mesons to be equal. The CLEO collaboration applied this method on 0.42 fb™!
of Y(55) data and obtained [165, 174]

£ = (58.9 £ 10.0 £9.2)%, (3.31)

which is presented in their articles to be equal to (1 — f).
Another measurement with 23.4 fb~! by Belle gave [166]

FEN) = (737 £3.2+5.1)%. (3.32)

®Isospin conservation in the strong decay Y (55) — (bb)mm, where (bb) is a bottomonium resonance, leads
to a pair of pion with total isospin 0, hence B(Y(5S) — (bb)r™n~) = 2 x B(Y(5S) — (bb)n’7®); similarly
B(Y(5S) — (bb)KTK™) = B(Y(55) — (bb) K°K").

"The decays Y(55) — T(nS)KK (n = 2,3) and Y(55) — hy(nP)KK (n = 1,2) are kinematically
impossible at /s ~ 10.865 GeV.
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3.2.2 Measurements of f, with inclusive D", D° or ¢ production

All the other existing determinations of f; or f;, 4 so far are based on the measurement of
inclusive production rates in B and Y (55) decays using the formula
1

3 X Bt (Y (55) = AX) = fs x By (BY = AX) + fua X B (B — AX)

% % [ % B (T(55) = (b)hh — AX), (3.33)

where Bt (P — AX) is defined as the multiplicity of A in P decays:

Bt (P — AX) = Zz x B(P — “i times A” + “anything without A”). (3.34)
i=1

The term § x fp X Buu(Y(55) — (bb)hh — AX) is neglected, because the value of fp
is only a few percents and the efficiency of the process Y(55) — (bb)hh — AX is much
smaller than that of the B,) — AX modes.

Two quantities need to be measured, B,,;1(B — AX) (for instance at the YT(4S5) en-
ergy) and B (Y(55) — AX). Buu(BY — AX) is a model-dependent estimate. f, can
be obtained through Eq. (3.33), with the approximation fp = 0, i.e. f, 4 = 1 — f;. Obvi-
ously this only works if Byui(B — AX) and By (BY — AX) are significantly different
from each other; for example this methods is not expected to work with A = J /4.

This method was applied with A = ¢ and A = D7 by the CLEO collaboration using
0.42 fb~! of Y(5S5) data; based on the model-dependent estimates By, (B? — ¢X) =
(16.1 £ 2.4)% [165] and By (B? — Dy X) = (92 £ 11)% [175], they get [165]:

fPCLEO) - — (94,6 4+ 291110V (3.35)
fPs (CLEO) - — (16.8 + 2.6 751)%. (3.36)
On the other hand, Belle used 1.86 fb~! of T(55) data with A = D7 and A = D°; based on

the model-dependent estimates By, (BY — Dy X) = (92 4+ 11)% [175] and B (B —
DYX) = (8 £7)% [3, 1751, the following more precise results were obtained [3]:

fPs Belle) — (179 4+1.4+4.1)%, (3.37)
FPBelle) (181 4 3.6£7.5)%. (3.38)

As seen in Egs. (3.35)-(3.38) and explicited in Table 3.1, these measurements are
largely dominated by systematic uncertainties. A way to get rid of the model dependence
would be to measure By(B° — Dy X), Byt (B? — ¢X) and By (BY — D°X) in
BY-tagged events, which is currently out of reach (see Sec. 3.3.3).

3.2.3 Simultaneous fit of f;, f. 4 and fp

This section describes our fit implementation for averaging the previously discussed f, 4
and f; measurements and taking all the known correlations into account. An earlier ver-
sion of our fit results were included in the HFAG compilation of heavy flavour results [12].
A fit of the six existing measurements (Egs. (3.31), (3.32) and (3.35) to (3.38)) allows
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Table 3.1: Uncertainties affecting the CLEO and Belle determinations of fs from the mea-
surements of inclusive ¢, D; and D° production. The sign of the correlations are indicated

[1% ”

as “+” or “F”.

Source Uncertainty on f by analysis
CLEO [165] Belle [3]
é Dy Dy DY
Data statistics:
~0.42 fb~! (CLEO) or 1.86 fb™* (Belle) +0.029 | +0.026 | +0.014 | +0.036
Experimental systematics:
— Estimate of number of bb events F0.068 | F0.036 | =F0.015 | +£0.050
— Other experimental systematics +0.058 | £0.031 | +0.013 | +0.030

External measurements:
— Boat(B — ¢X) = (3.53 £ 0.30)% [165] +0.017 — — —
—B(Dy — ¢77) = (4.4 +0.6)% [176] — | F0.026 | F0.027 —
= Bt (B = Dy X) x B(D; — ¢m7)

= (0.381 +0.015)% [175, 176]
— Bt (B = DYX) x B(D® — K—77)

— | F0.008 | F0.003 —

— — — | £0.040
= (2.43+£0.10)% [176]

Model-dependent estimates:

— Bt (BY = ¢X) = (16.1 +2.4)% [165] 70.046 — — —

— Bt (B? — D7 X) = (92 £ 11)% [175] — | F0.022 | F0.024 -

— Bt (B? — D°X) = (8 £ 7)% [3, 175] — — — | £0.023

Total 0.106 0.064 0.043 0.083

the three fractions, f;, f, 4 and fp, to float, but with their sum constrained to 1. In order
to take into account the correlations induced by the external inputs and the experimen-
tal systematics, we recalculated the raw measurements of the efficiency-corrected signal
yields for the four inclusive Y (55) modes. The event yield of the CLEO f,, ; measurement
is also directly used. Those quantities, reported in Table 3.2, are assumed to be fully
uncorrelated.

A x? quantity (defined in Table 3.2) is formed from the six raw measurements and the
constraints from external parameters (Table 3.3); it is minimized by floating the three
fractions and all external parameters with the Minuit software [178]. The branching
fractions have been adjusted to their latest world averages, whenever available. Two
constant factors are used to multiply the BY — ¢X and B — ¢X branching fractions in
the inclusive ¢ CLEO analysis, af = 0.974 and afi 4 = 0.964 [165]; this is because the
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Table 3.2: Raw measurements and x? expression used in the fit for the fractions fs, f.. 4
and fp. See explanations in the text.

Raw measurement and its equivalent expressions Value Ref.

pgimo N(X(S) = PTG OxBlo = KTET) 6 19 1yx108  [165)
B(Y(55) = ¢X)x NF#s)

yoeeo N(Y(68) = D7 X)CLEO /(¢ IC)IS;E)? xB(¢p = KTK™)) (2,58 % 0.30) x 10° [177]

P B(Y(55) = Dy X)xB(D; — g ) x NEHEO [165]

pgsete N(X(3S) — DIX)PAe/ (Pl < B(o — KTK7))
B(Y(5S) — Dy X)xB(Dy; — ¢~ )XNB(eg;)
N(Y(5S) — DOX)Belle/gBeue

B(Y(5S) = D°X)xB(D? — K—nt)x NBelle

Y(55)
yoweo N(Y(5S) = BB(X))“LEO

53.2+9.1 [174]
BBX
fuae5"PO (L + o) Ny ey

MPSS  fua(l+08) (13.7+52)%  [166]

(11.65 £0.79) x 10 [3]

MBgle (22.94 £1.11)x10°  [3]

Global x? expression:

2

L [ MVEO —2NGLEO ( FB(BY = 6X)al + fuaB(B — ¢X)a? d)
X = o( MgLEO)

+

MELEO — aNCLEO (fB(BY — Dy X)B(D; — ¢7) + fuaB(B — Dy X, Dy — ¢77))\
o(MCTFO)

+

o (ME)

_|_

Mpgle —2NpRele (fB(BY — DY X)B(D° — K~7nt) + fuaB(B — D°X,D° — K~=)) ?
(MBglle)
D

+

CLEO
MBBX

(MBG“@ INBN (fLB(BY = Dy X)B(D; = ém°) + fuabi(B > Dy X, D = gm)) ) :

Mg]%lg{o NCLEOfud( +0_B) CLEO N Mgeél)e( _ fu,d(1+0'8) 2
)

(OHR)

_ min) 2 _ 2 s 2
(fmm—f )<fB( fB ) +<1 (fs"’fu,d“‘fB)) +<W>

o f%lln) €

+ 12 individual Gaussian constraints on all the inputs of Table 3.3 (except fglin)




3.2 Existing measurements of f; and f, 4

59

Table 3.3: Independent external inputs used to fit f;. The values derived from Ref. [37]
(5th and 8th lines) are the product of the two separate branching fractions; their error is
the quadratic difference between the two individual errors: in Ref. [37], the uncertainty
of the second branching fraction is included in the uncertainty of the first. All but fmm

are constrained separately in the y? expression with a term ((z — xo) /o0)?, where z is the
variable used in the other y? terms and x( + oy is the value reported in this table.

Input Value Comment Ref.
NC(LE()) (1.27 £ 0.01 £0.16) x 10° [165]
NYGS) (5.61+0.03 +0.29) x 10° [3]
gGLEO (7.114£0.57) x 10~* adjusted [165, 174]
0B 0.00 = 0.04 err. B(B/*) [166, 174]
B(B— D;X,D; — ¢r) (0.374 £ 0.014)% derived from [37]
B(B? — D; X) 92+ 11)% model-dependent [175]
B(D; — ¢n™) (4.5+0.4)% [37]
B(B— D°X,D° — K—nt) (243 +£0.11)% derived from [371
B(B? — DX) 8+7% model-dependent  [3, 175]
B(D° — K—7t) (3.87 4+ 0.05)% [37]
B(B — ¢X) (3.43+0.12)% [37]
B(B? — ¢X) (16.1 +2.4)% model-dependent [165]
i (4.13 £ 0.55)% Eq. (3.30) [151, 172]

¢ kinematic range is restricted to x = p*/Epeam > 0.05, which encompasses 97.4% and
96.4% of the ¢ coming from B? — ¢X and B — ¢X decays, respectively. Such formulation
allows for the update of this analysis with the most recent world averages of B(B, —
#X). A 4% uncertainty due to the branching fraction of the B*/% decays is common in
the f, 4 measurement of Belle and CLEO. This 4% error is subtracted (quadratically) from

fl(LBdeHe) and £$FO and added back with the (1 + op) factor in the x2. The fraction fp is
constrained by its lower limit given by Eq. (3.30); this is done with an additional Gaussian
term in the y? only when f p is smaller than the central value of fgli“ (hence the presence
of the Heaviside step function H in the x? expression of Table 3.2). The value of the ratio
fs/ fuqa (with its uncertainty) is also desired as an output of the fit procedure; therefore
an additional free parameter representing this ratio, p¢ ,, is included in the x* expression
and constrained to be equal to f,/ fy 4. 7

This method has two advantages: the measurements are updated with the most recent

PDG branching fractions and all the known correlations® between the inputs are correctly

8The relative small error of B(¢p — K+K™), 1%, is small and therefore the correlation it introduces
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handled. The alternative fitting method reported by the PDG [37] and by HFAG until
2009 [179] requires a linearisation of f; around the original input parameters while this
new method uses the exact formulae, and accounts for additional known correlations (the
number of bb events for each experiment, etc.).

With the constraint fp = 0, the minimisation fit returns a value of (21. 513 3) % for
fs =1 — fu 4. The final results, obtained with fp allowed to float, are

f =(19.9+3.0)%, (3.39)
fua = (75.9737) %, (3.40)
fBo= (41553 %, (3.41)

R s
— = (26.3%3 3.42
pu,d fu,d ( ) ( )

The above average of f, has a 15% relative uncertainty. It will be used for the B? branching
fraction measurements presented in Chapter 4, for which it represents one of the main
systematic uncertainties.

3.3 Other possible methods for measuring the B? production

3.3.1 Alternative with fully reconstructed B° and B* decays

We propose here a variant of the method described in Sec. 3.2.1, using two samples, one
collected at the T (4.5) resonance and another one collected at the Y (55) resonance. If we
measure the yields of a specific exclusive B+ or BY decay mode i in these two samples,
called YiT(4s) and YZ.T(5S ) respectively, then we expect

yras) _ NTES) oy €. T(45) (3.43)

) bb ’
yI6S)  _ Y(5S) % fud 165 (3.44)

f X B; x €,

where N ?(43) and N 1:(55)

the product of the branchlng fractions of the reconstructed mode 4, and e, and e
are the total signal reconstruction efficiencies. Summing over many excluswe modes,
taking the ratio of the two equations, and solving for f,, we obtain, assuming fp = 0,

are the number of bb events in the two analysed samples, B; is
T(4S) (55)

45) ZY (55) Z15,”45)

(5.5‘) 4S) T(55) °
Nbb Z Y Z BZ €

fo=1-— (3.45)

We examine in turn the uncertainty on each of the three fractions appearing in this ex-
pression, from right to left:

e In the limit where 6?(45) = 6}(55), which should be a very good approximation if

the selections are made “identical” in the two samples, the last fraction of the above
expression is equal to 1 without error, i.e. the uncertainties on the branching frac-
tions 3; become irrelevant (in practise, there might be small difference between the

between the inclusive ¢ and D; analyses has been (safely) ignored.
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efficiencies, leading to a fraction slightly different from 1 but which can in principle
be obtained from Monte Carlo with a precision as good as desired).

e The uncertainty on the ratio of the total yields (second fraction in the above ex-
pression) will be dominated by the statistical uncertainty on the total yield at the
T (5S5), as long as the size of the Y(5S5) sample is much smaller than that of the
Y (4S) sample. Using modes which can be reconstructed with high purity such as®
B — J/wK™, B — D®rt or B — D™ p*, the total efficiency 3", Be; can be ex-
pected to be around 5 x 10~*. With integrated luminosities of 100 fb~! and 800 fb~!
at the Y(55) and Y (4S5) respectively, this would imply >, Y;T(SS) ~ 20k events and

> YZ.Y(45) ~ 900k events, hopefully a total uncertainty not in excess of 1%. It should
be noted that, for this measurement, it is not necessary to separate the yields from
the different regions in the AE — M, plane. A fit of the invariant mass of the recon-
structed B candidates, without constraint from the beam energy, would be enough
to extract the total yield, similar to what has been done by CLEO [174]. Alterna-
tively, a fit of a linear combination of M. and AF can do the same with a better
resolution [166].

e The relative error achieved by Belle on N%MS) is 1.4%. However NbTE(5S) presently

has 4.8% uncertainty, limited by the luminosity precision. With some effort, it could

be improved to 3% [180].

Putting everything together, we expect an uncertainty of 4 — 5% on (1 — fs), hence of
~ 16 — 20% on fs (if fs ~ 0.2). Clearly the disadvantage of this method if that the nice
relative precision obtained on (1 — f;) is diluted by a factor 1/fs — 1 ~ 4 when translated
on a relative precision on fs.

3.3.2 Measurement of f, with multiple ¢ rates

The idea here is to measure the single, double and triple ¢ production rates, B(Y(55) —
n¢ X) and B(Y(4S) — n¢ X) where n = 1,2, 3,to avoid the dependence on B(B? — ¢X)
which needs to be known precisely to obtain a reasonable uncertainty when using inclusive
¢ production (Sec. 3.2.2).

The definition of “inclusive rate” should be modified because the multiplicity of, say,
two ¢ in BY decays is tricky to define. In this section, B(P — nA X) is defined as the rate of
P decaying with at least n particles A. This observable is easy to measure experimentally.
The formula is then (note the lack of the factor i in front of the branching fraction):

B(P —nAX)= Z B(P — “i times A” + “anything without A”) (3.46)

Following the same idea as in Sec. 3.2.2 and neglecting the ¢ production by non-
B(S)B(S) events, we obtain three equations [14],

?See an example list in Table 1 of Ref. [174] but note that Belle efficiencies [166] are about 30% smaller
than the ones quoted in Ref. [174].
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B(Y(55) = ¢ X)=fs x (2B (B = ¢ X)
_B(BY - ¢>X)2) ¥ fugx B(T(AS) = ¢X), (3.47)
B(Y(55) =20 X) = f, x (B(BY - 6 X)" + 2B (BY - 26 X)
—2B (B} = ¢ X)B (B —»26X)) ,
+fud % B(T(4S) = 20 X) (3.48)
B(T(55) = 3¢ X) = fs x (28(32 —3¢X) +2B (B~ 20X)B (B - ¢X)

~B(BY ~20X)" = 2B (B 36 X) B(B! - ¢ X) )
+fud X B(T(48) = 3¢ X) , (3.49)

where again the fp contribution is ignored. This set of equations can be solved for f,
B(B? — ¢ X) and B(BY — 2¢ X), by measuring the six rates B(Y(nS) — m¢ X (n = 4,5,
m = 1,2,3) and assuming a value for B(B! — 3¢ X), which we know to be very small.
One can imagine to continue to 4, 5, n ¢ rates, knowing B(B? — n¢ X) = 0 forn > 5
(because of the BY mass).

The main advantage of this method is the reconstruction of only 2, 4 or 6 tracks in an
event. The difficulties of this method concern the complexity of the equation set, which
must be inverted (it can be done numerically). A fit was implemented in order to include
all the possible correlations, simplified with f, ; = 1 — f,. The results are:

e if only f; is a floating parameter (while B(BY — ¢ X) and B(B? — 2¢ X) are fixed),
the precision obtained on f; is the same as the precision we get from the single-rate
equation (Eq. (3.47)) alone,

e if the three parameters are free, f, is less precise, and B(B? — ¢ X) is much more
imprecise than a direct measurement (Sec. 3.3.3).

Even though this idea of multiple ¢ rates looked interesting, it turns out that no good
precision on f, can be obtained. A similar method was proposed in Ref. [13] with D_ by
measuring single, double, triple and quadruple rates. The corresponding equations can
be found in Ref. [13], including categorization depending on the D charges. However,
the D rates are lower, and many tracks have to be reconstructed leading to various
problems (small efficiencies, large systematics from tracking, wrong MC efficiencies, etc.).
Furthermore the difficulty observed with ¢ mesons does no provide much hope with D
mesons.

3.3.3 Measurements on the recoil of fully reconstructed B? decays

An obvious way to get rid of the normalization uncertainty, i.e. of the need to estimate
the number of BY mesons produced in the sample collected at the Y(5S) resonance, is
to perform branching fraction measurements in already tagged B events. The method
consists of selecting as many events as possible where a B? candidate can be fully recon-
structed in any decay mode, and then counting, in this sub-sample of events, the number
of other BY decays to a specific mode that can be reconstructed. Such method requires
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Table 3.4: Minimal integrated luminosity L;,; needed to measure various BY branching
fractions with a statistical precision of 10% on the recoil of 20 fully reconstructed B?
events per fb~!, based on rough assumptions for the branching fraction B, the visible
branching fraction By, and the total reconstruction efficiency €;cc.

Decay mode B Byis/B | €rec Lint

B? — Dy (¢n~, K*°K~ KK )nt | 0.37% | 6.2% | 26% | 84ab '
BY — Dy (¢p7, K"K~ , K§K™)X 92% | 6.2% | 35% | 0.25 ab~!
BY - DY(K—7h)X 8% | 3.9% | 50% | 3.2ab!
BY - ¢X 16% | 49.2% | 50% | 0.13 ab™!

very large statistics, but is thought to be the one leading ultimately to the smallest sys-
tematic uncertainty on B? branching fractions. Additionally, inclusive measurements of
B(B? — ¢X),B(B? — DX) or B(BY — D; X) with this method would help removing
the model-dependence of the previously-described inclusive method (Sec. 3.2.2).

As shown in Chapter 4, the numbers of Y (55) — BB} events in which a B? decay
can be fully reconstructed in a 23.4 fb~' sample are 1457]; for the BY — D; 7 mode,
53.473%3 for the BY — D~ n* mode, 92.21]32 for the B — D; p* mode, and 7373 for
the BY — D*~p™ mode, for a total of 368 & 26 events, i.e. approximately 15 events per
fb~!. It is probably relatively easy to add a few more modes (such as B — D;a] and
BY — D?~af) to reach 20 events per fb~!, i.e. a cross section of ¢ = 20 fb. Ignoring
background for the sake of a rough estimation, the minimal integrated luminosity Lyt
needed to make, on the recoil of these fully reconstructed candidates, a measurement of
a specific B? branching fraction B with a relative statistical precision §B3/B is then

1
€rec 0 Byis (58/8)2 ’

Lint = (3.50)
where €, is the total reconstruction efficiency and B, is the visible branching fraction,
i.e. the branching fraction B multiplied by the branching fractions of the subsequent decays
of the BY decay products. Using Eq. (3.50) we give in Table 3.4 the integrated luminosities
needed to measure a few BY branching fractions. As can be seen, a 10% measurement
of B(B? — ¢X) measurement should be reachable with the currently available Y (55)
statistics at Belle (121 fb—!), while the full statistics of a Super B factory is needed to
perform a 10% measurement of B(B? — D, ") with this method.

3.4 Model-independent measurement of f,/f, s with dilepton
sign correlations

While all the previous methods deal only with rates (branching fractions) measurements,
we now use a new method with a completely different approach. The ratio fs/f, 4 can
be extracted by taking advantage of another physical property to disentangle B? mesons
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from non-strange B mesons. This method, first proposed in Ref. [13], takes advantage of
the difference between the slow B? — BY and the fast B? — B oscillations. The sign of the
lepton coming from a B decay is used to determine the flavour of the meson when it
decays. By counting the same-sign and opposite-sign lepton pairs, one can disentangle the
contributions from B? mesons and B mesons, and extract the ratio fs/ f, 4. We performed
detailed feasability studies from which we expected the relative error on f; to lie between
5% and 10 % [14]. This section describes a measurement of f,/ f, 4 based on the dilepton
sign correlation. It is obtained with the full data sample recorded by Belle at the T(5.5)
energy (121 b1,

The Monte Carlo simulation procedure of dileptons events is described in Appendix A.2.
Several MC samples are used in this analysis: one representing about 6 x 120 fb~!, simu-
lated with f; = 19.3% and fp = 2.8%, and smaller additional datasets, representing about
20 fb~! each, with f, values ranging from 10% to 30%. The Monte Carlo generator had to
be updated to simulate properly BY and BY mixing in Y(5S) events; details are given in
Appendix A.2.

3.4.1 Number of same-sign and opposite-sign dileptons from B°, B* and
B? semileptonic decays

The time-integrated probabilities that the two B, decay with the same flavour!©, Pgd =

Prob(ByBy) + Prob(B,B,), or with opposite flavour, P{¢ = Prob(B,B,) + Prob(B,By)
depend on the charge of the two B(,) mesons and, in case of two neutral B?s) mesons,

the C eigenvalue, 7, of the B?s) pair. These probabilities are reported in Table 3.5, while

the detailed calculations are presented in Appendix A.1. It turns out that YT(55) events

produce B?S)B?S) pairs that can be in a C' = +1 or in a C' = —1 state. The initial state is
a virtual photon (Fig. 3.1) which has C' = —1. The total final state, excluding the initial
state radiation, must have the same C' = —1 value from charge-conjugaison conservation

of the electromagnetic and strong forces!!. While a possible accompanying neutral pion
has C' = +1 and does not influence the C' eigenvalue of the B pair, a photon coming from
the electromagnetic decay a of BE“S) changes the C' value. If there is one excited BE“S), the
C value of the B?S)B?S) is +1, if there are two, the C value is —1. In the case of a four-body
Y(58) — BBz tn~ decay, the C eigenvalue of the pion pair depends on their relative
orbital momentum, l,..: C(w7) = (—1)==. The C parity of the BB pair is thus (—1)!==+1,
Considering that the phase space for this decay is very small, /s —2(mp+m,)c? =~ 30 MeV,
it is safe to assume I, = 0 and C(B°B") = —1. A summary of the C eigenvalues of the

B?S)B?S) pairs is given in Table 3.6.

Within the category of non-strange B events, the proportion of B°B°, B'B~ + BB+
and B~ BT events can be determined from isospin conservation in the strong decay of the
null-isospin T(55) particle.

In the case of a Y(55) — B™*B® two-body decay, the isospin state of the BB pair

¢ = u,d, s and ¢ is not necessarily equal to ¢’ (for instance in the T(55) — BB~ 7+ mode). The q¢’ pair
is either wu, dd, ud or ss. Throughout this section, ¢’ is omitted if ¢ = ¢’.

1n case of initial state radiation, the only difference is that the bb pair is produce by a virtual photon with
a smaller energy, but still with C' = —1.
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Table 3.5: Probabilities (in %) that the two B,) mesons decay with the same or opposite
flavours, using x4 = 0.771 £ 0.008, y4 = 0, x5 = 26.2 £ 0.5 and y, = 1 (0.09275:021) [37].

(¢¢)  Type of pair n | Same flavour, P¢J Opposite flavour, PS¢
C-even +1 42.0+04 58.0+0.4
(d) B'B° C-odd -1 18.6 +0.2 81.440.2
incoherent 0 30.3£0.3 69.7£0.3
C-even +1 50.14+0.0 49.94+ 0.0
(s) BYBO C-odd -1 49.9+0.0 50.1 £ 0.0
incoherent 0 50.0 £ 0.0 50.0 £ 0.0
(ud) B°B~,B'B* — 18.6 0.2 81.4+0.2

(u) BTB~ — 0 100

Table 3.6: C parity of the BY , BY

(o B(s pair in T(55) — B, B, (X) events.

T (5S) decay modes with a B(OS)B?S) pair C’(B?S)B(Os))) =1
BB, BOBY, p*0p*07Y BOBO70 BOBOygr, BOBY, B B: -1
B*BY, B**B7°, BYB*, B*B? +1
is12
1 _
0,055 = = (|B*B~)—|B°B")) . (3.51)

Therefore half of the B*) B*) events are B*)0 B(*)0 events and the other half are B*)+ B*)—
events.

In the case of a Y(55) — B"B®r three-body decay, the total isospin of the BB
system must be 1, since the pion has isospin 1. The three BB isospin states are

11,+1) g = |BYB) , (3.52)
1 _

11,0) 55 = 7 (|lB*B™)+|B°B")) , (3.53)

11,—1)pp =|B°B7) . (3.54)

12We use the notation |I, I3) pp> Where I is the total isospin of the BB pair and I3 its third component.



66

3. BY? production at the Y (55)

Combining this'® with the pion must give an isospin-0 state:
1 _
10,0)ppr = 3 (1L Dpp|m7) = 11,0) g [7°) +11, ~1)pg [7T)) (3.55)

= \% <\/§ |B*B%n ) +V2|B°B n") + |B"B ) + \BOB%O>> :
Therefore two thirds of the three-body decays are B®OB®) 7+ or B*OBH®)+ 7~ events,
one sixth are B®)+B®)~70 events, and one sixth are B*)?B*)070 events.

In the case of a four-body Y(55) — BBnm decay, there are two [0,0) 55, . singlet
states, because two sub-spaces of dimension 1 exist 3 ® s ®1®1=08001010 1
192620 2a 3). With the different possibilities of combination, the two values for the
proportion of BYB~ + BYB* pairs have always their mean equal to % The minimal value
is 0, the maximal 2.

We assume in the following that the non-strange B events are either two-body decays,
B®B®) | three-body decays, B™) B*)x, or initial-state radiation decays with a C-odd B
pair14 (ete” — 'YISRBB, orete” — ’YISRB*B*)-

The non-strange BB pairs are sub-divided into BB~ 4+ BYBT pairs, representing

2
Fug = 3 X Fp) pes(n) X (Fpuper + Fpep. + Fpg ) = (7.5 £2.8)% (3.56)
of all non-strange B pairs, and into B°B° and BT B~ pairs, each representing
1-—F,
Fy=Fj=— ud — (46.3+1.4)%. (3.57)

Another quantity needed to express the number of dileptons is the semi-leptonic branch-
ing fractions of the B, mesons, B(B, — Xlv) (¢ = u,d,s, | = e* or p*). They are
proportional to their respective lifetimes!®,

Iy 1—\517—(1

B(B Xly) = — =
(q—> Vl) Fq h ?

(3.58)

assuming the same common semi-leptonic decay width!®, I'y ~ 44 x 10~'2 MeV, for the
three B, mesons. This has the advantage to replace the imprecise semi-leptonic branching
fractions by the more precisely measured lifetimes.

The number of same-sign (X = SS) and opposite-sign (X = O.S) dileptons (I1ls = ee,
[Lit, efs OF pe) can be written as

Njwd — Nglzlz,li,d (FdTng + Fugryma P + FuTng) , for BB pairs, (3.59)

Nt = A2 for BUBY pairs. (3.60

131f we first combine one B with the pion, and then combine them with the other B, the same result is
obtained.

In Ref. [166], it is calculated that 40% of initial state radiation are due T(55) — YT(45)ysr followed by
Y(4S) — BB.

5Because ys # 0, the B lifetime is defined as the inverse of the width averages (Eq. (1.68)), 7. =
25/(FBQL + FBQH)-

1The measured semi-leptonic widths I'y = hB(B, — Xlv;)/7, are equal to [37] 0.448(12), 0.441(11),
0.471(57) in unit of 107'° MeV for the B°, B' and BY respectively, see Ref. [181] for the B? semi-leptonic
inclusive branching fraction.
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where alzlli 4 and 5%2 are the total efficiencies of same- and opposite-sign dileptons [;/5,
and N' = Ny(5 S)F§1 fu.a/R? is a global normalisation. The probability to give a same-sign or
opposite-sign lepton pair for Bng pairs (¢ = d, s), P¢, receives contributions from C-odd
(B;B; + B;By) and C-even (B, B,) pairs:

PL=f& P4 fg PR (3.61)
Using Table 3.6, the fractions of C-even and C-odd B°B° pairs are found to be

1 _ 1 _ /
2P+ 5Fpepex X Fpop

T =1-f& =(235+2.5)%, (3.62)
Fy

d
fe, =

while for BYBY pairs the expression is simply
fe, = BrBY = 1—f& =(13+£32)%. (3.63)
As can be seen from Egs. (3.59) and (3.60), the ratio f,/f, 4 can be extracted from

the ratio between the number of same-sign signal events and that of opposite-sign signal
events, R = (Ng2"% 4 NG2*) [(NS24 4 NGE2*),

lil2 2 pd ud l1l2 2 pd ud 2
fs  €88ua (FatiPis + FuarutaPdd) — R x €53, 4 (FatiP5g + FuatuTaPS% + Futy)

- Il Il
fua Rx 3 m2P5g — €4 T2 Psg
(3.64)
Because of the presence of background, we will extract f/ f, 4 from a fit instead of count-
ing the signal events.

3.4.2 Dilepton selection and background

Dilepton candidates are retained from preselected dilepton events with Ry < 0.5, follow-
ing a selection inspired from other Belle dilepton analyses [182-184]. The preselection
retains events with at least one pair of leptons (electron or muon candidates) which en-
ergy, £y, +E},, is larger than 1.3 GeV in the laboratory frame . Charged tracks in the central
ECL barrel, i.e. with a polar angle satisfying 30° < 6},;, < 135°, are selected as electron
(muon) candidates if their electronic (muonic) likelihood L. (£,) is larger than 0.8. The
background dilepton candidates usually have a smaller momentum than the signal leptons
(Fig. 3.6) and a minimum value for the centre-of-mass lepton momentum is set in order
to increase the purity:

p*>1.2GeV/c. (3.65)

If an event has two or more lepton candidates, the two leptons with the largest centre-
of-mass momenta (p; and p3) are kept for further analysis. By convention, p] > p3.
Requirements are applied on the invariant mass of the lepton pair in order to reduce
backgrounds from J/) decays and pair-production:

e J/ veto: the event is rejected if the lepton pair is either a ete™ or a u+tu~ OS pair
with an invariant mass satisfying

—150 MeV/c? < Moy, — Mz, < 50 MeV/c* or
| M4 ,- = M| < 50 MeV/c?,
where M Jh 18 the nominal J/) mass [37];
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Figure 3.6: Electron (left) and muon (right) centre-of-mass momentum spectra with the
contribution from By — Xlv decays (red), other true leptons (blue) and fake leptons
(green). Only leptons with centre-of-mass momentum larger than 1.2 GeV/c are retained.

e to eliminate v — eTe™ conversions, an event with an OS e™e™ pair is rejected if
M- < 200MeV/c?.
A requirement on the angle between the two leptons in the Y'(55) centre-of-mass, cos 6},

is used to reject clone tracks (two tracks measured for the same lepton have cos 6}, ~ 1)
and back-to-back background which has small values of cos 8}; (Fig. 3.7):

cos )y, > —0.8, (3.66)
cos ), <0.95, and (3.67)
cos gziui < 0.85. (3.68)

In general, cuts have been made more efficient on the signal SS pairs because it is crucial
to keep the smaller signal yields as high as possible.

Because leptons can be of two flavours (electron or muon), there are four types of
pairs: dielectron, dimuon, and mixed pair with p? > p, or pj, > p;. The opposite-sign and
same-sign candidates are selected separately. There are thus eight sets of candidates. The
total signal efficiencies after this selection are reported in Table 3.7.

Not all selected candidates are composed of two signal leptons. The main background
sources are identified to be lepton candidates from ete™ — wa, dd, 5, ¢ continuum.

The continuum can be subtracted using data recorded just below the Y (4S) energy
where /s = 10.518 GeV is insufficient to produce a pair of B mesons. Two adjustments
are required due to the beam energy and the luminosity differences between those data
and the on-resonance sample. The momenta of the candidates in continuum data are
scaled assuming that the distribution of

*

p

*
pmax

(3.69)

xTr =

is the same at different energies, where p},.. = \/E? — m? is the centre-of-mass momen-
tum that the considered particle [~ has in the reaction ete™ — [7]~ (see Ref. [3]). The
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Figure 3.7: cos 6}, distributions for the generic bb MC, representing 480 fb~'. The sample
is separated in background components, WW (small black histogram), CW (green his-
togram) and their sum, CW+WW (black histogram), and a signal component, CC (red
histogram). The abbreviations CC, CW and WW correspond to the signal (“Correct Cor-
rect”), the background with one primary lepton (“Correct Wrong”), and the background
with no primary lepton (“Wrong Wrong”), respectively. The cut values are indicated as

vertical lines.

momenta measured in continuum data are therefore multiplied by

P [Fr(ss)  10.864
peont Scont 10.518

=1.0329.

This value is the same, up to the fourth digit, for electrons and muons. The number
of candidates is also scaled to account for integrated luminosity and energy differences.
Considering the 1/s behaviour of the cross-section, the integrated luminosity ratio and a
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Table 3.7: Dilepton efficiency (in %), elzll;, measured in the MC sample.

x lilo = pp l1ly = ee lils =eu lilo = pe

SS BSBS, g=s | 25.13+£0.16 24.00+0.16 23.46+0.15 27.584+0.17
0S BB, ¢=s | 23.83+0.15 21.30+0.14 21.6440.15 25.36+0.16
SS BB,q=u,d | 30.06+£0.16 28.134+0.15 28.11+0.15 32.1940.16
OS BB,q=u,d | 28.2840.06 24.714+0.05 25.58+0.05 29.3640.06

possible efficiency ratio different from 1, the number of events reconstructed in continuum
data has to be rescaled by a factor

T(55) x 2
S _ Lint Ebcont €~
[ cont EgT(5S )

int

(3.70)

before being compared to the on-resonance data. In our case S is measured to be 2.463 +
0.013 with LX®% = 121.36 fb~" (Table 2.3), LMt = 48.42 fb~' (Table 2.4), and the
ratio between efficiencies at V31(s) = 10.867 GeV and at \/Scony = 10.518 GeV is € =
1.007 4+ 0.003 [3]. In this analysis, S will be a floating parameter of the fitting procedure.
This is because it can be more precisely determined by the fit thanks to a region of the fit
observables which contains only continuum events.

The other sources of background are due to lepton candidates from Y (55) events that
are not signal. They include true leptons that are not produced in semileptonic B, — X [ v
decays or candidates that are not leptons, mainly misidentified K* and #*. A lepton
candidate from an Y(5S) decay is either a signal lepton (correct lepton), i.e. a lepton
coming from a semi-leptonic decay B, or anything else (wrong lepton).

In summary, the selected candidates can belong to five different categories:

e the continuum;

e the background with two wrong leptons (WW);

e the background with one correct lepton and one wrong lepton (CW);
e the signal, which has two correct leptons (CC).

The leptons from B and from B*/° have slightly different spectra and efficiencies. The

signal and the CW background categories are therefore split between non-strange B*/0B+/0(X)

events, CC(BB) and CW(BB), and B B events, CC(BYBY) and CW(B?B?).

3.4.3 Fitting procedure

The natural observable for a lepton is its centre-of-mass momentum, p*. Instead of work-
ing with the variables p} and p3, we define two other observables that have smaller corre-
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Figure 3.8: Sketch of the signal (CC) and background (CW+WW) regions in the (p}, p3)
and (p4,p—) planes.

lation and are invariant under the swap of the two leptons (Fig. 3.8):

P+ =Di + D5, (3.71)
p— = |p] —p5| - (3.72)

A set of dilepton events is represented by two 2-dimensional (p,,p-) histograms, one
for opposite-sign pairs and one for same-sign pairs. These histograms need to be fitted
simultaneously in order to extract the number of OS and SS signal (CC) pairs both from
events with and without B production.

An extended binned maximum likelihood fit is implemented. The likelihood function
for a histogram has the standard form of a Poissonian probability distribution with ex-
pected value v, for each of the K bins:

K o
[’?b — H e*l/knLklj (3.73)
k=1 ’

where ny (1) is the observed (expected) number of events in bin k. When the histogram
is fitted with C' categories defined also as histograms'’, the expected number of events in
bin k, vy, is parametrised as
C © n](ﬂc)
v = Y= (3.74)
2N

where 19 is the expected number of events in category ¢ (the ultimate goal of the pro-
cedure is to find the best-fit value of (%)), n,(:) is the number of events in bin k of the

histogram defining category ¢, and NO(C) is the total number of events in the histogram

17 An alternative method, which takes into account the statistical fluctuations in the MC histograms, has been
proposed in Refs. [185-187]. We implemented such a complex likelihood, which gives very similar results.
However the simplicity of Eq. (3.73) is preferred here because the number of events in our histograms is large
enough to neglect the MC statistical uncertainties.



3. BY? production at the Y (55)

defining category c,
K
N =3 "n?. (3.75)
k=1
The fit has six components for each histogram:
e Continuum component: the shape is taken from off-resonance data with momentum

scaling. The event yield scaling factor, S, which is common to all the histograms, is
a free parameter of the fit.

e WW component: the shapes are taken from MC simulations. The yields, one for each
histogram, are free parameters of the fit.

e Two CW components: the shapes are taken from MC simulations. The four CW
yields can be expressed as

CW,s _ ACW
Ngg 't =AY, (3.76)
NG = A9 % BEY x f}f’d : 3.77)
N§* = AW x ROV, (3.78)
NGg T = AW 5 ROV x BGY x f;’d , (3.79)
where AW is an overall normalisation factor and where
NCW7’U/7d f
BSW =2 __ 15 »=0655S, (3.80)
= NSW’S fu,d
NCW,S
ROW — 58 (3.81)

CWs "
Nos *
The three parameters BSY, BSY and RCW are expected to be independent of
fs/fua. This is confirmed using Monte Carlo simulation (see Table 3.8). In the
fit to the data, they are fixed to their Monte Carlo values. The parameters A" and

fs/ fua are free.

e CC (signal) components. The shapes are taken from MC simulations. The yields are
related to external parameters and to f,/ f, 4, which is free in the fit, by the relations
of Egs. (3.59) and (3.60).

The fit has 13 global floating parameters that are common to all the dilepton sam-
ples: N, fs/fud, S, and ten others (six B*) B*)(X) fractions, three lifetimes and Amy,
denoted as y;,j = 1...10) which have a Gaussian constraint to their measured value (see
Table 3.9). For each dilepton sample I/1ls (I; = e, u, lo = e, u), there are seven additional
floating parameters (denoted as xélb,i = 1...7) which all have a Gaussian constraint to

values estimated from MC: four efficiencies, eglj and 6%% 4 (Table 3.7), and the Bg W and
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Table 3.8: Parameters defining the CW yields (see Egs. (3.76) to Egs. (3.81)) as measured
in MC samples for pu (top left), ee (top right), eu (bottom left) and pe (bottom right)
pairs. The digits in parentheses are the statistical uncertainties. These parameters are
found to be independent of the input value of fs given in the first column. The mean

values (over all MC samples) are used as input to the data fits.

L | BSY B&Y ROW BSY B&Y RV
fofh ee
10.0 1.443(52) 1.144(35) 0.689(31) | 1.644(96) 1.128(52) 0.610(44)
12.5 1.495(47) 1.180(31) 0.680(27) | 1.535(75) 1.057(41) 0.615(37)
15.0 1.480(41) 1.184(28) 0.682(23) | 1.650(74) 1.165(42) 0.633(34)
17.5 1.475(40) 1.206(28) 0.687(23) | 1.600(69) 1.063(37) 0.601(31)
19.3 1.467 (8) 1.175(5) 0.680 (4) | 1.519(12) 1.072(7) 0.635 (6)
20.0 1.515(37) 1.182(24) 0.661(19) | 1.590(59) 1.109(34) 0.626(28)
22.5 1.514(36) 1.195(31) 0.642(27) | 1.461(53) 1.046(31) 0.642(27)
25.0 1.498(34) 1.188(23) 0.681(18) | 1.526(53) 1.105(32) 0.630(25)
27.5 1.506(33) 1.219(23) 0.684(17) | 1.640(56) 1.104(31) 0.606(24)
30.0 1.530(38) 1.152(24) 0.649(18) | 1.560(59) 1.092(35) 0.662(28)
Mean 1.476 (7) 1177 (4) 0.678(4) | 1.531(10) 1.077(6)  0.633(5)
X2 /n.d.f. 7.3/9 7.2/9 5.6/9 12.8/9 9.8/9 4.2/9
x? prob. 0.61 0.62 0.78 0.17 0.37 0.88
e e
10.0 1.540(66) 1.151(41) 0.668(36) | 1.661(86) 1.132(45) 0.588(37)
12.5 1.560(57) 1.087(33) 0.663(30) | 1.501(63) 1.107(38) 0.655(34)
15.0 1.482(47) 1.161(32) 0.736(29) | 1.540(58) 1.143(35) 0.641(19)
17.5 1.518(47) 1.123(30) 0.692(26) | 1.508(55) 1.138(34) 0.648(28)
19.3 1.470 (9) 1.142(6) 0.722 (5) | 1.528(10) 1.088 (6) 0.619 (5)
20.0 1.497(41) 1.166(27) 0.707(23) | 1.593(52) 1.098(29) 0.611(23)
22.5 1.450(39) 1.175(38) 0.736(24) | 1.529(49) 1.154(30) 0.642(24)
25.0 1.429(36) 1.150(26) 0.751(23) | 1.551(48) 1.126(28) 0.618(22)
27.5 1.460(36) 1.153(25) 0.712(21) | 1.631(49) 1.067(25) 0.568(19)
30.0 1.474(41) 1.123(27) 0.688(22) | 1.491(48) 1.102(30) 0.642(23)
Mean 1.472(8) 1.143(5) 0.719(4) | 1.533(9) 1.094(5) 0.619(4)
x?/n.d.f. 6.7/9 6.5/9 12.1/9 9.2/9 11.9/9 12.7/9
x? prob. 0.67 0.69 0.21 0.42 0.22 0.18
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Table 3.9: Global physics parameters of the dilepton fits with external constraints.

Parameter Constraint Ref.
Fp.gs (50.5 +3.4)% [166]
Fp.5 (18.5 £1.9)% [166]

Fpp (7.4 +£2.4)% [166]
Fpiger (5.9 £ 7.5)% [166]
Fpip, (41.6 £11.8)% [166]

Fpgr (0.2+6.7)% [166]

T+ 1.641 + 0.008 ps [37]

TRO 1.519 + 0.007 ps [37]

TRO 1.472 £ 0.025 ps [37]

Amyg 0.507 £0.004 /ps  [37]

18

REYW parameters (Table 3.8). The total likelihood function is

2
1 7
L= Hexp—5 (y] Y; ) S | LY (3.82)
(yJ ) lila=ee,pp,ep,pe
where
i Ll ghlz _ ght20)?
EIQ — H £12 X Hexp—f ((1112?0)> (3.83)
$=55,08 T

is the likelihood function of I1l, pairs which is composed of two likelihood functions
(Eq. (3.73)) for the histograms of SS and OS candidates. Of course, the fit can be re-
stricted to less than four /;l; categories.

3.4.4 Tests of the fitting procedure

A test sample is made with data continuum (20.43 fb~! from Experiments 43, 51, 67,
69 and 71 with momentum scaling to the Y(5S5) energy) and MC Y(55) — bb events
(121 fb~1) in which f, = 19.3% and fp = 2.8%, i.e.

f MC input
< ; - ) =24.8%.
u,d

This test sample is fitted with components determined from the following statistically-
independent samples:

(3.84)

. . . . 1 (220 0yy2
The Gaussian constraint of a variable z to a value z° 4 o/(2°) is Laauss = e~ 2@ /@D /| /o705 (20).
The normalisation is ignored in our likelihood expressions.
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Table 3.10: Dilepton fit results in MC samples generated with different values of f;/f, q
and fp fixed to 2.8%. The quoted errors are mostly due to the statistical uncertainties of
the MC samples, which are independent.

MC MC truth Fit results

input all ee i e ue all ee +
A | L | Slfua | Flfua folfea folfua Solfua folfua folfua
(%) (/fb) (%) (%) (%) (%) (%) (%) (%)
11.5 21 | 11.94+03 | 14.1+29 7.4+ 3.8 44+34 3.7+27 99+1.7 11.6 +2.2
14.8 19 | 14.84+0.3 — — — — 13.1+1.8 —
18.3 21 | 18.0£0.3 — — — — 15.6 £ 1.8 —
22.0 19 | 21.84+04 — — — — 1824+ 2.1 —
24.8 121 | 25.3+£0.2 | 245+1.1 243+13 253413 2214+1.1 2434+03 249+1.0
25.9 23 | 25.4+04 | 24.0+28 209+36 226+£3.6 14.8+28 23.2+21 229+2.2
30.1 21 | 30.1£0.5 | 33.7+5.3 269+4.0 248+£40 259434 284+19 30.1+£26
34.6 21 | 34.1+£04 | 34.3+3.3 29.1+4.1 23.0+£39 26.7+33 29.14+19 322427
39.5 21 | 386+0.5 | 37.1+3.5 37.3+45 321+43 2724+35 335£1.8 373+27
44.6 19 | 440405 | 436 £4.7 43.8+6.0 259451 322+45 371+£23 43.8+3.6

e for the continuum: 28 fb~! of off-resonance data from Experiments 45, 47, 49, 55,
61, 63 and 65 with momentum scaling;

e for the CC, CW and WW components: MC samples representing more than 500 fb~!.

In the fit, the ten parameters of Table 3.9 are set to their MC input values, without un-
certainty!®. The fit converges well to the expected values (see line f;/f,q = 24.8% of
Table 3.10). As an example, Fig. 3.9 presents the projections on p; and p_ for the fit of
dimuon events.

Further tests using MC samples generated with fs values ranging from 10% to 30%
have been performed (Table 3.10). The results for electron-muon pairs exhibit significant
deviations from the input values. This puzzle couldn’t be resolved and these pairs are
therefore excluded from the final data fit.

Finally, a fit on the Y(4S) data (Experiment 55, 72 fb~!) is performed, where f, = 0
is expected. For this fit, the B? and B4 signal components are defined with a common
shape and efficiency, taken from MC simulations at the Y (45) energy. The CW components
are not separated between BY and B4 contributions, and their yields are free parameters.
The fit returns

fs/fu,d = (*28 + 05)% .

The significant deviation from O is taken as an estimate of the effect of possible inaccura-
cies in the MC description of the shapes. It will be added as a systematic error.

In practise, the total likelihood of Eq. (3.82) is used with arbitrary small values of o(y5).
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Figure 3.9: Top: Distributions of p; = pj + p5 (left) and p_ = |p} — p3| (right) for SS
and OS dimuon candidates in the MC sample described in the text. The points show the
MC data. The total histograms show the result of the fit described in the text, which
includes the following components, shown as cumulative histograms from bottom to top:
continuum (grey), WW (blue), CW from BB (dark green), CW from BEB_Q (light green),
CC from BB (dark red) and CC from Bgég (light red). Bottom: same distributions after
background subtraction; the histograms show the CC component from BBY (light red,
smaller yield), the CC component from BB (dark red, larger yield) and their sum.
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3.4.5 Fit result

Even though it is still not understood why the fitter does not recover correct f,/ f,, 4 value
in MC samples for mixed electron-muon pairs, we decided to analyse the dielectron and
dimuon samples in the experimental data. A common fit including only dielectron and
dimuon pairs is performed on the 121 fb~! of T (55) data. The floating parameters which
are constrained to an existing measurement converge to the correct value and error. The fit
value for the continuum normalisation is S = 2.305 + 0.007. This is 0.158 + 0.015 less than
the estimated value of Eq. (3.70); it can be due to a deficient estimate of the efficiency
ratio €. The value of f;/f, 4 is measured to be

fs/ fu.a = (38.6 £ 3.8(fit)) % . (3.85)

The largest correlation coefficient between f,/ f, 4 and another fit parameters is measured
to be —0.86 for the correlation between f;/f, 4 and the B? lifetime. This shows the ex-
treme sensitivity of this analysis to the BY lifetime.

The histogram and projections are presented on Figs. 3.10 and 3.11. The quoted
error on fy/f, 4 includes all the external parameter uncertainties. It is larger than in
the fits of MC samples, because the external parameters (Table 3.9) are constrained to
their current world averages, not to their MC input values with negligible uncertainty.
The individual contribution to the total error returned by the fit are estimated by taking
the quadratic difference between the nominal error and that obtained when each group
of external parameters in turn is fixed with a negligible uncertainty (Table 3.11). The
absolute statistical error is estimated to be £1.0%, so it is only a small fraction of the error
returned by the fit. This is in agreement with MC expectations: the statistical uncertainty
on the 21 fb~! MC sample with f,/f, 4 = 39.5% is +2.7% (Table 3.10), i.e. 2.7%/v/6 =
1.1% for 121 fb~ 1.

As a consistency check, the fit is again performed only on dielectron pairs, resulting in
fs/ fud = (31.8 & 2.6)%, and only on dimuon pairs, resulting in fs/f, 4 = (45.4 = 3.8) %.
Ignoring the systematic correlation betweem them, these two results differ already by 3o.
After the discrepancy seen in ey and pe MC pairs, this is probably another sign that the
fitting procedure is not well under control.

3.4.6 Systematic uncertainties and final result

The uncertainties on the input parameters like the Y (5.5) branching fractions, B, lifetimes,
mixing parameter, etc. are already included in the fit result. Several additional sources of
systematic uncertainties are estimated:

e Possible differences in the PID performance between data and MC lead to an uncer-
tainty of +0.2%; this is estimated by using the official Belle tables of the measured
efficiency ratio between data and MC in several bins of the momentum and polar
angle of the leptons in the laboratory frame. Alternative MC shapes are constructed
by weighting each MC event by its corresponding efficiency ratio. Because the ratios
are not constant, the resulting shapes are effectively different from those used in the
nominal fit.

e The effect of the Ry requirement is estimated by running the fit again with Ry < 0.4
and Ry < 0.6, fs/ fu,q moves by £1.6%.
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Figure 3.10: Top: Distributions of p; = p; + p5 (left) and p_ = |pj — p3| (right) for SS and
OS dielectron candidates in 121 fb~! of Y(5S) data. The points show the data. The total
histograms show the result of the fit described in the text, which includes the following
components, shown as cumulative histograms from bottom to top: continuum (grey), WW
(blue), CW from BB (dark green), CW from BYBY (light green), CC from BB (dark red)
and CC from BYB? (light red). Bottom: same distributions after background subtraction;
the histograms show the CC component from BYB? (light red, smaller OS or larger SS
yield), the CC component from BB (dark red, larger OS or smaller SS yield) and their

sum.
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Figure 3.11: Top: Distributions of p; = pj + p5 (left) and p_ = |p] — p}| (right) for SS
and OS dimuon candidates in 121 fb™! of T(55) data. The points show the data. The total
histograms show the result of the fit described in the text, which includes the following
components, shown as cumulative histograms from bottom to top: continuum (grey), WW
(blue), CW from BB (dark green), CW from BYBY (light green), CC from BB (dark red)
and CC from BSBQ (light red). Bottom: same distributions after background subtraction,
the histograms show the CC component from BYB? (light red, smaller OS or larger SS
yield), the CC component from BB (dark red, larger OS or smaller SS yield) and their
sum.
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e The effect of the lower bound of the lepton momenta is estimated by selecting lep-
tons with p} . > 1.0 or 1.3 GeV/c. fs/ f, o moves by £1.0%.

e The binning effects are measured to be of the order of +2.0%, by repeating the fit
with smaller and larger bins.

e The fit on Y(4S5) data returns fs/f,q = (—2.8 & 0.5)% while 0 is expected. We
choose to add a conservative +3% systematic uncertainty to account for the possible
discrepancy between MC and data momentum distributions.

The above effects are combined in quadrature to yield a +4.1% additional absolute
systematic error on fs/f,q. The errors are summarized in Table 3.11, where they are
compared with rough predictions from a prior feasibility study [14]. While the fit uncer-
tainties are in reasonable agreement with expectations, taking into account differences
between prediction assumptions and the actual analysis conditions, the other systematic
uncertainties are a significant contribution to the total error. Our preliminary result is

fof fud = (38.6+£3.8+4.1)%. (3.86)

This is somewhat larger than the average of previous model-dependent measurements,
(26.3732)% (Eq. (3.42)), but still consistent with it at the 1.60 level.

3.5 Summary and discussion

Understanding the composition of the data sample recorded at Y(5S5) energy is crucial
for BY studies. The current knowledge of f, is dominated by model-dependent studies of
inclusive ¢ and Dy, rates. A novel method based on dilepton events as witnesses of B?s
meson oscillations has been implemented. After several checks, which were not all fully
satisfactory, the first preliminary result based on this model-independent method has been
obtained. The dilepton method suffers from a poor signal purity and the fact that the fitting
procedure require high quality spectrum for defining its components. Better rejection of
the CW component would help increasing the signal purity. A selection restricted to the
region in the (cos 0} ; ,my,1,) plane where the signal lies may be a strategy to test further.
The measurement is affected by the poor knowledge of the B*) B(*)(X) fractions at Y (55).
They have only been measured in 23.4 fb~! of data and their uncertainties are mainly
statistical: new measurements with the existing 121 fb~' of data would help decreasing
the error on f,/ f,. 4, as well as measurements including the Az information. .

The relative precision (~ 15%) is worse than expectations, but better than that on the
average of all the other existing measurements described at the beginning of this chapter
(Eqg. (3.42)). The errors on these measurements are dominated by systematic uncertain-
ties; the better precision with dileptons is not due to the fact that a larger data sample was
used. The main advantage of the dilepton method is its low theoretical uncertainty, i.e.
the absence of model-dependent estimates. In addition it yields a result that is completely
independent of all previous measurements.

Aversion of the fit descibed in Sec. 3.2.3 with the dilepton result added as an additional
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Table 3.11: Summary of errors on fs/ f, 4, compared with the predictions of the feasibility
study of Ref. [14]. The latter were based on a counting experiment (see Eq. (3.64)),
ignored the existence of background, and assumed that the B*) B(*)(X) fractions would
be measured with 121 fb~!, while values used in this analysis were obtained with 23.4 fb~*
only.

Source Error on fs/ fu.d Prediction [14]
(absolute, in %) (relative, in %) | Relative error (in %)

Statistics 1.0 2.5 1.8
MC statistics 0.1 0.3 0.0
B®B®(X) fractions 3.0 7.8 2.7
By lifetimes, Amy 2.0 5.3 4.5

Total fit error 3.8 9.8 6.2
Binning 2.0
Ry cut 1.6
Momentum cut 1.0
Shape description 3.0
PID 0.2

Total other systematics 4.1

Total 5.6 14.5

Gaussian constraint on the ratio f,/f, 4 gives the following averages:

fo =234 %, (3.87)
fua = (7125733 %, (3.88)
g = (& 1+34) %, (3.89)

The relative uncertainty on the averaged f, has decreased from 15% (Eq. (3.39)) to 10%
(Eq. (3.87)).
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Chapter 4

Measurements with exclusive
BY — D"kt (h = m, K, p)
decays

This chapter is dedicated to the measurements performed with BY — D" n, BY —

D™ p* and BY — DFK* decays fully reconstructed in 23.4 fb~! of Y (5S) data. These
analyses are published! in two Letters [10, 11] reproduced in Appendix C. After a descrip-
tion of the BY observables and of the selection of the B? candidates, the second half of this
chapter is dedicated to the fitting procedure and to the extraction of the branching frac-
tions of these five BY modes. In addition, the following physics parameters are measured:
the B? and B! masses, the fractions FB; B> FB: 5o and FBQ Bo (Egs. (3.11) to (3.13)) and
the longitudinal polarisation fraction of the B? — D*~p™ decay.

4.1 Expectation values of the AF and M, variables for Bg
signal

The B signals are observed through two standard variables, the energy difference
AE = Efy — E (4.1)
and the beam-constrained mass

Mye = \/Eg2 /et =513 /2, (4.2)

where E7, and p};, are the energy and momentum of the reconstructed B? meson in the

ete™ centre-of-mass frame, and E; is the beam energy in the same frame?. As shown on
Fig. 4.1, the BY signals appear in three distinct regions of the (M., AE) plane, depending

on whether the B? originates from a B*B*, a B*B? or a BY B event.

!The branching fractions presented in this section are obtained using our f. average of all published
measurements (Eq. (3.39)) and slightly differ from those in the publications, where other fs values were
used.

*Unless specified otherwise, every kinematic variable is expressed in this frame.
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Figure 4.1: Expected two-dimensional distribution in the (M., AF) plane for fully re-
constructed B? — D nt signal decays in a Monte Carlo sample of Y(55) events. The
three signal regions, indicated with rectangular boxes, correspond to Y(5S) — B!BZ,
T(5S) — B*B? and Y(55) — BYBY events, from top to bottom, respectively. The two
plots differ only for the middle B*B? region: on the left (right) plot, the red (blue) points
represent the BY — D, 7t signal produced without (though) an intermediate B meson.

The B} signal cannot be reconstructed because the photon emitted in the B — Bly
has insufficient energy to be efficiently detected. Because of the small energy of the emit-
ted photon, the momentum of the BY is assumed to be approximately the same as the B}
momentum. With this assumption and with the four-momentum conservation during the
decays of the Y(55) and B particles, the My, and AE mean values of the BY signal de-
pend only on the B} and B masses, mp: and m B, and on the beam energy, £} = /s/2.
The reconstructed B signal in Y(55) — B B* decays has®

(AE)p. g = \/(Ef;Q — mQB;c‘l) + m%ct — Ey (4.3)
<Mbc>B;]§§ = mpx, (4.4)

The reconstructed B? signal in Y(55) — B*B? decays has*

(mQB: — m%g) )04

AE) 1,50 = — , .5
< >BSBQ 4 % Eg (4 )
1/2
o m2B: + mQBg mQB;f — mQBg 2 4.6)
(Moc) p; 3y = 2 C\ 4 x B/ '

In T(55) — B;‘B_Q decays, the My, and AFE distributions depend, in principle, on whether
or not the reconstructed B? was produced through an intermediate B! excited meson.
While a slight difference is seen in the distributions (Fig. 4.1), the M. and AFE central

37 7e; ~ ~

Using B = By, pj: ~ ppo and hence Epo ~ /pg; 4+ mQB8 ct.

“The momentum conservation in the Y(55) decay gives pjs = p’go, while the energy conservation is
written as Epy + Ego = 2E;. Therefore, the former is equivalent to Ef —mip.ct = EZ?Q(S) - mégc‘l. An
expression for Fpo can be found by substituting E%. by (2E;, — E ).
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Table 4.1: My, fit results in signal MC with generated B? and B} particles (before detector
simulation), and with reconstructed B? — D, " candidates (after detector simulation).

Beam-constrained mass Mean value (MeV/c?) o (MeV/c?)
Generated B;  \/Eg?/ct —pii®/c2  5416.91+0.03 2.59 & 0.02
Generated B? \/E§2 Jct — pg\s(@ /c? 5417.01 4 0.03 3.45 4 0.02
Reconstructed BY \/E§2/c4 — ppo*?/c? 5417.07 £+ 0.04 3.71+0.03

Table 4.2: Expected M. and AF mean values for the three signal regions, computed
from Egs. (4.4) to (4.7) using the values of MC input for B? and B} masses. These are
compared to the fitted mean values in the MC, given with their statistical errors.

Region Observable MC input fitted value on MC
B!BY My, MeV/c?)  5416.60 5417.02 + 0.04

AE  (MeV) —49.3 —49.04+0.2
B:BY M. MeV/c?) 5391.85 5392.37 4 0.04

AE  (MeV) —24.6 —24.340.2
BYBY  M,, (MeV/c®)  5367.10 5367.39 + 0.03

AE  (MeV) 0 0.540.2

values for these two cases are the same when p;. is approximated by p33, in the Bf — Bly

decay. The reconstructed BY signal in T(55) — BYB? decays is the simplest case because
each BY takes half of the energy, E, = Ey,

<AE>ng‘g =0, 4.7)
<Mbc>ngg = mpgo. (4.8)

In order to quantify the systematic effect on the M, peak position due to the ap-
proximation p*B; ~ ppo in B — BYy decays, we measured the central value of the M,
distributions in MC events for which we know the true B} momentum. As shown in Table
4.1, there is a 0.10 4 0.04 MeV /c? difference, at generator level, between the mean of the

M, distribution and that of , /E;;2 — p}%.. The systematic uncertainty on the M, peak

position measurement (due to this approximation) is estimated to be £0.14 MeV /c?.

A comparison, in MC data, between input and central values of the M}, and AFE dis-
tributions has been performed. Fits on MC signal sample can provide an experimental
confirmation of the validity of these formulae. The central values of M. and AE distribu-
tions are measured in MC with Gaussian fits, Table 4.2 presents the results of such tests.
The difference observed for M, in the B? B} region, 0.4240.04 MeV /c?, is significant and
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cannot be explained by the +0.14 MeV /c? uncertainty due to pf. =~ Ppo approximation.

An additional systematic of +-0.44 MeV /c? will be added to the B} mass result (Sec. 4.7.2).
Because ~ 90% of the signal is concentrated in the B B? region, the small discrepancies
in the B*BY and BYB? region will not affect the results. Indeed, we are confident that
the parametrisation of the signal My, and AE mean values returns the correct BY and B
masses.

4.2 Reconstruction and selection of B? candidates

4.2.1 Preselection

The BY decays are fully reconstructed from their final state particles. The charged tracks
are identified as pions or kaons, as described in Sec. 2.3.3.

The p* candidates are reconstructed via the p*™ — 7%+ mode. The 7° candidates are
reconstructed via the 7° — v+ mode and the photon energies are fitted, assuming the 7°
decay point, such that the diphoton invariant mass, M., equals the nominal 7¥ mass (see
Sec. 2.3.3).

The D candidates are formed in three different modes. The first one is D; — ¢7~.
The ¢ candidates are reconstructed via the ¢ — K™K~ mode using a pair of oppositely
charged kaons with an invariant mass near the nominal ¢ mass. The D, candidates
are formed by adding a charged pion to the kaon pair. The second D; mode is D; —
K*YK~. The K*° candidates® are formed with a kaon and a pion of opposite charges.
The strong decay of the K*O imposes that the kaon, added to the K*O to form a Dy
candidate, must have an opposite charge with respect to that coming from the K*° decay.
The third D; mode is D; — K3K~. The KY candidates are reconstructed via the decay
K9 — ntm~. The selection [188, 189] consists of two oppositely charged tracks (without
Rk /» requirement) passing cuts on the z distance of the two tracks, z4is, on the distance
in the r — ¢ plane of the K2 vertex from the interaction point (IP), Tx9, ON the angle

between the reconstructed Kg and the line between the IP and the Kg vertex, A¢, and
the smallest impact parameter among the two daughters, dr. The requirements on these
four variables depend on the number of K daughters having a track with SVD hits (Table
4.3). The D7 candidate is formed by adding a charged kaon to the pion pair.

The D}~ candidates are reconstructed via the D}~ — D_;~ mode with a D candidate
and a photon.

The BY candidates are formed with a D, or a D~ candidate and a 7+, Kt or p*
candidate within the ranges M. > 5.3 GeV/c? and AE € [-0.3,0.4] GeV.

The invariant mass of the intermediate mesons, calculated from the final state particles,
is required to be close to the expected nominal masses. The invariant mass distributions
are shown in Figs. 4.2 and 4.3. From the resolutions (measured in MC with a Gaussian fit)
and the known proper widths (for ¢ and K*" resonances only), mass windows are defined
as shown in Table 4.4. These windows correspond to standard choices. The K** channel
is affected by a lot of background, therefore a tight window is chosen. The D; mass
requirements are not the same for all the B modes: due to a large expected signal and low
background in the BY — D 7" channel, a wide mass range is allowed; the expected signal

>also known as K *(892)°.
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Figure 4.2: Invariant mass distributions of  —+ KK~ (a), D; — ¢n~ (b), K** — K7~
(©, Dy - K*K~ (d), K2 — ntn~ (e), Dy — K2K~ (f) candidates in signal MC, with
Gaussian fits (blue solid curves). The dotted red curve on the K*0 — K*t7— distribution

(c) is a fit with a Breit-Wigner function. The vertical lines show the selected mass ranges
(see Table 4.4).
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Table 4.3: Geometrical requirements on the K¢ candidates.

Category dr (cm) A¢ (rad) zgit (cm) 7 KO (cm)
Both daughters with hits in SVD > 0.03 < 0.35 <2 > 0.08
Only one daughter with hits in SVD | > 0.10 < 0.40 < 40 < 9.0
No daughter with hits in SVD > 0.10 < 0.05 < 6.5 > 1.5

Table 4.4: Branching fractions [37] and mass windows (defined by their central values
[37] and half widths) of selected mesons. The three D; mass windows correspond to the
BY — D;nt, B — DF K+ and other B? analyses, respectively.

Decay B (%) Mass Mass window (MeV/ )
70—y 98.823(34) Mo 135.0 +13

pt — w0 99.955(5) m,, 775.5 +100

Ky —ntn™ 69.20(5) My 497.6 +7.5

¢ — KTK~ 48.9(5) me 1019.5 +12

K* — K*tn= 2 x99.761(21) M g0 895.9 450

D~ — D7~y 94.2(7) Mps- —mp- 1438 +13

Dy — ¢n~ 2.32+0.14

Dy - K*K—  2.60+0.15 mp- 1968.5 +15/+8/+10
Dy —» KK~ 1.0240.06

of the BY — DT K® channel is tiny, and background is reduced by choosing a tighter D
window (optimised as explained below). An intermediate +10 MeV /c? window is chosen
for the other modes where the background is mainly originating from neutral particle
reconstruction.

4.2.2 Background study and optimised continuum rejection

Further selection requirements are applied in order to reduce the continuum events that
are selected together with the signals.

Signal Monte Carlo events were fully simulated, using EvtGen [190] as decay generator
and GEANT [191] for simulating the interactions in the Belle detector. For each studied
B? decay mode and for each Y (55) production mode (B*B;, B*B?, BYBY), 30k events
were generated: 10k for each D} channel (¢p7~, K*°K~, KgK ~). The two polarisations
of the B? — D*~p™ decay are simulated separately. The signal MC samples are used
to measure the reconstruction efficiencies needed for continuum rejection optimisation
and branching fraction extractions, and to determine fit shapes (see next section). The
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Figure 4.3: Top: Invariant mass distributions of 7° — v (left) and p™ — 770 (right)
candidates in signal MC. Bottom: Distribution of the invariant mass difference m(D; v) —
m(D; ) for D¥~ candidates in signal MC. The vertical lines show the selected mass ranges
(see Table 4.4).

standard deviations of the MC distributions (see Table 4.12 below) are also used to define
the three signal regions in M. and AE. The signal regions will be used for background
rejection optimisation and for monitoring the fit result. They are defined as +2.5¢ intervals
around the expected values and are shown as rectangles in the (M}, AE) scatter plots.
For the BB} signal, the M, region is defined as 5.407 < M. < 5.426 GeV/c?, while
the AF region is defined as —80 < AE < —17 MeV, -84 < AE < —9 MeV, —144 <
AE < 16 MeV and —139 < AE < 32 MeV for the B? — D7+ (and BY — DT K®),
BY — D7+, B - D;p* and B? — D!~ pT modes, respectively.

The preselections have also been run on a MC sample meant to reproduce a realistic in-
clusive Y(5S5) sample and representing approximately three times the data statistics. This
is used to study possible physics background in the (M., AE) plane (as an example, see
Fig. 4.4 for the BY — D; 7t selection). Besides the signal, which lies as expected, several
other BY decays contaminate the distributions. The contaminations from B? decays that
have been identified are summarised in Table 4.5. No further cuts are applied to reduce
specifically these contaminations.

BY — D (— Dy v)nt events are sometimes reconstructed as B? — D, 7" candi-
dates, without photon. This makes a negative shift along the AFE axis. The same hap-
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Figure 4.4: My, and AF distributions of BY — D 7" candidates in a generic ete™ — bb
MC sample representing 71 fb~!. The left (right) plot contains only events with a pair of
BY (non-strange B) mesons. The three boxes represent the B B, B*B? and BYB? signal
regions, from top to bottom. On the left plot, the contamination from true BY — D*~x+
decays can clearly be seen at low AE values.

Table 4.5: Cross-contamination between the studied B? modes.

Analysis Contamination from
BY - D;rt BY - Dot
BY - DFK* BY— D;nt,B? — Di 7t
BY - Di=nt BY— D nt, B — Dy p"
BY — D;p* BY — D= pt
BY — D= p* —

pens with p modes: BY — D*~p* events appear as BY — D, p" candidates with lower
AFE values. B? — D p* events are also sometimes selected as B? — D7t candidates
without the 7%, giving again candidates with lower AE values. B! — D, 7 events con-
taminate the BY — D*~ 7+ sample when they are associated with random photon coming
from the decay of the other BY. These events exhibit too large AE values. The Cabibbo-
suppressed BY — DF K* events are contaminated by the BY — D)™ 7+ events which are
selected when the pion is misidentified as a kaon. Unfortunately, the kaon fake rate and
the Cabibbo-suppression factor are of the same order, making the signal and these back-
grounds of comparable magnitudes. However they are not located in the same regions of
the (My., AF) plane, even though there is an overlap between those regions. In addition
to the specific above-mentioned B? contaminations, there are background events that are
due to B decays. As can be seen in Fig. 4.4, this background is very low and spread over
all the (M., AE) plane.

Finally the main source of background events comes from ete™ — ¢q (¢ = u,d, s, c)
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Figure 4.5: M, and AFE scatter plot of B — D; 7" candidates in a continuum MC sample
representing 66 fb 1. The three boxes shows the signal region.

events. We processed a MC sample of such events representing 66 fb~!. This background
is continuously spread over the whole (M),., AE) plane (see Fig. 4.5 as an example), hence
its name of continuum. Topology differences between the continuum and the signal are
exploited in order to reduce the background. This can be done in several ways:

e A cut can be applied on the second Fox-Wolfram moment, Ry = Hy/H, [153]. This
quantity is smaller for spherical events (eTe~ — bb, signal ) than for jet-like events
(continuum).

e The so-called KSFW method [192, 193] is based on a Fisher discriminant [194]
made of 16 Fox-Wolfram moments and the missing momentum. This sophisticated
technique has been applied in Y (4.5) analyses and is expected to yield a better signal
significance than a selection based only on Ry; however the improvement is not very
significant in Y (5S5) analyses. In addition, it requires the background to be well
described in the MC, which is not the case at the T (5S5) energy.

e Arequirement on the decay angle can be applied in any scalar-to-vector-scalar decay.
As detailed in Appendix B, the angular distribution is not uniform for such a decay.
The decays D; — ¢n—, D; — K*°K—, B — D;p* and B? — D}~z all fall into
this category. The decay angle, 6, is defined as the angle between the momenta of
the mother and one of the vector’s daughters in the vector rest frame. The first three
decays have a cos? § distribution, while B? — D*~ 7" has a 1—cos? § distribution: the
difference is due to the D}~ emitting a photon, while the other intermediate vector
mesons decay into two pseudo-scalar particles. As shown below, adding conditions
on the decay angles has a very small impact on the signal significance.

Three rejections strategies have been tested with MC samples: Ry requirement, Ry
and decay angle requirements, and KSFW requirements. In each case, the cut values are
chosen such as to maximise a figure of merit defined as

N
S=——"5 (4.9)

vV Nsig + Nback .
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Table 4.6: Continuum rejection cuts for the five BY modes, together with their efficiencies
(with respect to the preselection) on signal, g, and continuum, e.ons. The cut on cos 6, -
is only applied to the D; — ¢n~ and D; — K*°K~ channels.

Mode Selection requirements &g (%)  Econt (%)
B} = Dynt Ry <0.5,]cosf,-| >0.20 95 57
B} = DFK* Ry <04,|cosf,-|>0.35 85 27
BY — D nt Ry < 0.5 93 60
BY = D;p* Ry < 0.35 82 31
BY — Di=p* Ry < 0.35 86 36

Nsig and Np,ex stand for the expected number of signal and total background events,
respectively, and are measured in the dominant signal region, B} B?, of the (M., AFE)
plane. N, is evaluated under specific branching fraction assumptions from the efficien-
cies measured with signal MC as the sum of the correctly reconstructed signal, NiZOd, and
the incorrectly reconstructed signal, Nggd. The expected number of continuum events
is estimated from the continuum MC sample. When the region of other peaking back-
grounds overlaps with the signal region, the number of peaking background events is also
evaluated and added to Ny,. For the BY — DF K* analysis, the number of contaminat-
ing BY — D, w* events is obtained from the efficiency measured with BY — D; 7" MC,
but is corrected for the known discrepancy in 7+ fake-rate between the real data and the
simulated data. There are approximately twice more misidentified pions (i.e. true pions
identified as kaons) in the real data than in the MC.

Several optimisations have been performed for the low-signal B — DT K* mode: in
addition to the Ry and cos @ D= requirements, the D, mass window has also been opti-
mised (Fig. 4.6). The kaon identification cut has been checked as well but no improvement
can be obtained by tightening the R/, requirement imposed in the preselection.

The final requirements for the different B modes are summarised in Table 4.6. Except
for B) — D7 and B} — DT K*, where cos 6, is also used, the background rejection is
based solely on the Ry quantity because of its 31mp11c1ty and its low systematic uncertainty.
Tables 4.7 to 4.10 show the efficiencies, signal yields, background yields, figures of merit,
and signal-to-background ratios as measured in the above-mentioned MC samples for the
five BY decays. The expectations are normalised to the data statistics, i.e. 23.4 fb~ L.
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to the same area. Left: figure of merit, S, as a function of the cut value. The vertical lines
show the chosen cut values.
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Table 4.7: Expected signal efficiencies (¢), signal yields (/Vsg), background yields (Vyack),
figures of merit (S), and signal-to-background ratios in the three signal regions for the
BY — D, w7 selection. The values before the continuum rejection are shown for compar-
ison. The following assumptions are made: B(BY — Dyn") = 3.0 x 107°, F.5. = 0.93
[4] and Fp. go = 0.06. !

Signal region  D; mode | € (%) Ny Npack S Nsig / Nback
BIB! o 29.1 50 | 5.1+1.4 | 6.7 9.8
KOK— | 22.0 43 |16.7425| 5.6 2.6
KK~ | 290 35 | 62415 | 55 5.6
All 128 28+3 | 10.2 4.6
Mass cuts only All 135 49 + 4 10.0 2.8
B:BY or 29.6 3.3 1342 | 0.8 0.3
KYK- | 21.6 2.7 28 4 3 0.5 0.1
KK~ | 289 23 11+2 | 0.6 0.2
All 8.3 51+4 1.1 0.2
Mass cuts only All 8.7 794+5 0.9 0.1
BYBY om 28.9 12 +2
KYK- | 214 <06| 16+2 | <03 <0.1
KK~ | 29.3 10 +2
All 1.4 35+4 0.2 0.04
Mass cuts only All 1.4 61+5 0.2 0.02

Table 4.8: Expected signal efficiencies (¢), signal yields (/Ny;s), background yields (Vpack),
figures of merit (S), and signal-to-background ratios in the BB} signal region for the
BY — DF K* selection. The values before the continuum rejection are shown for compar-
ison. The following assumptions are made: B(B? — D;nt) = 3.5 x 1073, Fp.p. = 0.90
and B(B? — DFK*) = 3.7 x 107

D7 mode e (%)  Nsig | Noack = Nudse + Np—v | S| Nsig/Noack
o 20.6 4.3 2.4=1.6+0.8 1.7 1.8
KK~ 155 3.6 3.5=2.8+0.7 1.4 1.0
KYK~ 21.4 3.2 2.2=1.8+0.2 1.4 1.5
All 11.1 8.2=6.3+1.9 2.5 1.4
Mass cuts only 13.1 25.7=23.4+2.3 2.1 0.5
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Table 4.9: Expected signal efficiencies (¢), signal yields (/Vsg), background yields (Vpack),
figures of merit (5), and signal-to-background ratios in the BB} signal region for the
BY — D:~r* selection. The values for alternative continuum rejection cuts (and without
any) are shown for comparison. The following assumptions are made: B(B? — D}~ 71) =
3.3 x 1073, Fg.p. = 0.901 and B(BY — Dy p*) = 7.0 x 1073,

Dy mode | £ (%) N£U|  Nugsc Neig Noack | S | Neig/Nokg
Nsk;gd NB‘HD;/J+
om~ 13.4 23.240.7 2.64+0.1 24.7£0.7 | 3.3£0.2 | 4.7 7.6
0.8 1.5+0.2 0.7+0.2
KK~ 10.5 22.34+0.7 4.6+0.2 23.7+£0.7 | 5.3£0.3 | 4.4 4.4
0.7 1.4+£0.2 0.7£0.2
KgK_ 13.9 11.54+0.3 2.3£0.1 12.0+£0.3 | 2.5+0.2 | 3.2 4.7
0.7 0.5+0.1 | 0.34+0.1
All 57.0£1.0 9.5+0.2 60.4+1.1 | 11.14£04 | 7.1 5.4
3.4+0.3 1.6+0.3
Mass cut only 65.2+1.2 | 18.6+0.7 | 7.1 3.5
Mass cuts, R2 < 0.5 and |cos HDS—] > 0.3 62.5+1.1 | 12.5+0.5 | 7.2 5.0
Mass cuts and KSFW 61.4+1.1 | 8.6 £0.3 | 7.3 7.2
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Table 4.10: Expected signal efficiencies (¢), signal yields (/NVgg), background yields
(Npack), figures of merit (S), and signal-to-background ratios in the B}B! signal re-
gion for the BY — D p* (top) and BY — D?~p* (bottom) selection. The values for al-
ternative continuum rejection cuts (and without any) are shown for comparison. The
following assumptions are made: B(B? — D!~ 7%) = 3.3 x 1073, B(B? — D;p") =
B(B) — Dy p*) = 7.0 x 107° and Fp. 5. = 0.90.

D7 mode | e (%) Nfig)d Nudse Nig Nback S | Nsig/Nback
N2 | Ngoypr-nr
Npoospz=pt
o 5.1 19.1+£0.9| 5.74+0.3 21.6+0.9 | 9.4+0.4 | 3.9 2.3
0.7 2.5+0.3 1.3+0.2
2.4+0.3
K*OK— 3.9 17.840.9| 12.1+£0.5 20.5+1.0 | 15.740.6 | 3.4 1.3
0.6 2.7+0.4 1.0+0.2
2.6+0.3
KgK_ 5.1 9.2+0.4 5.3+£0.3 10.5+0.4 | 7.6+0.3 | 2.5 1.4
0.7 1.3+0.2 0.64+0.1
1.74+0.2
All 46.1+1.3| 23.1+0.6 | 52.6+1.4 | 32.7+0.8 | 5.7 1.6
6.5+0.5 2.9+0.2
6.71+0.5
Mass cuts only 63.8+1.6 | 105+3 | 4.9 0.6
Mass cuts, Ry < 0.35,
49.8+1.4 | 24.6+0.7 | 5.8 2.0
cos 0, > 0.4 and |cos O] > 0.3
D; mode e (%) NE Nudse Neig Noack | S | Nsig/Nokg
Nggd NBO—>D§pJr
o 3.2 11.240.6| 2.940.2 13.5+0.7 | 3.8£0.3 | 3.2 3.5
0.7 2.3+0.3 0.8+0.2
KK~ 2.2 9.440.6 5.3+£0.3 11.7+0.7 | 6.5£0.4 | 2.7 1.8
0.5 2.3+0.3 1.14+0.2
KgK_ 3.2 5.3+0.3 2.6+0.2 6.3+0.3 3.1£0.2 | 2.0 2.0
0.6 0.9+0.1 0.5£0.1
All 25.9+1.0| 10.94+0.5 | 31.5+1.1 | 13.5£0.6 | 4.7 2.3
5.6+£0.5 2.3+£0.3
Mass cuts only 36.5+1.1 | 37.5+1.3 | 4.2 1.0
Mass cuts, Rs < 0.35 and |cos GD;| >0.3| 31.9+£1.1 | 15.14+0.6 | 4.7 2.1
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4.2.3 Best candidate selection

After the selection described above, several candidates in the same event may fall in the
range My, > 5.3 GeV/c? and —0.3 < AFE < 0.4 GeV. A further selection is implemented in
order to keep no more than one candidate per event and per B? decay mode of interest.
The goal is to keep the candidate that is most likely to be signal without introducing a bias
in the M. and AFE distributions.

This best candidate selection is based on the quality of the DY~ and its associated
light meson. The choice of the best pion is based on the R/ value®. The quality of an

intermediate meson is based on its invariant mass and is summarised in one quantity, x2,
defined as:

e for D :

m ~— —mPQG 2
D D > (4.10)

Om

S

where 0, _ = 3.6 MeV/c? is the D, mass resolution and m¥PPG = 1968.5 MeV /¢?

is the nominal D7 mass [37];

e for DI
( PDG PG \ 2
. Mp=— mD;) o (mD*’ ~Mp- ) _
X (D7) = - : +x2(D;) (41D
Tmpr=—Mp
where Om oo —m = 5.1 MeV/c? is the resolution of the photon used to form the
D?~ and mI;EQ — m}D)QG = 143.8 MeV/c? is the nominal mass difference [37];
o for 70:
PDG \ 2
m.o —m
() = <7T0007r0) (4.12)

where 0,0 = 6.5 MeV/c? is the 7° mass resolution and m"P% = 135 MeV/c? the
nominal 7" mass [37].

The p meson width is too large to use a x? in the same way as above. We therefore
choose the best candidate as the combination of the best 7°, based on x?(7), and the
best charged pion. The best-candidate requirements, summarised in Table. 4.11, do not
introduce biases in M;,. and AE.

For the B? — D7 nt and BY — DT K* modes (for which there are more than one candidate in less than
1% of the events), the best K* and =~ candidates are based on their momentum in the laboratory frame. It
was implemented in this way for the original analysis [8, 10], but a choice based on Rk, would have been
better.
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Table 4.11: Best candidate selection.

Mode Choice of the candidate with. ..

BY — D77t  min x?(D;) then max p,.+
BY —» DFK* min x?(D;) then max pg+
BY — D=7t min x*(D;~) then min R/, for the fast =+
BY — D;p™  min (

x*(D7) + x*(nY)) then min R for the 7 from the p*
BY — Dipt  min (x*(D7) + x*(«°)) then min R/, for the = from the p*

4.3 Fitting method and definition of PDF shapes

For each B? mode, an extended unbinned maximum likelhood fit [185], implemented
using RooFit [195, 196], is used to extract the signal yield, as well as other physics param-
eters, from the sample of selected candidates. The fit is performed along two dimensions,
M. and AE, except for the BY — D*~p* mode where two additional observables, the
polarisation angles cos 6.~ and cosf,+ of the D™ and the pT, are included in the fit.
The two-dimensional fitting function, P (M., AFE), is defined as a linear combination
of probability density functions (PDFs) for background and signal components. The ana-
lytical PDF of the signal in each of the three regions is determined from MC simulation.
Despite a tiny correlation, the M. and AF distributions are fitted separately with a sum
of Gaussian functions with common mean value. Physically, this can be explained by the
presence of several contributions to the resolution. In case a distribution is asymmetric
(mainly for the modes involving a p™), the so-called Novosibirsk function (See for instance

Ref. [197]),
1 /102 (14 A(z —x0))
o) =exp |- (PRI )] @13

is used, where z is the mean and where A = sinh(7vIn4)/(oIn4) contains the width, o,
and the asymmetry parameter, 7.

The six mean values for M. and AFE distributions are related to two physics parame-
ters of the fit: the BY and B! masses (Eqgs. (4.4) to (4.7)). These parameters are left free
in the fit, except for the BY — DT K+ mode where the statistics are too small.

The MC resolutions (PDF widths) may not be exactly the same as in reality’. In order
to calibrate the resolution on My, and AFE, two scale factors, pyr,, and pag, are applied
on the MC values. Table 4.12 shows the MC resolutions as well as the correction factors.
The uncertainty of these factors, when fixed, is propagated as a systematic error. The
resolution in M, is almost the same for the five modes; the scale factor measured with
B? — D7 7" events is chosen and fixed for the other modes. Concerning AE resolution
scale factors, those of the BY — DFK* and BY — D=7+ modes are fixed at the value

7In principle, if the resolution can be perfectly understood, any difference between data and expectations
can be used to set a limit on the B} width; one of the difficulties of such a measurement is to relate correctly
the width of the My, peak, in the B} B region, to the B} proper width.
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Table 4.12: MC signal resolutions in AE and M, together with their corresponding scale
factor. The resolutions and scale factors are the same for the three B} B, B B? and BYB?
production modes.

Mode oar MeV)  op. (MeV/c?) PAE P M,
Bg — Dyt 13.04+0.1 3.57+0.03 | 1.06 =0.08 1.05+0.08 free
BY - DFK*  11.3+0.1 3.91+0.04 | 1.06+£0.08 1.05+0.08 fixed
B - Di~nt 146402 3.65+0.04 | 1.06+0.08 1.05+0.08 fixed
BS — Dsfp+ 183+1.4 39401 |1.124+0.06 1.05+£0.08 fixed
Bg — Di pt 249+14 3.94+0.1|1.124+0.06 1.05+£0.08 fixed

Table 4.13: Example of fitted parameters of the continuum PDF for B? — D 7+ and
BY — DT K* candidates selected in MC continuum. In all fits to the real data, the beam
energy is fixed to its measured value, while ¢; and ¢ are left free.

BY — Dyt BY » DFK*
c1 (/GeV) —0.44 £0.01 —0.13 £0.08
Ep (MeV) 5434.8+0.2 fixed to MC input (5434.5)
& —-20.9+£0.9 —-172+£3.6

measured with the B? — D« fit8. For the BY modes involving a p*, the p™ dominates
the AF resolution, as seen in the B — D*~p* analysis [200]. The scale factor obtained
from B® — D*~p*, 1.12 + 0.02 [200] is chosen and fixed in the BY — Dg*)_er fits, with
an additional 5% relative uncertainty to encompass possible differences between B° and
BY decays.

The PDFs for contaminating B? backgrounds are defined with analytical shapes ex-
actly in the same way as for the signal, except for the B? — D*~ 7% background in the

BY — D7t and BY — DF K+ analyses where the non-parametric kernel estimation method

[201] is used. Unlike for the signal, the mean values are fixed parameters unrelated to
any physical quantity.

The PDF of the continuum background is the product of a linear function describing
the AFE dependence and a so-called Argus function describing the M. dependence. The
Argus function is defined as [96, 202]

F(@) = 21— 22 €077 (4.14)

with z = My.c?/Ef. It has two parameters, ¢ and the end point which is taken here as the

8The common scale factor between B — Dy« and B? — D:~x" is confirmed by the consistency be-
tween the scale factors measured with B® — Dt D™, 1.08 &+ 0.05 [198, 199], and with our B? — Dy =+
fit.
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Figure 4.7: My, and AF distributions of B! — D, 7" candidates in a continuum MC sam-
ple representing 66 fb~!. The histograms are fitted (blue curve) as described in the text.
The situation is similar for all the studied B? modes with varying levels of background.
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Figure 4.8: cos0,+ and cos ¢ D= distributions of BY — D*~p* candidates falling outside a
wide signal region.

beam energy, £;. The third parameter of the PDF is the AFE slope, c;. In the fits to the
data, the beam energy, £}, is fixed to its measured value (see Sec. 2.3.1), while ¢; and ¢
are left free. This shape describes well the continuum in all the studied B? modes. A fit
example from MC is given in Fig. 4.7, while numerical parameters are shown in Table 4.13.
The background from non-strange B events is scattered and flat enough to be described
by the continuum PDF.

The four-dimensional fitting function for the BY — D*~p* mode is formed by multi-
plying the two-dimensional P(My., AFE) function with quadratic (continuum shape) or
polynomial functions (up to order five for signal) for the angular part of the PDFs. It
has been checked that quadratic functions describe well the data outside the signal region
(Fig. 4.8).
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4.4 B° — D nt and B® — DT K™ analyses

The B? — D7t decay is the standard candle of B? decays. It has a large branching
fraction, and only four charged particles in the final state. The experimental study of the
Cabibbo-suppressed B? — DT K* mode is very similar; the only difference is the particle
identification of the fast track (kaon instead of pion).

4.4.1 B? — D; ™ fit results

The fitting function for the BY — D, 7t sample is composed of three signal PDFs (Pg: 32>
PB* BY and PBO BY for the three B B, B*B0 and BOB0 signals), one PDF for the continuum
background (Pudsc) and one PDF for the B — D~ n* background (P :7):

P (AE, M) = N51§ Bs « Pp: s +N51§ B2 Py. < B0 +Ns1§ BY PBogg

+Nudsc X Pudsc + ND:— X PD:_ . (415)

The BY — D, fit is the only one from which the branching fraction is extracted
using the three production modes T(SS) — BYBM. To do that, the signal yields of

Eq. (4.15), N s Bs Ns1§ B? and N 2Bt , are directly related to three other free parameters
of the fit correspondlng to the physmal quantities, B(BY — D7), Fp. g and F, 5o with

the relations
B:B;

Np:p: = Npg x B(B? = Dy %) x Fpp. x (Z &-Zf>’)ng;7r+ : (4.16)
BB
Npe o = Npg x B(BY = D7) x Py x (3 gzs’)ng;ﬁ+ , (4.17)

0130
SBS

B
0 _
Ny = Nog x BB = Dynt) x (1= Fyyy — Fyop) % (3 SB>BQ—>D;7r+ (4.18)

where the quantities ) B are the sums over the three D modes of the product of the
efficiency (Table 4.7) and the D; total branching fraction (Table 4.4). As expected, their
values are very similar in the three signal regions:

B! B

(Z gB) B;—:D;n+ — (15.8+£0.2(¢) £ 1.0(B)) x 1073, (4.19)
559 .

(Z 58) e — (15.8+£0.2(c) £ 1.0(B)) x 1073, (4.20)

(Z B) B;SD = (15.6:£02() £ 1.0(B)) x 107, (4.21)

where the first error is due to the efficiency (statistical error in signal MC), and the second,
to the D; branching fraction. The number of BY in the sample,

Npo =2 X Ly x o(eTe™ = T(55)) x fs = (2.57 £ 0.41) x 105, (4.22)

is obtained from the integrated luminosity, Li,; (Table 2.3), the Y(5S) cross section,
olete™ — Y(55)) (Eq. (3.6)), and fs (Eq. (3.39)). > eB and Npo are fixed in the fit
and are sources of systematics uncertainties for the branching fraction result.
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The results of the maximisation of the extended likelihood function on the data are
shown in Table 4.14 and in Fig. 4.9. The correlation between F. 3. and Fp.po, —76.7%,
leads to the following value for the third fraction :

Fpogy =1~ Fp,p, — Fp:po = (26135) %. (4.23)

Table 4.14: Results of the fit to the B? — D 7" candidates, with statistical uncertainties
only.

Fit parameter Value
B(B? — D;7%)  (3.60 £ 0.33(stat)) x 1073
Fps s (90 1+5 8)%
FB;EQ (7 3+3 3)%
mpo 5364.4 + 1.3 MeV/c?
mp: 5416.4 4+ 0.4 MeV/c?
Yields
NEEB 145+14
NEZ:BS 11.8758
NG 10138
N2} 161 + 15

4.4.2 Check of the B — D =™ fit

With a simplified fitting function (composed only of BB signal PDF, continuum back-
ground, and BY — D* 7t background) we generated fast MC samples (each with 700
continuum events, 40 B0 — D* 7t events, and between 0 and 200 signal events) to check
the absence of bias on the ﬁtted number of signal events. Figure 4.10 shows the result of
this test.

4.4.3 Distribution of the angle between the B? momentum and beam axis

The decay Y(55) — B!B? is of the type vector — vector vector. Therefore, the angle

etween (& momentum in e rame wi respect to € Deam ax1s 0> is no
between the BY t the CM f ith respect to the b 050 t

trivially distributed®. Taking advantage of the large B? — D n* peak in the B} B} region,
we extract the 9*39 distribution using the ;Plot procedure [203]. Figure 4.11 presents the
distribution obtained for the B B} signal. It has been checked that the efﬁciency does not
depend on this angle. A fit of th1s d1str1but1on with the function 1 + a x cos? 6* jo returns

a=—0.59"01¢. (4.24)

The angular distribution is flat in the generic bb MC in which a pure phase-space decay model is used.
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Figure 4.9: Scatter plot: (M., AE) distribution of the selected B? — D; 7" candidates.
The boxes show the signal region (B*B?*, B*BY and BYBY, from top to bottom). His-
tograms: projections on the on the B*B*, BB and BYB? (from top to bottom) signal
regions. The M, distributions (left) are shown in the AF range of the signal region, and
the AFE distributions (right) are shown in the M,,. range of the signal region. The blue
curves show the fitted function, while the red-dashed (black-dash-dotted, green-dotted)
curves show the signal (continuum, BY — D*~7*) component of the fit.
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Figure 4.10: Fitted B? — D, 7" signal yield as a function of the true number of signal

events, for simplified fast MC samples. A straight line fit through the origin gives a slope

of 0.99 + 0.04.

This value is compatible with expectations from a calculation assuming that the initial state
virtual photon is polarized along the beam direction and that there is no spin-dependent
interaction: a = —0.27 [204]. With selected continuum events, the fit result is a =
—0.08 £ 0.08, in full agreement with the expected a = 0.
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Figure 4.11: Plot distribution of cos 0%, in the CM frame, for BY — D, n" signal in the
B} B! region.

4.44 B° — DFK™ fit result

The B? — DFK* mode has a branching fraction one order of magnitude smaller than
BY — D7 7T [205], therefore only the BB} signal region is included in the fit. The total
fit function, P (M., AE), has four components, namely the signal PDF (Ps;,), the two

BY — Dg*)_w+ background PDFs, and the continuum background PDF (P,4s.): The total
PDF is

P = Npo_,psr+ X Psig ¥ Ngo_,p-r+ X (PB(S)—>D;TF+ +rx PBQ—>D§*W+) + Nudse X Pudse -
(4.25)

The B? — D=t event yield is made proportional to the B — D, 7% yield, with a
ratio, r, which is fixed from the same fit, but with the BY — DF K* candidates selected
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Figure 4.12: Top: M. and AFE distributions of selected B? — DF K* candidates; the
solid (dotted) box shows the region of the B — DT K* (B? — D n%t) signal in the B} B*
production mode. Middle: M, distribution in the AE range of the B} B} signal region.
Bottom: AF distribution in the M, range of the BB} signal region. The left (right)
plots are for the candidates selected without (with) kaon identification requirements. The
blue curves show the total fitted function, while the red-dashed (green-dotted, black-dash-

dotted) curves show the signal (B? — D{") "« continuum) component of the fit.
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without kaon identification requirements (Fig. 4.12 left). All the charged tracks are seen as

potential kaon candidates. As a result, many true B? — DY~ 7+ events are selected. The

three yields, Ng,_, prrt> N BODnt and Ny, but also r, are allowed to float. From MC

studies, 112 BY i D;nt events and 6.6 B? — DJ K* events are expected. The fit results

are in agreement, yielding Npy .-+ = 113711 (stat) and Npo ,prg+ = 6.1135(stat).

The B? — D~ n* contribution has a yield of 183733 (stat). The ratio is measured to be
r= ]]\\;B%D: T = 1.63+0.23. (4.26)

BY—D;

In the following nominal fit with kaon identification requirements (Fig. 4.12 right),
there are five free parameters: Ny, _, p-xt> Nudses Npo_, pF g+ and the two parameters for
the shape of the continuum background (¢ and ¢;). The best-fit B — DT K signal yield
is

Npo_,prr+ = 6.757. (4.27)

The statistical significance of the B? — D K* signal is 3.60. The continuum shape is
compatible with the MC expectations. Using the relation

N(B? = DFK*) = Npy x . x B(BY — DFK*) x (Z EB) s s (428)

(Z 56) o s = (11:2:£02() £0.7(B)) x 107, (4.29)

the above signal yield (Eq. (4.27)) and the previously-obtained value for Fg.p:, the fol-
lowing branching fraction measurement is obtained

B(BY — DFK*) = (2.4 + 1.1(stat)) x 107%. (4.30)

4.4.5 Fit of B — DT K¥ candidates in the D] sideband

To make sure that the BY — DT K= peak is not an experimental effect, a window for the
mass of the D candidate is chosen far from the nominal D mass, 1968.45(33) MeV /c?
[37], in the sideband of the distribution (see Fig.4.6):

1.930 < m,- < 1.945 GeV/c?. (4.31)
With the data candidates in this window, the nominal fit returns Ny, , )30+ = 2.2755,
Npo prt = 0.0732, Nygse = 261717, This validates the absence of signal in this D
mass range.

4.5 B? — D* nt and B — D p" analyses

The BY — D:~nt and BY — D p* candidates are fitted in a way similar to BY — D 7.
The likelihood fit is implemented including several components: three signal PDFs for the
three signal regions, a continuum background PDF and the PDFs for backgrounds from
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Table 4.15: Best fit values for BY — D=7t (left) and B? — D p* (right) signals. The
results are quoted with the statistical uncertainties and the uncertainties coming from the
fixed parameters of the fit. The statistical significances of the B B signals are both larger
than 8o.

Parameter Fit results
BY — D nt BY — D7 p*
Signal yields
Np: 5 5345907 5 9225133705
Np. ~1.9730+0.5 40732+ 1.4
Npogo 2.9730703 —3.0%35705

mpo MeV/c?) 53644755708 MeV/c?  5372.3747 +0.7 MeV/c?

mps MeV/c?)  5416.7£0.61707 MeV/c?  5416.1 £ 0.7 £ 0.1 MeV /c?

other BY decays. The B? — D~ nt fithasa B? — D; 7t and BY — D p* components,
while the BY — D p™ fithasonlya B — D*~p* component. The fit results are presented
in Table 4.15 and in Fig. 4.13.

The ratios of the signal yields'®, e.g. Ny. 5. /(Nps g +Np. go +Npo ), are compatible
with the fractions Fi. 5., Fjg. go and Fpo o measured in the BY — D777 analysis. In the
BY — D~ results, the fitted number of BY — D w" background events is 30 + 9 while
31 events were expected from the MC studies.

In the BY — D7 p* results, the BY mass is 10.1 4+ 3.2 MeV/c? larger than the one
obtained from the BY — D, 7" fit. A similar deviation is seen for the BY — D p* fit
discussed below.

The numbers of signal events in the B} B region are related to the branching fractions
via the relations

N(BY — D" n%) = Npo x Fpepe x B(B? = D3 n) x (Z 58) , (4.32)

BY—D:; nt

N(BS — D; p*) = Npy x Fgep; x BB? = D7 p%) x (3 5B>BO_>D7P+ . (4.33)

where N BO is the number of BY in the sample (Eq. (4.22)) and the quantities _ 3 are the
total signal efficiencies measured with MC, weighted by the sub-decay branching fractions:

_ -3
(Z 58) oy = (913 015(0) £0.59(8)) x 107, (4.34)
— -3
(Z 68) e ps = (HA0£0.10(0) £ 0.28(8)) x 107 (4.35)
The branching fraction results are
B(B? — D n") = (2.3 + 0.4(stat)) x 1072, (4.36)
B(B? — D;p") = (8.2 4 1.1(stat)) x 1072 (4.37)

°Efficiencies differences between signal regions can be neglected for qualitative comparison.
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In order to check that the contribution of non resonant B! — D; w7 decays to the
BY — D p" result is negligible, we select the candidates without any requirement on the
pt mass. A simplified fitting procedure, including only continuum background and B} B*
components, is then applied, and the p mass distribution for the signal in the B} B} region
is extracted with the ¢Plot method [203]. On Fig. 4.14, one can see that the p™ mass
shape of the signal MC describes the data reasonably well, leaving little room for a non
resonant component.

4.6 B? — D* p* analysis

4.6.1 Fit results

The B? — D~ p* decay involves three vector mesons and consequently has two polarisa-
tions which lead to two distinguishable distributions of the D*~ and p™ decay angles (Ap-
pendix B). With two additional observables, the polarisation angles cos 6 ,.— and cos 6+, it
is possible to measure the longitudinal polarisation fraction, fi, of the BY — D*~p* decay,
in addition to its branching fraction. Figures 4.15 and 4.16 show the angular distributions
in MC for transverse and longitudinal signal events. The theoretical angular PDFs are in
agreement with simulated distributions, the difference being due to non-uniform detector
inefficiencies.

To avoid unnecessary complication, no signal components for the B*B? and BYB?
regions are included in the final fit which contains three components, the longitudinal and
transverse signals, and the continuum. The two relevant parameters are the longitudinal
and transverse signal yields.

The best fit values, obtained from the selected B? — D*~p* candidates (Fig. 4.17),
are

Nj. 5. = 81.37147, (4.38)
Np.p. = —3.5757 (4.39)
mpo = 5379.21 (9 MeV/c?, (4.40)
mps = 5415.7 £ 0.8 MeV/c?. (4.41)

The fitted distributions are shown in Fig. 4.18. A negative fluctuation of the signal yield
of transverse events is observed. The fitted Bg mass is 14.8 & 6.7 MeV /c? (2.20) larger
than the one obtained in the BY — D, nt analysis. This situation is the same as for the
BY — D p* fit.

As done above for the other modes, we extract the branching fraction and the fraction
of longitudinal events by using:

NE;B; = N*(B) = D p*) = Npo X Fp:p: X B(B] = Dy p") x fu x eL (4.42)
NE;B; = N'(B) = Dy p*) = Npo X Fgope x B(By = D" p") x (1= f1) x er,. (4.43)

where 1, e7 are the total signal efficiencies weighted by the sub-decay branching frac-
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Figure 4.13: Top: M. and AFE distributions of selected BY — D*~ 7+ (left) and
BY — D7 p* (right) candidates; the solid boxes show the regions where signals and spe-
cific BY backgrounds are expected. Middle: M, distribution in the AE range of the
B B! signal region. Bottom: AFE distribution in the M, range of the B} B} signal region.
The blue curves show the total fitted function, while the red-dashed (green-dotted, black-
dash-dotted) curves show the signal (specific B? background, continuum) component of
the fit.
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Figure 4.14: Mass of the pt candidate in the data for the fitted BY — D, p™ signal
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BY — D, n7%) shapes from the MC, both normalised to the total number of signal events.
The statistical uncertainty of the MC shapes is not shown.
tions:
er = (Z 5B)L = [2.66 £ 0.04(c) £ 0.17(B)] x 1073 for fr =1,  (4.44)
er = (Z EB)T = [2.68+£0.04(c) £ 0.17(B)] x 10~% for f =0.  (4.45)

The signal yields, N}, 5, and N}

5> are related to the branching fraction and the

fraction of longitudinal péla}isation via the relations :

fu= ;E*B* — 1.05+00 (stat) | (4.46)
e /T ot
Nogs; | Nossy
B(B® — D pt) = —=t L = (11.5 £ 2.0(stat)) x 107 (4.47)

Npo X Fp:

4.6.2 Check of the statistical uncertainty of fi,

Because the fi, estimate is close to the maximal physical value, its statistical uncertainty
may not be Gaussian. In order to check that, we look at the distribution of the fi, val-
ues returned by the fit for approximately 1800 pseudo-experiments generated with 78
longitudinal-only signal events and 272 background events. The input value of f;, = 1
should be recovered by the fitting procedure if it is unbiased. For 68% of the pseudo-
experiments, the fi, fit result lies in a 0.21-broad interval (Fig. 4.19). The standard devia-
tion returned by the nominal fit (0.1) is therefore in a good agreement with the standard
deviation of this set of pseudo-experiments.
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and cos 0+, from right to left, and from top to bottom). The blue curves show the fit result
while the black-dotted curves represent the background component. The large- (small-)
yield red-dashed curve corresponds to the longitudinal (transverse) signal component.

4.6.3 Consistency checks

Using fast MC experiments, we have checked that the estimates of the continuum yield,
signal yield and longitudinal polarisation fraction returned by the fit are unbiased.
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the true value of fi. Left: pseudo experiments with 60 signal events. Right: pseudo
experiments with 100 signal events.

First, pseudo-experiments with a fixed number of continuum events (270) and a fixed
number of signal events (60 or 100) are generated with different fi, values. Because large
f1, values are preferred by the data, half of the pseudo-experiments are concentrated in
the region fi, > 0.8. The results are shown in Fig. 4.20, where the fitted value, f{i, is

shown as a function of the true value finpm. With 60 signal events, the linear function

fit — fIPU has 2 /n.d.f. = 97/67, while the best linear function has x2/n.d.f. = 64/65

with ffi* = (1.00 4 0.06) f;{"™"* + (0.09 + 0.05). With 100 signal events, the linear function

fit — fPU has x2/n.d.f. = 116/99, while The best linear function has x?/n.d.f. = 112/97
with f{it = (1.02 4 0.03) fi"™" + (0.00 + 0.03).

Secondly, pseudo-experiments with a fixed number of continuum events (270) and

a fixed signal polarisation fraction of f;, = 1 are generated with a number of signal

events varying between 40 and 100 (Fig. 4.21 left). The linear function Nfit = NP

sig sig
has x?/n.d.f. = 35/56. The best linear function has x?/n.d.f. = 33/54 with Nft =

] sig
(1.12 £ 0.09) NP + (—7.7 £ 6.3).
Finally, pseudo-experiments with a fixed number of longitudinal-only signal events
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returned by the fit of fast MC samples of longitudinally polarised BY — D?~p* candidates
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Figure 4.22: Mass of the p' candidate in the data for the fitted BY — D!~ p* signal
in the B} B? region. The vertical lines show the restricted region used in the nominal
analysis. The solid (dotted) curve presents the resonant BS — D¥ pt (non-resonant
BY — D* r*rY) shapes from the MC, both normalised to the total number of signal
events. The statistical uncertainty of the MC shapes is not shown.

(80, f1, = 1) are generated with a number of continuum events varying between 200 and

350 (Fig. 4.21 right). The linear function Nf;lﬁg = Nérf(gut has x?/n.d.f. = 15/46. The best

linear function has x?/n.d.f. = 14/44 with Nfji, = (1.01 + 0.()6)]\@?(’;ut +(=0.3 £ 1.8).

Similarly to the B? — D, p* analysis and in order to confirm that the non resonant
BY — D* r*xY decays are negligible in this analysis, we repeat the selection without
any requirement on the p™ mass. A simplified fitting procedure, consisting of a two-
dimensional fit of the M), and AF distributions with only background and longitudinal
signal components, is then applied, and the p* mass distribution for the signal in the B} B*
region is extracted with the ;Plot method. Figure 4.22 shows that the p mass shape of
the signal MC describes the data reasonably well. The signal shape accounts for both the
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correctly reconstructed and the wrongly reconstructed B? — D~ pT signal events.

4.7 Systematic uncertainties

4.7.1 Branching fraction systematics

Systematic errors for the branching fractions are calculated assuming that all the fixed
parameters are uncorrelated. There are several sources of systematic uncertainties: par-
ticle identification, number of BY, PDF shapes, candidate selection efficiencies, tracking
efficiencies, D, branching fractions, etc.

The dominant contribution is due to the number of BY, and particularly to the param-
eter fs (Eq. (3.39)). The uncertainty of f,, 15%, affects directly any BY branching fraction
measured, as explained in detail in the previous chapter. The normalisation is also af-
fected by the integrated luminosity uncertainty, 1.3% [150], and the Y (5S5) production
cross section, 4.6% (Eq. (3.6)).

The efficiency of the reconstruction of the charged tracks is taken from MC simulations.
Based on data/MC comparison [206], a systematic uncertainty of 1% per track is assigned,
i.e. 4% in total for all the modes presented here.

The particle identification efficiency obtained from MC is assigned a systematic uncer-
tainty of 1.43% (1.72%) for each identified charged kaon (pion) [157]. An average error
for the three D, channels, weighted by ¢ x B (efficiencyxbranching fraction of the D
channel), is propagated.

Modes with a photon and/or a neutral pion have an additional systematic uncertainty
of 1.7% per neutral pion and 2.0% per photon not used as a 7° daughter.

The statistical uncertainties on the MC reconstruction efficiencies, and those on the
D branching fractions are propagated to the branching fraction results.

The systematic error on the efficiency of the R, and cos ¢ po cutsis evaluated by repeat-

ing the complete!! B? — D; 7t analysis with different cut values. Figure 4.23 presents
the results. Taking the maximal and the minimal deviations, a systematic error of 4.8%
is added for the BY — D;n+ and B? — DJ K* analyses and 2.0% for the others which
don’t have a cut on the D, decay angle. These systematic are estimated only with the
clean B — D, 7" analysis and assumed to be comparable in all analyses.

The following procedure is used to obtain the systematic errors due to the PDF shape
uncertainties: for each fixed parameter of the fit, the fit is done again with this parameter
shifted by +10 and by —10. The resulting changes in the fit results are added in quadrature
to obtain the total systematics. The systematic uncertainties on the FBg*) Bl are only
affected by the PDF shape uncertainties and are evaluated in the same way.

4.7.2 Systematics on the masses

As 90% of the signal comes from the B} B! region, the masses are mostly determined by
the two relations of Egs. (4.4) and (4.3). The propagation of the error on £ can be done

Because of a too low statistics, for Rz < 0.25, the parameters Fp«p- and Fp. 5o are fixed (to the values
we found for the nominal cut).
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Figure 4.23: Left: fitted B(B? — D, n) as a function of the R cut value, with statistical
errors only. Right: fitted B(BY — D, 7") as a function of the D decay angle cut value,
with statistical errors only.

by inverting these relations, expressed with Epo, ppo and Ej:

* * * 2 * * *
mpy = /B — Dy = \/(AE+ Ef)+ (Mg, - Bf?) = \ /B — iy, (448)

mB:

The relative errors on E7,, and p7};, are around 1.45 x 104, due to momentum normalisa-
s S

tion uncertainties'2.

The BY mass is measured from the reconstructed four-momentum of the B candi-
dates. It is therefore only sensitive to the above-mentioned momentum calibration uncer-
tainties. The B! — D+ fitting procedure is repeated with momenta shifted by +1c. The
resulting shift of the BY mass is 15 MeV/c2. A rounded systematic error of £0.7 MeV /c?
is assigned to the B? mass measurement.

Because the B} decays are not reconstructed, the B} mass is measured with the help
of the beam energy and by approximating its momentum with that of its BY daughter. The
three sources of the B} mass systematic uncertainty are

e the beam energy uncertainty,

E*
6B = —2 0B ~ §F; = +0.5 MeV/c? (Eq. (2.1)); (4.50)

mB;

amB;«
OE;

e the approximation of pg: by ppo resulting in an uncertainty of +0.14 MeV/ c? (Sec. 4.1)

e the momentum calibration:

O -
B Spgo = LB ppo A 0.01 MeV /2 4.51)
apBg . mps 8

PMjy — MJR is measured to be —0.29 & 0.16 MeV/c® in data. The uncertainty is chosen to be
(0.29 4+ 0.16) /MyRT ~ 1.45 x 10*.

3
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e and discrepancy detected in MC sample (Sec. 4.1): +0.44 MeV /2.

The quadratic sum of these three contributions, +0.68 MeV /c?, is quoted as the B} mass
systematic error'3,

A quick cross check of the centre-of-mass value reported in Sec. 2.3.1 were performed:
we reconstructed BY — DY(— K*77)rT in Y(5S5) data (Fig. 4.24). The region B*B*
was expected to be dominant!4, by comparison with the B? sector. A peak in M, should
occur near the B* mass. The PDG value for it is mE?% = 5325.1 + 0.5 MeV /% [37]. MC
studies shows that the peak in B* B* region is 2.2 0.1 MeV /c? higher than the input B*+
mass. The peak in M, for B* B* region was fitted to be 5328.1+1.1 MeV /c?, by removing
the 2.24-0.1 MeV/c? bias, we estimated the B* mass to be mp- = 5325.9 £ 1.1 MeV /2. It
is 0.8 & 1.2 MeV /c? higher than the PDG value. Even though statistical error is high, this

check shows that the beam energy chosen for the mp: calculation is correct, within errors.
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Figure 4.24: M, distributions (in GeV /c?) for fully reconstructed Bt — D°(— K7~ )n+
candidates. On the left side, candidates selected in signal MC from Y(55) — B**B~*
decays fitted with a Gaussian distribution. On the right side, candidates in Y(55) Belle
data, fitted with an Argus shape, and two Gaussian distributions. All the parameters are
free. The larger peak corresponds to B*B* region, while the smaller corresponds to the
B*B one. The candidate selection is as following: D° candidate with a mass between
1.85 GeV/c? and 1.885 GeV/c?, Ry < 0.35 and AE between —0.1 GeV and 0.

The mass B determination using BY modes with a p™ seems to be significantly bi-
ased and the results of our mass measurements are those obtained only with the cleaner
BY — D7 7" analysis.

4.7.3 Systematic effect on the B® — DT K¥ signal significance

The Cabibbo-suppressed B? — DF K* mode has a tiny signal with a statistical significance
between 30 and 4¢. It is important to include systematic uncertainties in the estimate of
the signal significance.

The total systematics (mostly due to PDF shape uncertainties) on the B? — DF K+
signal yield of Eq. (4.27) is evaluated to be +0.2. The curve of the maximum fitted like-

13This value differs from that reported in Ref. [10] (+0.5 MeV / ¢®) in which the 0.44 MeV / ¢? uncertainty
were omitted.
“The measurement of the Y (55) event composition reported in Sec. 3.1.2 confirmed it afterwards.
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Figure 4.25: Minimised value of — log L (black) and — log L (red) as a function of the
BY — DFK® signal yield Y. The three plots show different Y ranges.

lihood as function of the signal yield (Y) is convoluted with a Gaussian g with a mean
corresponding to the fitted value and a width corresponding to the total systematics:

1 m
LanlV) = [ dy Law)g(¥ — ) = 2 3 Lu¥h), (452
k=1

where Y}, are values taken randomly following a Gaussian distribution with mean Y., =
6.7 and standard deviation 0.2. The number of values m = 300 is large enough to ensure
a proper estimation of the integral. Figure 4.25 presents the numerical convolution of the
—In £ function.

By taking the difference between the minimum value of — In Lo (Ygata) and the value
at Y = 0, we find the significance including systematics to be

S(BY —» DFK*) = /2 (In Lot (Yaata) — In Liot(0)) = 3.50, (4.53)

while the corresponding statistical significance computed from Lg; is 3.60.

4.7.4 Systematics on the B — D*~p* fraction of longitudinal polarisation

The systematic uncertainty from the fitting procedure is evaluated in the same way as
described above for the branching fraction. The possible discrepancy, between data and
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MC, of the fraction of wrongly-reconstructed BY — D?~p* signal is propagated as an ad-
ditional systematic uncertainty estimation on f;,. The total systematic uncertainty on f, is

i +0.03
estimated to be " ;.

4.8 Summary and Discussion

We studied five exclusive BY decays with one Dy~ meson, resulting in a new evidence of
the BY — DT K* decay mode and the first observations of the BY — D=7+, B — D p*
and B? — D;~p* decay modes. The following measurements are obtained:

Fgepr = (90.173 5 (stat) + 0.2(syst)) %, (4.54)

Fy. o = (7.3753(stat) + 0.1(syst)) %, (4.55)

Fpogo =1~ Fpeps — Fpogo = (2. 6135) %, (4.56)

m(BY) = 5364.4 & 1.3(stat) + 0.7(syst) MeV /c?, (4.57)

m(B}) = 5416.4 & 0.4(stat) + 0.7(syst) MeV /c?, (4.58)

B(B? — Dyn™) = (3.60 + 0.33(stat) 4 0.42(syst) 4 0.54(f,)) x 1073, (4.59)
B(B? — DFK®*) = (2.4 4 1.1(stat)=£0.3(syst) £ 0.4(fs)) x 1074, (4.60)
B(B? — D! n%) = (2.3 + 0.4(stat) + 0.3(syst) + 0.3(fs)) x 1072, (4.61)
B(B? — D;p") = (8.2 4 1.1(stat) + 1.1(syst) 4 1.2(fs)) x 1072, (4.62)
B(BY — D p") = (11.5 4 2.0(stat) + 1.6(syst) £ 1.7(fs)) x 1073, (4.63)
fL(B? — D pt) = 1.051598 (stat) 7053 (syst) (4.64)

where the first (second) quoted uncertainey is statistical (systematic). The uncertainty
due to fs, when present, is quoted separately. Details on the systematic uncertainties of
the branching fraction measurements are given in Table 4.16, which summarises all mass
and branching fraction results.

The fitted values of the B? — D, 7+ and B? — DT K* branching fractions are in line
with expectations and compatible with the CDF measurements [205, 207]. The branching
fraction ratios, in which several systematic uncertainties cancel (in particular the large
uncertainty on the number of produced BY mesons), are measured to be

B(B? - DFK®)

= 0.06579-93% + 0.004 4.65
B(BY — Dy nt) —0.029 ’ (4.65)
B(B? — D:~nt)
s s =0.657915 4+ 0.05, 4.66
B(B? — Dy 7+) —013 (4.66)
0 -+
BB = Dsp™) _ 93404402, (4.67)
B(BY — Dgnt)
B(BY — Dt~ p*)
=3.2+0.6+0.2, 4.68
B(BY — Dy +) (4.68)
0 *—
BB, = DIp) 4103401, (4.69)

B(B} = Dy P+>

where only the systematic uncertainties from MC statistics, selection cuts and PDF shapes,
are retained. When the two selected modes do not involve the same particle identification
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requirements or branching fractions, the corresponding systematic errors are also kept:
for instance, the uncertainties from the photon identification and from the D~ — D;~
branching fraction are included in the ratio B(B? — D= +)/ B(B? — D;r ™), etc.

Table 4.17 compares our branching fraction measurements with predictions from var-
ious theoretical models [208-210], as well as with measurements and predictions of the
B° counterpart decays. A very coherent picture emerges without significant discrepan-
cies. Similarly, the large value of f;, measured in B? — D*~p* decays, also compared
in Table 4.17, yields no surprise as the available prediction and the measurement with
BY — D*~p* decays agree reasonable well with it.

Our measurement of the fraction F. 5. is fully compatible with the result of the anal-
ysis of the 1.86 fb~! Belle dataset [4], but more precise. This fraction is larger than theo-
retical predictions (70%, see discussion in Ref. [4]).

The fraction FB; BY (Eq. (4.55)) is measured for the first time, providing only weak
evidence of B BY events at the Y(55). As to the fraction Fppo 5 = 1 — Fp.p: — Fpopo, it
is found to be compatible with 0 (Eq. (4.56)). T ‘ T

The fitted value of the B? mass in B! — D 7t events is fully compatible with the PDG
average'®, 5366.6+0.9 MeV /c? [211]. The B} mass is completely compatible with that of a
previous Belle analysis, 5418 & 1+ 3 MeV /c? [4], and shows an acceptable 2.50 deviation
with the CLEO measurement, 5411.7 4 1.6 + 0.6 MeV/c? [174]. The mass difference!®
mpry —mpo = 52.0 £ 1.6 MeV/c? is 3.80 larger than the PDG average for mpg.o — mpo,
45.78+0.35 MeV /c? [37]. Heavy quark symmetry models predict mp: —m BY = Mp+0—Mpgo
(Sec. 1.7.1).

15This is the PDG 2008 average, because our measurements are included in the PDF updates since.
16The fit correlation between m Br and m B0, +0.158, is included in the error.
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Table 4.17: Comparison between measurements and theoretical predictions in the heavy-
quark effective theory with factorisation hypothesis (HQET+f) [208], in the covariant
light-front quark model (cLFHQ) [209] and in the perturbative quantum chromo-dynamics
approach (pQCD) [210]. The experimental values are those reported in this work aver-
aged with other existing measurements. The B° counterpart decays are shown for com-
parison. Check also Refs. [212-217] for further theory speculations.

Quantity HQET+f cLFQM pQCD Measurement
[208] [209] [210]
B(B® — D=7%) (107%) 2.5 — 2.740.9 2.68 £ 0.13 [37]
B(BY — D;7mT) (107%) 2.8 — 20+1.1 3.6+ 0.8 (This work)
B(B? — DFK*)(10™%) 2.1 — 1.74+0.9 2.4+ 1.2 (This work)
B(B® — D*~xt) (1073) 2.6 — 2.6+0.9 2.76 4+ 0.13 [37]
B(B? — D —nt) (107%) 2.8 35+04 1.9+1.1 2.340.6 (This work)
B(B° — D=p*) (107%) 6.6 — 6.7+2.3 7.8+1.3[37]
B(B? — D; p*t) (1073) 7.5 — 47426 8.2+ 2.0 (This work)
B(B® — D*~pT) (1073) 8.7 — 75+2.6 6.8+ 0.9 [37]
B(B? — D:=pT) (1073) 8.9 11.843.2 52+3.0 11.54 3.1 (This work)
fu(B® — D*pt) — — 0.85 0.885 4 0.020 [218]

fu(B? — D:=pt) — — 0.87 1.05709) (This work)




Conclusion

In this thesis, several original analyses performed with the Belle T (55) dataset have been
presented. From our study of B? decaying into one DY~ and a light meson, we report the
first observation of three new Cabibbo-allowed decay modes: BY — D~ =", BY — D p*
and B — D~ p*t

mpo = 5364.4 & 1.3(stat) £ 0.7(syst) MeV /c?

mp: = 5416.4 £ 0.4(stat) & 0.7(syst) MeV/c?
Fg.p: =o(ete” = BiB;)/o(ete” — BIB(Y)

= (90.1735 (stat) £ 0.2(syst)) %,

Fg.po =olete” = BiBY)/o(ete” — BB
= (7.3%33(stat) £ 0.1(syst)) %,
=o(ete” = BYBY) /o(ete — BMBXM) = (2.6735) %,
= (3.60 + 0.33(stat) + 0.42(syst) £ 0.54(f,)) x 1072,
(2.4 & 1.1(stat)£0.3(syst) & 0.4(f,)) x 1072,
(2.3 & 0.4(stat) & 0.3(syst) & 0.3(f,)) x 1073,
(8.2 £ 1.1(stat) & 1.1(syst) = 1.2(f5)) x 1073,
(
1.

Fpogo =
B(B? — D;x™)
B(B? — D]FKi)
B(B? — D 7" =
)=
)=
)

B(B? — D;p
B(B? — D p 11.5 + 2.0(stat) & 1.6(syst) + 1.7(fs)) x 1073,
FL(BY = Di~p*) = 105+ 93 (stat) 0 syst).

These competitive measurements are in agreement with less precise results obtained by
other particle physics experiment (when they exist), and are in line with theoretical ex-
pectations.

The branching fraction precision is limited by the poor knowledge of the B? production
fraction. Our newly-implemented analysis exploiting the sign correlation of lepton pairs
from semi-leptonic By, decays provides the most precise measurement of the ratio of the
BY production fraction (f;) over the non-strange B meson production fraction ( Jud)s

fs olete” — Bg*)Bg*))
fuda oletem = BHBM(X))

= (38.6 £ 5.6)%.

However this result is dominated by systematic uncertainties and its precision is affected
by the complexity of the fitting procedure and by the limited knowledge of the composition
of non-strange B events. An averaging procedure has been implemented to combine all
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existing measurement of B,y production measurements at the T(55) energy. Including
our dilepton result, the world average of the B, production fractions is

- (%) (%)
o(ete” — Bs'Bs ') 9.3
P _ = (23.47% ,
J o(ete™ — bb) (28.4253) %
o(ete” = B®OBM (X))
wd = - = (72.5133
fud o(ete™ — bb) (72.5235) %,

fp= l=fua—fo = (4173H%.

This work shows the large potential of the Belle Y (5S5) sample and the physics at this
energy is very rich. Our implementation of the B mixing for C-even B?S)B?S) pairs in the

event generator, as well as the measurement of the T(5S)B§*)B§*) production fractions
are two significant improvements towards a more realistic Monte Carlo event generator at
the Y(55) energy, and will help future research at Belle and at super B factories.

Since the beginning of this work, many other interesting results with BY mesons have
been obtained by the Belle collaborators, providing new and competitive results for many
decay modes, such as the first observation of a BY baryonic decay, B — Af7~A [219], or
those involving b — cés transitions, like B® — Jam() [220], BY — JAbfo [221] and the
measurement of ATCP /T, with BY — D+ D{~ events [222]. Hadron collider exper-
iments, where the statistic is much larger than at B factories and where time-dependent
studies are possible, also significantly contribute to the B? studies. However, the environ-
ment of e*e ™~ collisions allows for analysing B? modes involving neutral pions or photon in
their final states. Our discovery of the three B? — D=7+, B — D, p* and B! — D p*
decays demonstrates the unique feature.

In addition, eTe™ collisions at Y(5S) energy can also be used for bottomonium stud-
ies or for novel methods with non-strange B mesons. Surprisingly, the nature of the
so-called Y(55) resonance is not well known, and large production of bottomonium reso-
nance below the open-beauty threshold has been measured: beside the anomalously large
Y (nS),n =1,2,3 production [151, 223], several new bottomonium resonances have been
observed, such as the h;(1P) and hy(2P) [172], or the charged Z,(10610) and Z,(10650)
[224]. Finally, the feasibility of measuring the CKM angle ¢; () with the so-called B — 7
tagging [219] shows the potential of non-strange B studies at the Y(5S5) energy, in ad-
dition of being important for the dilepton measurements of f;/f, 4. The construction of
next-generation of B factories [225] has already started and the first collisions in an up-
graded Belle detector are expected to be delivered by 2014. In the light of the now firmly-
established potential of T (5S5) data, these new experiments should definitely dedicate a
significant running time at this energy.



Remerciements

Ce travail n’aurait pas été rendu possible sans 'aide déterminante de plusieurs personnes
auxquelles je souhaiterais exprimer ici ma reconaissance.

Ma gratitude va tout particuliérement au directeur de cette these, M. le Professeur Oli-
vier Schneider, qui, avec beaucoup de patience et d’enthousiasme, a su me guider pendant
ces quelques années passées dans le monde fascinant de la physique des particules.

Je remercie MM. Jean Wicht et Tagir Aushev pour leur aide précieuse tout au long
de mon travail au sein de 'expérience Belle. Je remercie également tous les membres de
I'expérience avec lesquels jai eu 'occasion d’étre en contact, que ce soit ou cours d'un
séminaire, d’un shift ou par courriel.

J'aimerais aussi remercier toutes les personnes qui m’ont rendu la vie si facile au la-
boratoire de physique des hautes énergie de 'EPFL, notamment son directeur, M. le Pro-
fesseur Aurelio Bay, ainsi que ses deux secrétaires, Mmes Erika Liithi et Esther Hofmann
qui sont (presque) toujours au courant de (presque) tout. Le service informatique cen-
tral (DIT) de I'EPFL, par I'intermédiaire de M. Jean-Claude Berney, son directeur, et de
MM. Japhet Bagilishya et Jacques Menu, m’a été d'une grande aide en me donnant acces
a de considérables ressources informatiques. Je remercie également les membres du jury
de cette these pour I'accueil qu’ils ont donné a ce travail.

Enfin, je dois beaucoup a ma famille pour son soutient, et tout spécialement a ma
femme qui a di (et qui continue a) me supporter.

R. Louvot
Londres, novembre 2011.

125



126 Conclusion




Appendix A

Oscillations and simulation of B) B,

meson pairs

A.1 Formulae

A B)B{ meson pair produced in ee™ collisions does not oscillate in the same way as a

free neutral meson (Sec. 1.7.2). Starting from Egs. (1.69) and (1.70) with

Amg + %qu

Zq:$q+iyq: F )
q

the time evolution of an incoherent B) B} pair at ¢ = 0 is given by

‘Bg(tl)Bg(t2)>O — ’Bg(t1)> ® ‘Bg(t2)> — e*Fq(tl+t2)/2€,imQ(t1+t2)><

Lzt Tzt _ T,z,t
(cos qqlcos qq2}3832>—sin qqlsin

2 2 2
Tzt Tzt Tzt
—ig cos 9%q"1 sin 4%q"2 }BOBO> — ig sin 9%q°1
q 2 2 a4 P 2

| BY(t1)BY(t2)), = | BY(t1)) @ | BY(t2)) = e Talitt2)/2emimaliitta)

Tzt | _ |
(— sin a%q"1 sin 9%q"2 ‘BSBS> + cos q;q ! cos

2 2
T, z,t Tzt
‘psin qqlcos 17972

T, z,t
q qqlsin

}BSB(% — ’L;) Cos

'y 2 2 2

(A.1)

(A.2)

However, in eTe™ collisions, the neutral B pairs are produced in coherent C' eigenstates
and the quantum state has to be properly symmetrised [24] according the C' eigenvalue.
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A C-even (n = +1) or C-odd (n = —1) state can be written as

|BY(11)BY(t)), = 7 (;BO f Bg(t2)>0+n\Bg(t1)Bg(t2)>o) (A.4)
L 1p (ti40)  —img(ti+a)
= — e 2 q\ltl 2 e q\t1l 2 X

V2

Iyz -
—isin =L (t) + nt) 772 ‘B2B8> +1 ‘BSBS
2 q p
z _ _
+cos = (t1 + 77ta) (|BIBY) +n \BSBS})) :
The time-integrated normalisation of these states (n = —1,0, 1) is

N, = //< [(BOBIIBY () BY(1) ‘24—‘(BSBS|B2(t1)Bg(t2)>n‘2
- ((BSB&B?(Q)B?(@)}U‘Q - ((BSB&B;’(tl)Bg(tQ)}n‘Q) dtydty

1+ ny?
L (A.5)

2
g (1—-u3)
where n = 0 for incoherent states and n = +1 for coherent states. The probabilities for

the two neutral B mesons to decay with the same flavours or opposite flavours are

2
Prob(BYBY) + Prob(BJBY), =N, / / ( BOBO\BO t1)B(t2)) )
- _ 2
+ ‘<B§BS[B2(t1)B2(t2)>n’ > dtydty

N%, ff e Ta(t1+t2)

N%, ff e Ta(t1+t2)

_ (g ) (2g —yg + 2+ 0+ nagy;) A6)
2 (1+ny2) (1+a2)”

2
sin % (tg + Utl)‘ dtdts if n ==l

Tyz .. Tyz 2 .
cos =411 sin ‘éqtg‘ dt1dty, ifn=0

Similarly,

2
Prob(B{ BY) + Prob(BBy), = // ( <BOB0\BO (t1)BY(t2)) ‘

2
+ ‘<BOBO|BO t2)>n‘ > dtydts

_ Ty tyg+ 2 n) (27 —vg) +nagyg (w7 —yg +4) +2
2(1+m3) (1+23)°
=1 — Prob(ByBy + BJBy)y - (A7)
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A.2 Simulation of B) B mixing at the Y'(55)

A.2.1 Preamble

This section details the implementation of the B mixing in EvtGen. This is the documen-
tation for the PHSP_BB_MIX and PHSP_B_MIX decay models included in the Belle library
(from b20090127 0910 patch 36)

So far, the event generator EvtGen has only used the model VSS_BMIX designed to
handle T (4S) — BB events, i.e. BB pairs with C' = —1. As detailed in Chapter 3, at
the T(55) energy, more types of events involving neutral B,y mesons exist and have to be
simulated:

. B?S)B?S) pairs coming from Y(55) — B?S)B?S) or Y(55) — BE*SO)BE‘S) oscillate in an
entangled way with C' = —1.

. B?S)B(Os) pairs coming from Y(55) — BE‘SO)B?S) or Y(59) — B(OS)BE‘SO) oscillate in an
entangled way with C = +1

e B°BY pairs coming from T(55) — B®OB*)0x(7) 3,4-body decays oscillate with
C=+lorC=-1.

e single neutral B® mesons coming from Y (55) — B™IB®—7t(79) or T(55) —
B®OB+ decays oscillate without entanglement.

In order to improve the decay generator, two decay models have been written, based
on VSS_BMIX!:

e PHSP_BB_MIX for T(55) — B?S)B?S) (X) decays. It takes as input the C' eigenvalue of
the B?S)B?s) pair and the mixing parameter, Amg).

e PHSP_B_MIX for Y(55) — B’B~X* and Y(55) — B’BT X~ decays. The only pa-
rameter is the mixing parameter, Am.

These very same models are also used for decays where one of the B meson is replaced
with the corresponding excited state.

While these models implement the correct proper-time dependence and time-integrated
mixing probabilities and should be sufficiently accurate for our purpose, they are far from
perfect and should be used with care. The principal limitations are the following:

e All daughters of the Y'(55) are assumed to be spinless (not correct for Biy).

e The B*? undergoes mixing with the same properties as the B° and then decay to a
B° with no lifetime. This solution is chosen for implementation simplicity, but the
B*Y — BY% vertices are displaced from their true position.

e The model cannot generate decays with initial state radiation, e*e™ — Yisrbb, bb —
B®BM(X).

e The implementation is somewhat tricky: we need to define B* mesons with no spin
and with the B lifetime, B mesons with zero lifetime, etc.

!The names PHSP_BB_MIX and PHSP_B_MIX should have been VSS_BB_MIX and VSS_B_MIX...
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A.2.2 Implementation

The new models are largely derived from the VSS_BMIX source code and can handle only
spinless daughters. The files can be found in a local copy of the three EvtGen packages
(evtgenutil, belleEvtGenBase, belleEvtGenModels) in the EvtGen directory. There are two
new files for implementing the new models:

e ./src/belleEvtGenModels/src/EvtPHSPBMix.cc
e ./src/belleEvtGenModels/belleEvtGenModels/EvtPHSPBMix.hh
and minor modifications of three other files

e ./src/belleEvtGenModels/src/EvtModelReg.cc. This is where all the possible de-
cay models are declared.

e ./src/belleEvtGenBase/src/EvtParticle.cc. BY mixing was hard-coded in the
software core code with a time-integrated probability of 50%. This part of the file
has been commented out because our new models can decay the B? pairs as well
as the B pairs by changing the value of the Am mixing parameter. The time-
integrated probability for the BY pairs has not changed, but the time-dependence is
now included.

e ./src/evtgenutil/src/EvtGen.cc. This is only for an additional printout (in the
logfile) when launching EvtGen.
A.2.3 How to use it

The “make” command should work out-of-the-box. The module . /bin/evtgen.so should
be used. It should also be checked that it is linked with ./1ib/so/{libevtgenutil.so,
libbelleEvtGenBase.so, libbelleEvtGenModels.so}.

Particle definition A few changes are needed in the particle definition table (PDT) file
in order to always have spinless daughters and correct lifetimes for the mixing. The mod-
ifications are (see ~louvot/belle/fs/mcprod/script/evt_RL.pdl):

e B0 and anti-B0 with zero lifetime;

° (anti—)BOlong2 has the B properties (with non-zero lifetime) and decays to BO;

e (anti-)BOheavy is a B*? with the B lifetime and without spin; it decays to BO gamma;

e there are also spinless B*", Bx+nospin that decay to “normal” Bx+;

e the same modifications are made for B? and B} ((anti-)BsOheavy and (anti-)BsOlong);

e the standard DECAY.DEC can be used, provided that the decay of these new particles
is added. (for example, at the end of ~louvot/belle/fs/mcprod/script/DECAY RL.DEC).

ZiThese names are misleading: long and heavy have absolutely no relation with the mass eigenstates of the
B°BY system. BOlong is a BO with a non-zero lifetime, BOheavy has the same spin and lifetime as a B?, but
more heavy (B* mass).
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Decay definition Appendix A.2.5 shows a full example of a generic ete™ — bb decay

file. The syntax of the PHSP_BB_MIX and PHSP_B_MIX lines is as follows:

e Two neutral B mesons:

BR BO1 BO2 PI1 PI2

The parameters BR, Am and C are the branching fraction, the mixing parameter,
Am = my — my, and the C-parity of the B01-B02 pair, respectively. If the second
daughter, B02, is the antiparticle of the first one, BO1, the anti-B01 and anti-B02
parameters must be omitted. Finally, the third and fourth daughter, PI1 and PI2,
must be specified only in case of 3- or 4-body decay. The following examples show

anti-BO1

anti-B02 PHSP_BB_MIX Am C;

the description of the Y(55) — B**B*0, B*°BY + B°B*0 and BB decays,

0.19687  BOheavy anti-BOheavy
0.03595  BOheavy anti-BOlong
0.03595 BOlong anti-BOheavy
0.02886  BOlong anti-BOlong

T (5S) — B*B!, B*B? + BYB*

0.17389  B_sOheavy anti-B_sOheavy

0.00704  B_sOheavy anti-B_sOlong

0.00704 B_sOlong anti-B_sOheavy

0.00502 B_sOlong anti-B_sOlong

anti-BOheavy
anti-BOlong

and BYB? decays,

anti-B_sOheavy B_sOlong
anti-B_sOlong

BOlong
BOheavy

B_sOheavy

PHSP_BB_MIX
PHSP_BB_MIX
PHSP_BB_MIX
PHSP_BB_MIX

PHSP_BB_MIX
PHSP_BB_MIX
PHSP_BB_MIX
PHSP_BB_MIX

dm_Bs
dm_Bs
dm_Bs

T(55) = B*B*070 B*0BO70 4 BOB*070 and B B0 decays:

0.00181 BOheavy anti-BOheavy
0.00637 BOheavy anti-BOlong
0.00637 BOlong anti-BOheavy
0.00006 BOlong anti-BOlong

pio
pio
pio
pio0

anti-BOheavy
anti-BOlong

BOlong
BOheavy

and Y (55) — B'B7%7% BBz * 7~ decays:

0.00000 BOlong anti-BOlong
0.00000 BOlong anti-BOlong

e One neutral B:

pi0 pi0
pi+ pi-

BR BO B+/-

The parameters BR and Am have the same meaning as before. The optional fourth
daughter, PI2, is for the 4-body decays. BO is the neutral B((:))O, anti-BO is its anti-
particle. The following lines will generate Y(55) — B**B~n*, Bt B*0n—, BOB*~ 71+

and B** B1~ decays:

0.01274 BOheavy B-
0.01274 anti-BOheavy B+
0.01274 BOlong B*-nospin

0.01274 anti-BOlong B#*+nospin

pi+
pi-
pi+
pi-

PI1

anti-BOheavy
BOheavy
anti-BOlong
BOlong

PI2

anti-BO

and Y(55) — BB~ r7% B°B*r~x" decays:

0.00000 BOlong B-
0.00000 anti-BOlong B+

These decay models are used to write a realistic ete™ — bb decay file (see below).

pi+ pi0
pi- pi0

PHSP_BB_MIX
PHSP_BB_MIX
PHSP_BB_MIX
PHSP_BB_MIX

PHSP_BB_MIX
PHSP_BB_MIX

PHSP_B_MIX
PHSP_B_MIX
PHSP_B_MIX
PHSP_B_MIX

PHSP_BB_MIX
PHSP_BB_MIX

dm_BO
dm_BO

-1
+1
+1 3
-1 H

+1
+1
-1

-1
-1

PHSP_B_MIX Am;

-1
-1
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A.2.4 Check of the generated events

For several T(55) decay modes, we generated 100k events with the code described above
and the decay file in appendix. The fractions of BB + BB events show an excellent
agreement with the expectations [14].

As mentioned above, Appendix A.2.5 shows the detail of the realistic decay file for
generic Y (55) — bb. Two MC samples generated with this decay file are studied:

e “Lausanne”: A run-independent sample of 15.2 million events (~ 50.3 fb~!), gener-
ated in Lausanne;

e “KEK”: Most of one stream of the official MC for the Y(5S) data, made with ex-
actly the same generator and decay file and representing 31.8 millions events (~
105 fb™1).

Table A.1 shows the measured f, values in these two samples (see Sec. 3.4 for the
formulae). The sample is therefore correctly generated, and the formula provides coherent
results.

Sample SS oS fs
“Lausanne” BB pairs 2'970'812 11802876 19.39 £ 0.03
[l pairs 115’879 546948  19.34 £0.19
“KEK” BB pairs 19.36 4 0.03
Il pairs 19.86 £0.13

Table A.1: Number of same- and opposite-flavour B pairs and same- and opposite-sign
signal dileptons in the EvtGen output for two MC samples. The f, value is obtained from
the formula of Sec. 3.4, with B(B — X lv;) = 1 (“BB flavour” counting) or the original
MC input parameter (“// sign” counting).

After this check at the generator level, the detector response is simulated with the
full-detector simulation made with Geant.

A.2.5 The Y(5S) — bb Decay file

Fractions are discussed in Sec. 3.1.2.

##Generic Y(5S)->bbar
#RL 2010 03 31
#input: (all in %)
#PDGO9:

#£s=19.3

#

#Belle Bs->Ds pi (PRL 102,021801)
#N_Bs#*Bs*/N_Bs (*)Bs (x)=90.1
#N_Bs#*Bs/N_Bs (*¥)Bs(x)=7.3
#N_BsBs/N_Bs (x)Bs(*)=2.6

#

#Belle Y(5S)->B+/B0 (1003.5885)
#£ (B¥B*)=37.5

#£ (B*B)=13.7

#£(BB)=5.5

#£ (B*B*pi)=1.0

#f (B*Bpi)=7.3

#£ (BBpi)=0.0

#£ (B(*)B(*¥)pi(pi))=17.5 --> f(redidual)=9.2
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#-> rescalled to

#£(B(*¥)B(*) (X)) = 100 - f_s - BR(Y(58)->Y(nS)hh)=77.9
#

#

#

#Belle Y(58)->Y(nS)pipi (PRL 100,112001)
#BR(Y(5S)->Y(18)pi+pi-)=0.53

#BBR(Y (5S) ->Y (1S)K+K-)=0.06

#BR(Y (5S) ->Y(2S) pi+pi .
#BR (Y (5S) ->Y(3S) pi+pi-)=0.48
#

#Isospin conservation:

#BR(Y(5S)->Y(nS)piOpi0)=0.5 BR(Y(5S)->Y(nS)pi+pi-)

#BR(Y(53)->Y (nS)KO KOb)=BR(Y(5S)->Y(nS)K+K-)

#

#f (B*B*pi)= 1/3 f(B+ BOb pi-) + 1/3 £(BO B- pi+) + 1/6 £(B+ B- pi0) + 1/6 £(BO BOb pi0) (same for f(BBpi))
#f (B*Bpi)= 1/3 (1/2 f£(Bx+ BOb pi-) + 1/2 f(B+ BO*b pi-)) + 1/3 etc...
#

#Asumption:

#redidual -> ISR Y(5S)->Y(4S) gamma

#

#

Alias myUpsilon(4S) Upsilon(4S)
##mixing parameter

Define dm_BO 0.508e12
Define dm_Bs 17.77e12

Decay Upsilon(5S)

# Bs SUM=0.19300-

0.17389  B_sOheavy anti-B_sOheavy PHSP_BB_MIX dm_Bs -1 ;
0.00704  B_sOheavy anti-B_sOlong anti-B_sOheavy B_sOlong PHSP_BB_MIX dm_Bs +1 ;
0.00704 B_sOlong anti-B_sOheavy anti-B_sOlong B_sOheavy PHSP_BB_MIX dm_Bs +1 ;
0.00502 B_sOlong anti-B_sOlong PHSP_BB_MIX dm_Bs -1 ;
# Bx B* SUM=0.39376--

0.19687  BOheavy anti-BOheavy PHSP_BB_MIX dm_BO -1 ;
0.19687  Bx+ Bx- PHSP H
# Bx B SUM=0.14379+

0.03595  BOheavy anti-BOlong anti-BOheavy BOlong PHSP_BB_MIX dm_BO +1 ;
0.03595  BOlong anti-BOheavy anti-BOlong BOheavy PHSP_BB_MIX dm_BO +1 ;
0.03595  Bx+ B- PHSP B
0.03595 B+ Bx- PHSP H
# B B SUM=0.05772

0.02886 B+ B- vss H
0.02886 BOlong anti-BOlong PHSP_BB_MIX dm_BO -1 ;
# Bx B* pi SUM=0.01084

0.00181 BOheavy anti-BOheavy pi0 PHSP_BB_MIX dm_BO -1 ;
0.00181 Bx+ Bx- pio PHSP;

0.00361 BOheavy B*-nospin pi+ anti-BOheavy PHSP_B_MIX dm_BO H
0.00361 anti-BOheavy B*+nospin pi- BOheavy PHSP_B_MIX dm_BO H

# Bx B pi SUM=0.07641+++

0.00637 B*+ B- pio PHSP;

0.00637 B+ Bx- pio PHSP;

0.00637 BOheavy anti-BOlong pio anti-BOheavy BOlong PHSP_BB_MIX dm_BO +1 ;
0.00637 BOlong anti-BOheavy piO anti-BOlong BOheavy PHSP_BB_MIX dm_BO +1 ;
0.01274 BOheavy B- pi+ anti-BOheavy PHSP_B_MIX dm_BO H
0.01274 anti-BOheavy B+ pi- BOheavy PHSP_B_MIX dm_BO H
0.01274 BOlong B*-nospin pi+ anti-BOlong PHSP_B_MIX dm_BO H
0.01274 anti-BOlong  B#*+nospin pi- BOlong PHSP_B_MIX dm_BO H

#B B pi SUM=0.00037-

0.00006 BOlong anti-BOlong piO PHSP_BB_MIX dm_BO -1 ;
0.00006 B+ B- pio PHSP;

0.00012 BOlong B- pi+ anti-BOlong PHSP_B_MIX dm_BO H
0.00012 anti-BOlong B+ pi- BOlong PHSP_B_MIX dm_BO H

# Residual SUM=0.09606

o

.09606 myUpsilon(4S) gamma PHSP;

**

non-BB SUM=0.02805
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0.00530 Upsilon pi+ pi- PHSP;
0.00265 Upsilon pio pio PHSP;
0.00780 Upsilon(2S)  pi+ pi- PHSP;
0.00390 Upsilon(2S) pio pio0 PHSP;
0.00480 Upsilon(3S) pi+ pi- PHSP;
0.00240 Upsilon(3S) pio0 pio PHSP;
0.00060 Upsilon K+ K- PHSP;
0.00060 Upsilon KO anti-KO PHSP;
Enddecay

Decay myUpsilon(4S)

0.5 B+ B- vss H
0.5 BOlong anti-BOlong PHSP_BB_MIX dm_BO -1 ;
Enddecay



Appendix B

Helicity and angular distributions

B.1 Helicity formalism

The helicity of a particle is the value of its spin projection along its momentum (Eq. (1.4)).
It has the property to be invariant under rotation. This property makes the decay angular
distributions easy to compute [226]. If a decay has a non-uniform angular distribution,
the continuum can be distinguished from the signal by using angular observables. This
section presents the theoretical way to obtain the expected distributions. For a two-body
decay P — (Q1Q)2, the amplitude can be written as the product of a complex number,
Ay, », and a D function [226]:

A(P — QIQQ) — D]{;{,)\lf)Q (SOPa 9P7 _(PP) Az\l,)\g 5 (Bl)
where!
J* iamy 3J ym
Dml,mQ (a7 67 7) =€ ldml,mg (/B)e 2 (B.Z)

is the SU(2) representation of the rotation as function of the Euler angles («, 3,7), J the
spin of the decaying particle P, M its projection on the z axis, and A\; and A\ are the
helicities of the two daughters ()1 and Q2. The two angles 0p and pp are the polar and
azimuthal angles of a chosen daughter? in the frame of the mother. The 2 axis is defined
as the momentum direction of the mother P, in the lab frame. Three specific cases are
considered below, involving spin-0 scalar (S), spin-1 vector (V) particles and photons.

B.2 Thedecay D, — ¢ ,¢p - KTK~

In the decay chain DY — ¢7—,¢ — KK, all the particles are pseudo-scalar mesons,
except the ¢ which is a vector meson. The decay amplitude is
JD* *

ADy = ¢(— K"K )n™) = DADS_ Ao—A_ (ep=+0p=s—p-)Ar, A, -

J o *
XD)\Z7)‘K+ —AK_ (2,00, *90¢)B>\K+ Mg+ (B.3)

!The symbol * indicates the complex conjugation.
2The other one has ' = w — f and ¢’ = ¢ + 7.
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Since Jp- = Jg+ = Jr- = 0and J, = 1, M-, A~ and Ax= vanish as well as® \y;
this leads to

A(Ds_ — (Z)(% K+K—)7T_) = AO,OBO,OD([))TO(SOD; ) HD;a _SODS*)D(%TO(‘P@ 9¢7 _‘Pqﬁ) . (B.4)
Dg,o being a constant, the differential decay rate is proportional to*

dr

1x* 2 1 2 12
m ~ }D010(¢¢’9¢7 _9%)} = ’d0,0(9¢)| = cos” by . (B.5)

This result is similar for the Dy — K**K~, K*0 — K*7~ and the B? — D; p*,pt —
nt7Y decays, by considering -0 and 6+, respectively.

B.3 Thedecay B? — D* nt,D* — D_~

The decay BY — D*~(— D, ~)r™ is governed by the amplitude

JBO*

A(B) = Dy (= Dyy)nt) = D,\BZ.',,\D;_,,\W+ (¢B0:0po, —SOBg)A,\D;_,/\ﬁ (B.6)
JD***
XD)\DZ,,,\D;_)W(SDD;ﬂaD;ﬂ _SOD;*)BAD; Ay
Since Jpo = J,- = 0and J), —=Jy =1, the helicities Ago, Ay, Ar+ and Apr- vanish.

There are only two possible he11c1t1es for the photon (\, = j:l) leadmg to
A(BJ = Dy~ (= Dyy)") = Dy (ppo, 059, —p0) Ao (B.7)
><1)0 —Ay (QOD;‘_ 3 HD:— ) _QOD;_ )BU,)W .

2
The differential decay rate is then proportional to A ’d(l)’ A (0p=-)Box, | - When the v

polarisation is not measured, the parity is conserved by the electromagnetic force, there-
fore | By 1 ? = |B071|2. Finally the decay rate is proportional to®

dar 2 2
— C|Bol (’d}),l(ﬁD;)‘ n ]dé,_l(eDgf)] ) ~1—cos?fp. . (BS)
d (cos HD?)

B.4 The decay B? — D* p*t,D*~ — D;~,pt — ntna®

The BY — D~ p* mode is a decay of a pseudo-scalar meson into two vector particles. The
decay can be characterised by three angles (Fig. B.1): the D}~ polarisation angle, D>
is the supplement of the angle between the B? and the D, momenta in the D~ frame;
the p* polarisation angle, 6+, is the supplement of the angle between the B and the 7+
momenta in the p* frame; and Y is the angle of the p* decay plane with respect to the
D?~ decay plane in the B? frame.

%In the mother’s frame, the projection of the relative angular momentum between the two daughters on
the momentum direction of one daughter is zero.

“The explicit expressions of the d functions are tabulated for example in Ref. [37].

>The angular distribution for the non-strange counterpart of B — D} nt, B® — D*(2010) 7" is
proportional to cos® #p+ because the D*(2010)~ decays into two scalars, D and .
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Figure B.1: Definition of the three angles characterising the BY — D~ p* decay. The D}~
and p™ helicity angles are defined in their respective rest frames.

The conservation of the projection of the total angular momentum can be written as

0=M(BY) =s:(D;7) +5:(p") + 1. = Aps- = At (B.9)

where [, = 0 because z is the direction of the daughters’ momenta (see note 3 on page
136). We define

)\ = AD:7 - )\p+ ) (BlO)

which can take the values —1,0, +1. Therefore three polarisations are possible. We need
to sum the decay amplitudes over these three “internal” helicities. In addition, the photon
has two possible polarisations A\, = 1. When it is not measured, the two decay widths
should be added.

The total decay amplitude as function of the two helicities A and A, is a product of
three decay amplitudes®,

AN Ny) = ABQ%D;‘*;}*‘ (A\) x ADzi%D;’y()\’ Ay) X Apt im0 (A) (B.11)
= A)\,)\DS,()O((Zng? 9Bg7 _¢B9) X BO,)\A, DSKHl_)‘“/ (¢D;7 s Hsz, _¢D;7)
XCO,ODil)x,O(Qb/ﬁL’ 9p+7 _¢p+) . (B12)

®The spin projection along z is + X for D~ and — for p*, see Eqs. (B.9) and (B.10).
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B. Helicity and angular distributions

The azimuthal origin is set by’ ¢ p:- = 0. In this way, the angle x is simply ¢,+ = x.
Defining H) = A, ), we have

AN Ay) o< HyBo,dy _x (0= )dhy (6,4 )e X (B.13)

As before, the electromagnetic decay D}~ — D -y conserves the parity P, and the constant
factor is the same for the two photon polarities, |By1|> = |Bo,_1|*. We are left with
only the three helicity amplitudes H,. The distribution is obtained after simple algebraic
calculation®:

d3r
x AN
d cos eDg—dCOS 0,+dx )\V;H )\__zl;) B (A Ay)

o 4 |Hy|* sin? Op:- cos? 6+
+ (\H+|2 + |H_|2) (1 + cos? HD:_> sin? 0,+
+ (R (HoH} + HoH" ) cos x + S (HoH* — HoH? ) sin )
X 8in 260 . sin 26,4+
—2 (R (H{H*)cos2x + S (H4 H*) sin 2x) sin? Op:- sin? 0+

(B.14)

1, after integrating over y and normalising to T,

2 2
2 1 —cos®0p:— ) cos® 0+
d T x f;, x ( b ) ’ (B.15)
dcos 0« dcos 0+ 8/9
(1 + cos? HD%) sin? 0+
I'x (1—- . B.16
+I % (1= fr) x 329 ,  (B.16)
where f, is the longitudinal polarisation fraction defined as

Hol2

fr= il (B.17)

|H >+ |Hol* + |[H_?

Given this non-constant distribution, cos 6 D and cos 0,+ can be used as observables in
order to distinguish between longitudinally- "and transversely-polarised decays.

’A consistency check shows that the choice ¢ o+ =0,9 pri— = —X leads to the same result.

8The helicity of the DY and p*, ), is not an observable: hence the amplitudes are summed over its three
values. In contrast, the helicity of the photon A, is not measured, but could be: thus the probabilities (square
of the amplitude modulus) are summed over the two values of A\,. For a similar calculation, see Ref. [218].
The difference between the BY — DX p™ and B — D*p" decays is that the D}~ decays into a photon
(A = #£1) and a pseudo-scalar meson (A = 0), while the D* decays into two pseudo-scalar mesons (A = 0).

?Our calculation gives the same result as that obtained in Ref. [227] for the study of decay B® — D:TV ™,
V=pK".
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We have studied B — D; 7" and B — D7 K~ decays using 23.6 fb™! of data collected at the Y(55)
resonance with the Belle detector at the KEKB e™e™ collider. This highly pure B — D; 7% sample is
used to measure the branching fraction, B(BY — Dy 7¥) = [3.677533(stat) *)-43 (syst) = 0.49(f,)] X 1073
(fs = Ny /N, ;) and the fractions of BY event types at the Y(5S) energy, in particular Np. 5. /N, BOED =
(90.113:8 = 0.2)%. We also determine the masses M(BY) = (5364.4 = 1.3 = 0.7) MeV/c? and M(B;) =
(5416.4 + 0.4 = 0.5) MeV/c?. In addition, we observe B — D] K~ decays with a significance of 3.5

week ending
16 JANUARY 2009

and measure B(BY — D] K*) = [2.4712(stat) = 0.3(syst) = 0.3(f,)] X 107%.

DOI: 10.1103/PhysRevLett.102.021801

The decay BY — D;z* [1] has a relatively large
branching fraction and is a primary normalization mode
at hadron colliders, where the absolute production rate of
BY mesons is difficult to measure directly. It proceeds
dominantly via a Cabibbo-favored tree process. The decay
BY — D~ 7" proceeds through the same tree process but
may also have additional contributions from W exchange,
so a comparison of the partial widths of the two decays can
give insight into the poorly known W-exchange process.
The Cabibbo-suppressed mode BY — Dy K= is mediated
by b— c and b — u tree transitions of similar order
(~ A3, in the Wolfenstein parametrization [2]), which
raises the possibility of measuring time-dependent
CP-violating effects [3]. It has recently become possible
to produce BY events from e*e™ collisions at the Y(55)
resonance in sufficiently large numbers to achieve interest-
ing and competitive measurements. Y(55) events may also
be used to determine precisely the masses of B and BY; the
mass difference can be compared with that of B** and B° to
test heavy-quark symmetry [4], which predicts equality
between them. Properties of the Y(5S5) such as the fraction
of events containing a BY and the relative proportions of
BYBY, B:BY, and B:B: provide additional tests of heavy-
quark theories [5,6].

In this Letter, we report measurements performed with
fully reconstructed BY — D, " and B — D K= decays
in Li,, = (23.6 = 0.3) fb™! of data collected with the Belle
detector at the KEKB asymmetric-energy (3.6 GeV on
8.2 GeV) eTe™ collider [7] operated at the Y(5S) reso-
nance. The beam energy in the center-of-mass (c.m.) frame

PACS numbers: 13.25.Hw, 13.25.Gv, 14.40.Gx, 14.40.Nd

is measured to be E; = \[s/2 = 5433.5 = 0.5 MeV with
Y(58) = Y(1S)7m 7w, Y(1S) = u* u~ decays [8]. The
total bb cross section at the Y(5S) energy has been mea-

sured to be o) ¥ = (0.302 = 0.014) nb [9], which in-
cludes B°, B*, and BY events. Three B production
modes are kinematically allowed: BB, B:BY, and B*B*.
The B? decays electromagnetically to BY, emitting a pho-
ton with energy E, ~ 53 MeV. The fraction of bb events

containing a B\”B!" pair has been measured to be f, =
Ny g0 /Ny = (19.5739)% [9]. The number of BY mesons

in the sample is thus Ngo =2 X L, X O'ZESS) X fo=

(2.78124%) X 10°. The BY production mode ratios are de-
fined as foB? = NBIBI /NB(:)B(:) . foB? = NB:BQ/NB((*)B(Y*’ ,
and fpogo = Npogo /N BB The Belle Collaboration pre-
viously measured fp.5- = (93%])% [10].

The Belle detector is a large-solid-angle magnetic spec-
trometer that consists of a silicon vertex detector, a central
drift chamber (CDC), an array of aerogel threshold
Cherenkov counters (ACC), a barrel-like arrangement of
time-of-flight (TOF) scintillation counters, and an electro-
magnetic calorimeter composed of CsI(T1) crystals located
inside a superconducting solenoid coil that providesa 1.5 T
magnetic field. An iron flux return located outside of the
coil is instrumented to detect K9 and to identify muons.
The detector is described in detail elsewhere [11].

Reconstructed charged tracks are required to have a
maximum impact parameter with respect to the nominal
interaction point of 0.5 cm in the radial direction and 3 cm

021801-2
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5.44—— TABLE I. Parametrization of M., and AE mean values.
5.42 %
5.4 3 Signal Mean of (M, AE)
2'22 B B{B; (mp;, \/E:;z — (g, = mp) — E})
—_ 4 . - mz**mzo
NQ 5.34 . B?If? (\/(mét + mé?)/Z - [(m%ﬁ. - mé?)/4Eb]2, _ HS4E; =y
> 32 BYBY (mp, 0)
O =
% 5.42
2 v .
= Sa4Rt s . analysis; only =~1% of events have more than one
5.38pr T N : candidate.
i'ii P a Further selection criteria are developed using
5'32 I ST . Monte Carlo (MC) samples based on EVTGEN [14] and
32 C e, 8 . . . . . .
53kt ni, LY T L A, GEANT [15] detector simulation. The most significant
-03 -02 -01 0 01 02 03 04 source of background is continuum events, e*e” —
A E (GeV) uii, dd, s3, c¢. In addition, for the B — D7 K mode there
. . is also a large background from BY — D; 7", where the
FIG. 1. (My, AE) scatter plots for By — Dyar™ (top) and 7+ js misidentified as a K*. The expected continuum

BY — D7 K* (bottom) candidates. The three boxes in the top
plot are the +2.5¢ signal regions (BB, B:B?, and BYBY, from
top to bottom) while those in the bottom plot are the =2.50
BB regions for signal (solid) and for BY — Dy 7+ background

(dashed).

in the beam-axis direction. A likelihood ratio Ry, =
Ly/(L,+ Lg) is built using ACC, TOF, and CDC
(dE/dx) measurements. A track is identified as a pion if
Rz < 0.6 or as a kaon otherwise. With this selection, the
identification efficiency for pions (kaons) is about 91%
(85%), while the fake rate is about 9% (14%).

Neutral kaons are reconstructed via the decay Kg —
7t 7~ with no identification requirements for the two
charged pions. The K candidates are required to have an
invariant mass within =7.5 MeV/c? (=4¢) of the nominal
K? mass (all nominal mass values are taken from
Ref. [12]). Requirements on the Kg vertex displacement
from the interaction point and on the difference between
vertex and Kg flight directions are applied. The criteria are
described in detail elsewhere [13]. The K* (¢) candidates
are reconstructed via the decay K**— K*7~ (¢ —
KtK™) with an invariant mass within =50 MeV/c?
(*12 MeV/c?) of the nominal mass.

Candidates for Dy are reconstructed in the three modes
D; — ¢m~, Dy — K*°K~, and Dy — K%K~ and re-
quired to have mass within +15 MeV/c? (=30) of the
nominal D; mass for B?— D;z" and within
+8 MeV/c? for B — D7 K*. Following Ref. [10], the
signals for BY — D; 7" and B — D] K* are observed
using two variables: the beam-constrained mass of the B?

candidate My, = (JE;*> — p33 and the energy difference

AE = Ezn — E;, where (EZO,
of the B candidate expressed in the c.m. frame. We select
candidates with M,. > 5.3 GeV/c? and —03 < AE<
0.4 GeV. In each event the B candidate with the D;

mass closest to its nominal value is selected for further

Po) is the four-momentum

background, Ny, is estimated using MC-generated
continuum events representing three times the data. The
expected signal, N, is obtained assuming B(B? —
Dy7*)=30x10"% and fpp =93% for the B) —
Dy 7t analysis and B(B? — D7 K*) = 3.7 X 107* for
the B — D7 K~ analysis. For B — D7 K™, we assume
the values of B(BY — Dy 7") and f5 obtained in the
BY — Dy 7" analysis.

To improve signal relative to background, criteria are
chosen to maximize Ng,/{/Ng, T Ny, evaluated in the
BB signal region (Fig. 1). Two topological variables are
used. First, we use the ratio of the second and zeroth Fox-
Wolfram moments [16], R,, which has a broad distribution
between zero and one for jetlike continuum events and is
concentrated in the range below 0.5 for the more spherical
signal events. Candidates for B — D; 7" (BY — D] K™*)
are required to have R, <0.5 (<0.4). We then use the
helicity angle 6., of the Dy — ¢m~ (D;y — K*°K)
decays, defined as the angle between the momentum of
the positive daughter of the ¢ (K*°) and the momentum
of the D, in the ¢ (K*°) rest frame; for signal decays
consisting in a spin-0 particle decaying into a spin-1 par-
ticle and a spin-0 particle, the distribution is %cos?@,
while for combinatorial background under D, signal
it is flat. Candidates for D; — ¢ o~ and D; — K*°K~
are required to satisfy |cosfpg| > 0.2 (>0.35) for the

TABLE II. Signal efficiencies, yields (N), and significances (S).

Y(5S) mode S e Be N S
BY — D; 7% mode 161 = 15
B:B: 1.58% 145714 21.00
BB 1.58% 11.8538 270
BYBY 1.56% 4.0%4$ Llo
BY — D7 K* mode
B;B; 1.12% 6.713% 350
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(a) My, distribution of the BY — Dy 7" candidates with AE in the BB} signal region [—80, —17] MeV.

(b) AE distribution of the BY — Dy 7" candidates with M, in the B:B: signal region [5.41,5.43] GeV/c?. The different fitted
components are shown with dashed curves for the signal, dotted curves for the B — D~ 7+ background, and dash-dotted curves for
the continuum. (c),(d) show the same distributions but using the BiB? signal region (AE € [—57,9] MeV and M, €

[5.38,5.40] GeV/c?).

BY — D; 7w (B? — D7 K*) mode. These two selections
reject 43% (73%) of the continuum while retaining 95%
(85%) of the BY — D; 7t (BY — DJK™) signal. MC
studies show that background from B* and B® decays is
small and flat enough to be described together with the
continuum events for the B — D; 7" mode and is negli-
gible for the B — D K~ mode. The most relevant back-
ground from BY decays is B — D™ 7.

For each mode, a two-dimensional unbinned extended
maximum likelihood fit [17] in My, and AE is performed
on the selected candidates, which are shown in Fig. 1. Each
signal probability density function (PDF) is described by a
sum of two Gaussians. For the BY — D, 7" analysis, all
three BY production modes (BB, BB?, and BYBY) are
fitted simultaneously. For the B — D7 K* mode, only the
B*B* component is taken into account. The resolutions for
M, and AE are estimated from MC simulation and scaled
by a common factor (one for each variable) left free in the
BY — Dy @ fit. Approximating pj. with Pjgo in the BY —
BV decay, the mean values are parametrized, as shown in
Table I, as functions of the Bg and B masses, which are
also left free in the B — D; 7" fit. The continuum (to-
gether with possible B* and B° background) is modeled
with an ARGUS function [18] for M, and a linear function

for AE. A nonparametric two-dimensional PDF, obtained
from MC simulation with the kernel-estimation method
[19], is used to describe the shape of the B — D 7+
background.

For the B — D; 7" mode, the three signal yields
are expressed as a function of three free parameters,
B(BY— Dy 7"), fpp. and fpp, with the relations

TABLE IIl. Relative systematic uncertainties (in %) for
B(B? — D, 7r") and B(B? — D7 K™).

Source BY— D;7" BY — DK™
Integrated luminosity +1.3 —-1.3 +1.4 —1.2
o9 +48  —44 450 —44

P +13.3 —133 +13.6 —134
fgjg’: s +4.8 —4.1
D; branching fractions +6.6 —6.1 +6.8 -5.9
Efficiencies (MC stat.) +1.2 —1.2 +1.5 —1.3
Efficiencies (R,, cosf,) +4.8 —4.8 +4.8 —4.8
7, K~ identification +5.4 —54 +5.2 —-5.2
Track reconstruction +4.0 —4.0 +4.0 —4.0
PDF shapes +1.0 —-1.0 +3.3 —2.7

Total +17.8  —17.5 +19.0 —18.1
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the BY momentum and the beam axis in the ¢.m. frame for the
Y(5S) — B;B; signal.

Ny = NpB(B) — Dy 7") fy X 6) By, where M is one
of the three Bg*)Bg*)—pair production modes and k runs over
the Dy modes; the third fraction is defined as fpopo = 1 —
fw:5: — [ - The values of 3, & By, which are the total
Dy branching fractions [12] weighted by the reconstruc-
tion efficiencies, are listed in Table II.

Figure 2 shows the M, and AE projections in the B} B
and in the B*BY regions of the data, together with the fitted
function. In the M, distribution, the three signal compo-
nents are present due to overlap of the signal boxes; the
peak on the right (middle, left) is due to B*B* (B*BY, BYBY)
production. Table II presents the fitted signal yields as well
as the significance defined by S = /2In( L./ L), where
L (Lo) is the value at the maximum (with the corre-
sponding yield set to zero) of the likelihood function con-
volved with a Gaussian distribution that represents the
systematic errors.

Systematic uncertainties on the branching fractions are
shown in Table III. Those on fjp:3: and fg:p are mainly
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FIG. 4 (color online).

due to PDF uncertainties. Those due to the beam energy,
the momentum calibration, and the py. = pj, approxima-

tion are propagated as systematics on the B mass and BY
mass. The momentum normalization uncertainties are
much more important in the latter case because the mea-
sured energy of the BY candidate is used instead of the
beam energy.

We measure the branching fraction B(B? — D; 7r*) =
[3.677033(stat) T0H (syst) = 0.49(f,)] X 1073, where the
largest systematic uncertainty, due to f,, is quoted sepa-
rately, the fraction fp-z. = (90.173§ + 0.2)% and the two
fited masses mpg = (5364.4 * 1.3 +0.7) MeV/c? and
mp: = (5416.4 + 0.4 £ 0.5) MeV/c?. These four mea-
surements supersede the previous Belle values [10]. We
obtain for the first time values for the two fractions f g0 =
(7.3733 £ 0.1)% and fop = (2.673%)%, using the corre-
lation ( — 0.77) between [z and fp-go.

Our branching fraction is compatible with the CDF
result [12,20], and is slightly higher (1.30") than B(B* —
D~ 7") [12]. The value of Sp:p 1s significantly larger
than the theoretical expectation of =70% [5,6]. The B
mass is compatible with the world average value [12],
while our value for the B mass is 2.60 larger than the
result from CLEO [21]. The mass difference obtained,
mpg: — mg =520+ 1.5 MeV/c?, is 4.00 larger than
the world average of mgo — mpgo [12], while heavy-quark
symmetry predicts equal values [4].

The distribution of the angle between the BY
momentum and the beam axis in the c.m. frame is of
theoretical interest [5] and is presented in Fig. 3 for the
signal events in the BB’ region, using the ,Plot method
[22]. A fit to a 1+ acoszé?z0 distribution returns
x2/(number of degrees of freedom) = 8.74/8 and a =
—0.5901%. It has been checked that the signal efficiency

does not depend on this angle. We naively expect a =
—0.27 by summing over all the possible polarization states.

Events /(20 MeV )

Y05 02 1 0T
AE (GeV)

02 03 04

Left: My, distribution of B — D K* candidates with AE in the B} B signal region. Right: AE distribution of

the B — D7 K~ candidates with M, in the BB} signal region; the left (right) peak is the B — D7 K= (B — D; #") component.
The dashed curves, dotted curves, and dash-dotted curves represent the signal, B? — DY 7t backgrounds, and continuum,

respectively.
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For the BY — D7 K* mode, mean values and resolutions
for BY — D7 K* and B? — D; 7" components are cali-
brated using the results of the BY — D; 7" fit. The four
yields (signal, continuum, BY— D; 7%, and B?—
D* ") are allowed to float, but, due to the very small
contribution of BY — D*~ 77", the ratio between the yields
of BY— D 7" and B — D; 7" is fixed from a fit to
data without kaon identification.

The fit results are shown in Fig. 4 and Table II.
Systematic errors are presented in Table III. We find
6.7734 signal events (3.50), corresponding to B(BY—
D K*)=[2.4%12(stat) = 0.3(syst) £ 0.3(f,)] X 1074, us-
ing the previously fitted value of f- z:. In the ratio B(B? —
D{K*)/B(BY — Dy 7") = (6.5*33)%, the errors are
dominated by the low BY — DF K~ statistics.

In summary, a large BY — D, 7" signal is observed
and six physics parameters are measured: the branching
fraction ~ B(BY— Dy 7)) =[3.677533(stat) T4 (syst) =
0.49(f,)] X 1073, the fractions of the BY pair production
modes at the Y(55) energy, fz-z = (90.1738 +0.2)%,
fop = (13733 £0.1)%, fpp = (2.6739)%, and the
masses mpg: = (5416.4 + 0.4 = 0.5) MeV/c?,  mp =
(5364.4 = 1.3 +0.7) MeV/c2. In addition, evidence
(3.50) for the BY — D7 K™ decay is obtained, leading to
a  measurement  B(B? — DiK*) = [2.4%]2(stat) =
0.3(syst) = 0.3(f,)] X 107+

We thank the KEKB group for excellent operation of the
accelerator, the KEK cryogenics group for efficient sole-
noid operations, and the KEK computer group and the NII
for valuable computing and SINET3 network support. We
acknowledge support from MEXT and JSPS (Japan); ARC
and DEST (Australia); NSFC (China); DST (India);
MOEHRD, KOSEF and KRF (Korea); KBN (Poland);
MES and RFAAE (Russia); ARRS (Slovenia); SNSF
(Switzerland); NSC and MOE (Taiwan); and DOE
(US.A)).

*Now at: Okayama University, Okayama.
[1] Unless specified otherwise, charge-conjugated modes are
implied throughout the Letter.

(2]
(3]

(4]
(5]

(6]
(7]

(8]

(9]

[10]
[11]
[12]

[13]
[14]

[15]
[16]
[17]
[18]

[19]
(20]

[21]

[22]

021801-6

L. Wolfenstein, Phys. Rev. Lett. 51, 1945 (1983).

R. Aleksan, I. Dunietz, and B. Kayser, Z. Phys. C 54, 653
(1992). See also R. Fleicher, Nucl. Phys. B671, 459
(2003); S. Nandi and U. Nierste, Phys. Rev. D 77,
054010 (2008).

W. A. Bardeen, E.J. Eichten, and C. T. Hill, Phys. Rev. D
68, 054024 (2003).

A.G. Grozin and M. Neubert, Phys. Rev. D 55, 272
(1997).

N. A. Tornqvist, Phys. Rev. Lett. 53, 878 (1984).

S. Kurokawa and E. Kikutani, Nucl. Instrum. Methods
Phys. Res., Sect. A 499, 1 (2003).

K.-F. Chen et al. (Belle Collaboration), Phys. Rev. Lett.
100, 112001 (2008). We obtain /s = my(s) + AM,
where my(;) is the nominal Y(1S) mass [12] and AM is
the measured M+ -7 — M+ .

A. Drutskoy et al. (Belle Collaboration), Phys. Rev.
Lett. 98, 052001 (2007); G.S. Huang et al. (CLEO
Collaboration), Phys. Rev. D 75, 012002 (2007). These
two published values of 0'2{1553) are averaged. Experimental
fs values are also given by both of them; the average is
given in Ref. [12].

A. Drutskoy et al. (Belle Collaboration), Phys. Rev. D 76,
012002 (2007).

A. Abashian et al. (Belle Collaboration), Nucl. Instrum.
Methods Phys. Res., Sect. A 479, 117 (2002).

C. Amsler et al. (Particle Data Group), Phys. Lett. B 667, 1
(2008).

F. Fang, Ph.D. thesis, University of Hawaii, 2003.

D.J. Lange, Nucl. Instrum. Methods Phys. Res., Sect. A
462, 152 (2001).

CERN Application Software Group, CERN Program
Library Long Write-up W5013, 1993.

G.C. Fox and S. Wolfram, Phys. Rev. Lett. 41, 1581
(1978).

R. Barlow, Nucl. Instrum. Methods Phys. Res., Sect. A
297, 496 (1990).

H. Albrecht et al. (ARGUS Collaboration), Phys. Lett. B
185, 218 (1987).

K. Cranmer, Comput. Phys. Commun. 136, 198 (2001).
A. Abulencia et al. (CDF Collaboration), Phys. Rev. Lett.
98, 061802 (2007).

O. Aquines et al. (CLEO Collaboration), Phys. Rev. Lett.
96, 152001 (2006).

M. Pivk and F.R. Le Diberder, Nucl. Instrum. Methods
Phys. Res., Sect. A 555, 356 (2005).



week ending

PRL 104, 231801 (2010) PHYSICAL REVIEW LETTERS 11 JUNE 2010

Observation of B — D* 7" and B® — D'” p* and Measurement
of the B — D™ p* Longitudinal Polarization Fraction

R. Louvot,19 0. Schneider,19 T. Aushev,lg’12 K. Arinstein,l’33 A. M. Bakich,39 V. Balagura,12 E. Balrberio,23 A. Bay,19
K. Belous,l1 M. Bischofberger,25 A. Bondar,l’33 A. Bozek,29 M. Braéko,ﬂ’13 T.E. Browder,7 P. Chang,28 Y. Chao,28
A. Chen,”® K.-F. Chen,”® P. Chen,?® B.G. Cheon,® C.-C. Chiang,”® I.-S. Cho,*’ Y. Choi,*® M. Danilov,'> M. Dash,*®
A. Drutskoy,3 S. Eidelman,]’33 P. Goldenzweig,3 B. Golob,zo’13 H. Ha,]7 J. Haba,8 T. Hara,8 Y. Horii,42 Y. Hoshif“

W.-S. Hou,?® Y. B. Hsiung,”® H.J. Hyun,'® T. Iijima,?* K. Inami,>* R. Itoh,® M. Iwabuchi,*’ M. Iwasaki,*® Y. Iwasaki,®

N.J. Joshi,40 D.H. Kah,18 J.H. Kang,47 P. Kapusta,29 N. Katayama,8 T. Kawasaki,3] C. Kiesling,22 H.J. Kim,18

H. 0. Kim,"® J.H. Kim,'® M. J. Kim,"® Y.J. Kim,? K. Kinoshita,’ B.R. Ko,'” P. Kodys,? S. Korpar,?""'* P. Krizan,?*"?

P. Krokovny,8 T. Kumita,44 Y.-J. Kwon,47 S.-H. Kyeong,47 J.S. Lange,4 M.J. Lee,37 S.-H. Lee,17 J.Li, C. Liu,36
A. Matyja,29 S. McOnie,39 K. Miyabayashi,25 H. Miyata,31 Y. Miyazaki,24 G.B. Mohanty,40 M. Nakao,8 H. Nakazawa,26
S. Nishida,® K. Nishimura,” O. Nitoh,** T. Ohshima,* S. Okuno,'* S. L. Olsen,*””’ P. Pakhlov,'* G. Pakhlova,'* H. Palka,*
H. Park,18 H.K. Park,18 R. Pestotnik,]3 M. Petrié,13 L.E. Piilonen,46 A. Poluektov,]’3'3 M. Prim,]5 M. Rt')hrken,]5 S. Ryu,37

H. Sahoo,7 Y. Sakai,8 C. Schwanda,lo A.J. Schwartz,3 K. Senyo,24 M.E. Sevior,23 M. Shapkin,11 V. Shebalin,l’33
C.P. Shen,”J.-G. Shiu,28 J.B. Singh,35 P. Smerkol,13 A. Sokolov,l 's. Stanié,32 M. Starié,13 T. Sumiyoshi,44 G.N. Taylor,23

Y. Teramoto,** K. Trabelsi,® S. Uehara,® Y. Unno,® S. Uno,® G. Varner,” K. E. Varvell,>® K. Vervink,'®
C.H. Wang,27 M.-Z. Wang,28 P. Wang,9 J. Wicht,8 E. Won,17 B.D. Yabsley,39 Y. Yamashita,30 Z.P Zhang,36
T. Zivko,13 and O. Zyukoval’33

(Belle Collaboration)

'Budker Institute of Nuclear Physics, Novosibirsk
2Faculty of Mathematics and Physics, Charles University, Prague
3University of Cincinnati, Cincinnati, Ohio 45221
4 Justus-Liebig-Universitit Giefien, Giefen
5The Graduate University for Advanced Studies, Hayama
®Hanyang University, Seoul
7University of Hawaii, Honolulu, Hawaii 96822
8High Energy Accelerator Research Organization (KEK), Tsukuba
®Institute of High Energy Physics, Chinese Academy of Sciences, Beijing
©1ustitute of High Energy Physics, Vienna
Yinstitute of High Energy Physics, Protvino
Institute for Theoretical and Experimental Physics, Moscow
13). Stefan Institute, Ljubljana
l4Kanagawa University, Yokohama
Snstitut fiir Experimentelle Kernphysik, Karlsruher Institut fiir Technologie, Karlsruhe
YKorea Institute of Science and Technology Information, Daejeon
Y"Korea University, Seoul
B yungpook National University, Taegu
YEcole Polytechnique Fédérale de Lausanne (EPFL), Lausanne
Faculty of Mathematics and Physics, University of Ljubljana, Liubljana
21University of Maribor, Maribor
2Max-Planck-Institut fiir Physik, Miinchen
23University of Melbourne, School of Physics, Victoria 3010
24Nagoya University, Nagoya
2Nara Women’s University, Nara
ZNational Central University, Chung-li
2"National United University, Miao Li
2 Department of Physics, National Taiwan University, Taipei
H. Niewodniczanski Institute of Nuclear Physics, Krakow
30Nippon Dental University, Niigata
31Niigata University, Niigata
32Um'versiz‘y of Nova Gorica, Nova Gorica
3Novosibirsk State University, Novosibirsk
3 0saka City University, Osaka

0031-9007/10/104(23)/231801(6) 231801-1 © 2010 The American Physical Society



PRL 104, 231801 (2010)

PHYSICAL REVIEW LETTERS

week ending
11 JUNE 2010

3 Panjab University, Chandigarh
3University of Science and Technology of China, Hefei
37Seoul National University, Seoul
8 Sungkyunkwan University, Suwon
3School of Physics, University of Sydney, NSW 2006
4OTata Institute of Fundamental Research, Mumbai
NTohoku Gakuin University, Tagajo
Tohoku University, Sendai
Department of Physics, University of Tokyo, Tokyo
“Tokyo Metropolitan University, Tokyo
45Tokyo University of Agriculture and Technology, Tokyo
“SIPNAS, Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061

TYonsei University, Seoul
(Received 27 March 2010; published 8 June 2010)

First observations of the B — D~ 7%, B — D p™ and BY — D* p™ decays are reported together

with measurements of their branching fractions: B(BY — Di~ 7") = [2.4%53(stat) * 0.3(syst) =
0.4(f,)1 X 1073, B(BY— Dy p*) = [8.57 3 (stat) = 1.1(syst) = 1.3(f)] X 107 and  B(B) —

D p™) = [11.9733(stat) = 1.7(syst) = 1.8(f)] X 1073 (f, =N
butions, we measured the longitudinal polarization fraction in B — D

@5/ Nyj). From helicity-angle distri-

*~p* decays to be f,(B?—

B

D p™) = 1.0575%B (stat) T3-93 (syst). These results are based on a 23.6 fb~! data sample collected at the
Y (5S) resonance with the Belle detector at the KEKB e* e~ collider.

DOI: 10.1103/PhysRevLett.104.231801

The measurement of exclusive B — D)~ ht [1] (Wt =
7" or p*) decays is an important milestone in the study of
the poorly known decay processes of the BY meson. In
Refs. [2-5] Belle confirmed the large potential of B facto-
ries for BY investigations due to the low multiplicities of
charged and neutral particles and high reconstruction effi-
ciencies. We have now observed three new exclusive BY
modes with relatively large branching fractions and neutral
particles such as photons or 7°’s in their final states. The
leading amplitude for the four BY — D\~ 7" and B? —
DY p* modes is a b — c tree diagram of order A2 (in the
Wolfenstein parameterization [6] of the CKM quark-
mixing matrix [7]) with a spectator s quark. The study of
BY decays provides useful tests of the heavy-quark theories
that predict, based on an SU(3) symmetry, similarities
between BY-meson decay modes and their corresponding
B°-meson counterparts. These include the unitarized quark
model [8], the heavy-quark effective theory (HQET) [9—
12], and a more recent approach based on chiral symmetry
[13]. Our BY? branching fraction results can be used to
normalize measurements of B? decays made at hadron
collider experiments, where the number of BY mesons
produced has a substantial systematic uncertainty.

The decay B? — D* " h™ is mediated by the same tree
diagram as B — D*~ h™, but with a spectator s quark. The
contribution of the strongly suppressed W-exchange dia-
gram is expected to be negligibly small. Moreover, the
helicity amplitudes in B — VV decays can be used to
test the factorization hypothesis [12,14]. The relative
strengths of the longitudinal and transverse states can be
measured with an angular analysis of the decay products.
In the helicity basis, the expected BY — D%~ p™ differen-

PACS numbers: 13.25.Hw, 12.39.Hg, 13.25.Gv, 13.88.+e

tial decay width is
d’T'(B) — Dy p™)
d cosbp:-dcost

o« 4f;sin6p:-cos?6 -

+ (1 = fr)(1 + cos?@p:-)sin?6 .+,

(1

where f;, = |Hyl?/3,|H,|? is the longitudinal polariza-
tion fraction, H, (A = %=1, 0) are the helicity amplitudes,
and 6+ (0 ,+) is the helicity angle of the D™~ (p*) defined
as the supplement of the angle between the BY and the D}
(7r%) momenta in the DX~ (p™) frame.

Here we report measurements performed with fully
reconstructed BY — D*" 7%, BY— D p* and BY—
Di™ p* decays in a data set corresponding to an integrated
luminosity of L;, = (23.6 = 0.3) fb~! collected with the
Belle detector at the KEKB asymmetric-energy (3.6 GeV
on 82 GeV) e"e  collider [15] operated at the Y(5S5)
resonance [/s = (10867.0 * 1.0) MeV [5]]. The total bb
cross section at the Y(55) energy has been measured to be

o) = (0.302 = 0.014) nb [2,16]. Three B production

modes are kinematically allowed at the Y(55): BiBj,
BiBY + BYB;, and BYBY. The B; decays to B, emitting a
photon with energy E, ~ 50 MeV. The fraction of bb

events containing a Bﬁ*)E’ﬁ*) pair has been measured to be
fi= NB&*)Eﬁ*’/NbE = (19.3 = 2.9)% [17]. The fraction of
B(s*)BE*) events containing a B%B? pair is predominant and
has been measured with BY — D; 7" events to be f BB =
(90.1738 = 0.2)% [5]. The number of BY mesons produced
in the dominant BiB¥ production mode is thus N B =

2Lin Y fof e = (248 = 0.41) X 10°.
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The Belle detector is a large-solid-angle magnetic spec-
trometer that consists of a silicon vertex detector, a central
drift chamber (CDC), an array of aerogel threshold
Cherenkov counters (ACC), a barrel-like arrangement of
time-of-flight scintillation counters (TOF), and an electro-
magnetic calorimeter comprised of CsI(T1) crystals (ECL)
located inside a superconducting solenoid coil that pro-
vides a 1.5 T magnetic field. An iron flux-return located
outside of the coil is instrumented to detect K? and to
identify muons. The detector is described in detail else-
where [18].

Reconstructed charged tracks are required to have a
maximum impact parameter with respect to the nominal
interaction point of 0.5 cm in the radial direction and 3 cm
in the beam-axis direction. A likelihood ratio Rg,, =
Ly/(L,+ L) is constructed using ACC, TOF and
CDC (ionization energy loss) measurements. A track is
identified as a charged pion if R/, < 0.6 or as a charged
kaon otherwise. With this selection, the momentum-
averaged identification efficiency for pions (kaons) is about
91% (86%), while the momentum-averaged rate of kaons
(pions) identified as pions (kaons) is about 9% (14%).

Photons are reconstructed using ECL energy clusters
within the polar angle acceptance 17° to 150° that are
not associated with a charged track and that have an energy
deposit larger than 50 MeV. A photon candidate is retained
only if the ratio of the energy deposited in the array of the
central 3 X 3 cells is more than 85% of that in the array of
5 X 5 cells. Neutral pions are reconstructed via the 70 —
vy decay with photon pairs having an invariant mass
within =13 MeV/c? of the 7° mass. A mass-constrained
fit is then applied to the 77° candidates.

Neutral kaons are reconstructed via the decay K9 —
a7~ with no Ry, requirements for the two charged
pions. The K? candidates are required to have an invariant
mass within 7.5 MeV/c? of the K mass. Requirements
are applied on the K9 vertex displacement from the inter-
action point (IP) and on the difference between the Kg
flight directions obtained from the K momentum and from
the decay vertex and IP. The criteria are described in detail
elsewhere [19]. The K** (¢, p*) candidates are recon-
structed via the decay K** - K*7~ (¢ - K"K, p™ —
777% with an invariant mass within *50 MeV/c?
(* 12 MeV/c?, £100 MeV/c?) of their nominal values.
Candidates for D are reconstructed in the three modes
Dy — ¢7~, Dy —» K*°K~, and D; — K{K~ and are
required to have a mass within =10 MeV/c? of the Dy
mass. The D~ candidates are reconstructed via the decay
D~ — Dy v by adding a photon candidate to a Dy can-
didate. The Dy vy pair is required to have a mass difference
m(D; y) — m(Dy) within =13 MeV/c? of the DX~ — D
mass difference. All mass values are those reported in
Ref. [17], and the applied mass windows correspond to
+(3—4)o around these values; the mass resolution, o, is
obtained from Monte Carlo (MC) signal simulations.

The B — D 7% and BY — D; p* candidates are re-
constructed wusing two variables: the beam-energy-

constrained mass of the BY candidate M,. = 1/E22 — [32%,

and the energy difference AE = EZO — E;,, where (El*go,

13;?) is the four-momentum of the BY candidate and Ej is
the beam energy, both expressed in the center-of-mass
frame. The two angles 6~ and 6+ are used as additional
observables for the B — Di p* candidate. We select
candidates with M., > 5.3 GeV/c?> and —0.3 GeV <
AE <04 GeV.

Further selection criteria are developed using MC
samples based on the EVTGEN [20] event generator and
the GEANT [21] full-detector simulation. The most signifi-
cant source of background is continuum processes,
ete” — qg (g =u, d, s, c). In addition, peaking back-
grounds can arise from specific BY decays. Using a MC
sample of e*e” — BYB{" events corresponding to 3
times the integrated luminosity, we find that BY —
D; 7" and BY — D p* events make a significant contri-
bution to the background in the BY — D~ 7+ analysis.
However, they are well separated from the signal in the AE
distribution. If a B — D 7" decay is combined with an
extra photon, the energy is larger than the signal; the four
charged tracks of a BY — D; p* event can be selected with
an additional photon giving a BY candidate with a smaller
energy. Similarly, BY — D*~p™ decays give a significant
contribution to the BY — D, p* analysis at lower energies.
For the B — D*~ p* analysis, there is no significant peak-
ing background. MC studies show that, for the three
modes, all the other background sources (mainly B° and
B™ events) are smooth and small enough to be well de-
scribed by the same shape that is used for the continuum.
The contribution of nonresonant BY — DY)t 0 decays
is studied by relaxing the (7" 7°) mass (M ;) requirement
and doing a two-dimensional fit in M,. and AE (see
below). The signal M ., distribution is then obtained using
the (Plot method [22]. The resulting M ... spectrum shows
no indication of BY — D\~ 7+ 70 decays (consistent with
results for B — D®* 707~ [23]), and we neglect this
component in our fit.

To improve signal significance, criteria for each of
the three B? modes are chosen to maximize

Nsig/\/Nsig + Ngfg + Ngﬁgk, evaluated in the =2.50 B*B*
signal region in the (M., AE) plane. The expected con-
tinuum background, Ngfg, is estimated using MC-
generated continuum events corresponding to 3 times the
data. The expected signal, N, and peaking background,
Ngﬁgk, are obtained assuming B(B? — D; 7*) = B(B? —
DI mw")=33%x10"3 [17] and BB'— D;p*)=
B(BY — D p*)=7.0x 1073 [9]. The efficiencies of
exclusive BY decays are determined using MC simulations.

To suppress the continuum background, we use the ratio
of the second and zeroth Fox-Wolfram moments [24], R,.

231801-3



PRL 104, 231801 (2010)

PHYSICAL REVIEW LETTERS

week ending
11 JUNE 2010

This variable has a broad distribution between zero and one
for jetlike continuum events and is concentrated in the
range below 0.5 for the more spherical signal events.
This property allows an efficient continuum reduction
with a low systematic uncertainty ( ~ 2%). Candidates
for B — D7t (BY —> D;p* and BY — Di p™) are
required to have R, < 0.5 ( < 0.35). This selection rejects
40% (69%, 64%) of the background while retaining 93%
(82%, 86%) of the BY— D 7" (BY— D;p*, B —
Di ™ p™*) signal.

After the event selection described above, about 15%,
15%, and 28% of D~ 7", D, pt and D p* candidate
events, respectively, have multiple candidates. We select
one candidate per event according to the following criteria.
The D] with the mass closest to the nominal value is
preferred. The Di* formed with the preferred D and
with the mass difference m(D:) — m(D;) closest to the
nominal value is preferred. The BY — D*~ 7" candidate
with the preferred D~ and the 7" with the best R/, is
retained. The preferred p* is the one with the 7° mass
(before the mass-constrained fit) closest to the nominal
value and the 7% with the best Rg,,. The B — D; p™*
(B — D*~ p™) candidate with the preferred D, (D) and
the preferred p* is retained. After this selection, in MC
signal simulations, 76%, 68% and 51% (64%) of the
selected B — D~ 7%, B — D; p™ and longitudinally
(transversally) polarized BY — D*~ p* candidates are cor-
rectly reconstructed.

The B — D 7t and B — D, p™ signals are ex-
tracted from a two-dimensional unbinned extended maxi-
mum likelihood fit [25] in My, and AE. The three decays of
the Y(55) (B:B%, B*B? + BYB* and B°BY) are considered.
Each signal probability density function (PDF) is described
with sums of Gaussian or so-called ‘“Novosibirsk func-
tions” [26]; the latter function is used to describe the
distribution if it is asymmetrical around its central value.
Each signal PDF is composed of two components with
their respective proportions fixed, representing the cor-
rectly and the incorrectly reconstructed candidates. In a

simulated signal event, a candidate is correctly (incor-
rectly) reconstructed when the selected decay products
do (do not) match the true combination. The fractions of
correctly reconstructed candidates are fixed from MC
samples and their uncertainties are included in the system-
atic error. The My, and AE resolutions for BY — D*~ 7"
(BY = D; p* and B — D*~ p™) are calibrated by a multi-
plying factor measured with the B — D; 7" [5] (B —
D*”p*) signal. The mean values of M,, and AE for the
three BY production modes (6 parameters) are related to
two floating parameters corresponding to the BY and B
meson masses [27]. The peaking background PDFs are
analytically defined and fixed from specific MC samples.
The continuum (together with possible B* and B° back-
ground) is modeled with an ARGUS function [28] for M,
and a linear function for AE. The endpoint of the ARGUS
function is fixed to the beam energy, while the two other
parameters are left free. All the yields can float.

For the BY — D% p™ candidates, we perform a four-
dimensional fit using the two observables cosf and
cosf,+ in addition to My, and AE. Only the main BY
production mode is considered (B:B?), and three compo-
nents are used in the likelihood: the transverse and longi-
tudinal signals, and the background. We define the PDF for
My, and AE in the same way as described above, while the
angular distributions are analytically described with poly-
nomials of order up to five. The shape parameters are
floated for the background PDF but are fixed for the two
signal PDFs.

The fitted signal yields are listed in Table I, while Figs. 1
and 2 show the observed distributions in the B%B? signal
region with the projections of the fit result. The signifi-
cance is defined by S =+2In(L,/Ly), where L ..
(L) is the value at the maximum (with the corresponding
yield set to zero) of the likelihood function convolved with
a Gaussian distribution that represents the systematic er-
rors of the yield. The linearity of the floating parameters in
the region near the results has been extensively checked
with MC simulations, as well as the statistical uncertainty

TABLE 1. Total efficiencies (¢), signal yields (Ng) with statistical errors, and significance (S)
including systematic uncertainties, for the three measured modes.
Mode Prod. mode e (%) Ny S
BB 9.13 53.41103 T.1lo
BY — D gt B:BY + BYB: —1.9749
BB 29730
BiB: 4.40 9221142 8.20
BY— D;p* B:BY +_B§>B§ —4.0737
BYBY —3.0%3¢
B} — Dy p* B:B: 77.8%143 740
Longitudinal component 2.66 81.37189
Transverse component 2.68 —3.51%0
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Left (right): My, (AE) distributions for the B — D~ 7" (top) and BY — D p™ (bottom) candidates with AE

(M) restricted to the =2.50 B*B? signal region. The blue solid curve is the total PDF, while the green (black) dotted curve is the
peaking (continuum) background and the red dashed curve is the signal. The errors bars correspond to the Poissonian standard

deviation.

of f,(BY— D* p™), which lies near the limit of the
physically allowed range (0-1).

The dominance of the Y(5S) — BiB¥ mode is con-
firmed. For better precision, we therefore extract the
branching fractions (BFs) using only the yields in this
mode. Table II shows the values obtained with the relations
B = Ns/(Ng X ¢), for the B)— D;" 7" and B)—
D; p™ modes. The values for B(BY — D*"p™) and f;, =

105+ 598 (stat) * 003 (syst) are obtained by floating these two
parameters in a fit where the longitudinal (transverse) yield
is replaced by the relation Ngo X B X f X g, (Npo X
BX (1= fr)Xer), with Ny, &7 and g, being fixed.
Since the transverse yield fluctuated to a negative central
value, f; > 1. The corresponding Feldman-Cousins [29]
68% confidence interval is [0.93, 1.00].
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Distributions for the B — D*~ p™ candidates. Top: My, and AE distributions, as in Fig. 1. Bottom: helicity

distributions of the D*~ (left) and p™* (right) with M,, and AE restricted to the B:B? kinematic region. The components of the total
PDF (blue solid line) are shown separately: the black dotted curve is the background and the two red dashed curves are the signal. The
large (small) signal shape corresponds to the longitudinal (transverse) component.
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TABLE II. Top: measured BF values with statistical, system-
atic (without f) and f, uncertainties, and HQET predictions
from the factorization hypothesis [11]. Bottom: BF ratios where
several systematic uncertainties cancel out. We use our previous
measurement of B(B? — D7) [5].

Mode B (1073) HQET (1073)

BY— Dy wt 24193 +£03+04 2.8

BY— D;p* 85513+ 1.1+13 7.5

BY— D p* 119732+ 1.7 + 1.8 8.9
Ratios

B(BY)— D~ 7)/B(B? — Dy m) = 0.657013 £ 0.07
BB — D;p*)/BB?— D;y7wt)=23+04+02
B(BY — D p*)/BB—> D;77)=32+0.6+03
BB — D pT)/BBY—>D;p")=1.4+03*0.1

The common systematic uncertainties on the BFs are
due to the errors on the integrated luminosity (1.3%),

o P (4.6%), f, (15.0%), Fyepe (43%), the D; BFs
(6.4%), the R, cut (2.0%), the tracking efficiency (4.0%)
and the charged-particle identification (5.4%). In addition,
uncertainties due to the MC statistics (1.6%, 2.3%, 1.5%),
the neutral-particle identification (8.8%, 5.4%, 8.8%) and
the PDF shapes (4.6%, 4.7%, 4.3%) depend on the (B —
D wt, BY— D;p*, B> D p*) mode. The system-
atic errors on f; are due to the uncertainties in PDF shapes.

Our values for the BFs are in good agreement with
predictions based on HQET and the factorization approxi-
mation [11]. The large value of f,(BY — D p™) is con-
sistent with the value measured for B — D*~ p decays
[30] and with the predictions of Refs. [9,31].

In summary, we report the first observation of three
CKM-favored exclusive B? decay modes, we extract their
branching fractions, and, for B — D* p*, we measure
the longitudinal polarization fraction. Our results are con-
sistent with theoretical predictions based on HQET [11]
and are similar to analogous B” decay branching fractions.
The dominance of the unexpectedly large Y(5S) — B:B:
mode [5] is confirmed.
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