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Abstract

An investigation of the doubly charmed B meson decay modes B® — DYD*~ K+, B — D*0D*~ K+,
Bt — D**D*~K* and B — D*tD*~ Kg is presented. This analysis is performed on a sample of
84.97 million BB pairs, produced at the Y (45) resonance by the KEKB accelerator, which was collected
by the Belle detector.

An analysis of B® — D*tD*~ Kg decays can be used to measure time dependent CP asymmetry
in the neutral B meson system, and constrain the parameters of the Unitarity Triangle. In addition to
increasing the precision of the current measurement of sin(2¢, ), such an analysis would also remove any
¢1 — 7/2 — ¢1 ambiguity as it can also be used to measure cos(2¢ ).

Theoretical predictions of B — D®) D®) K branching ratios imply that intermediate broad charm
resonances dominate the decay amplitudes. An analysis of these modes can also be used to constrain the
strong coupling constants ¢ and h which appear in the effective Lagrangian describing the interaction of
heavy mesons with light pseudoscalars.

The D°D*~ K+, D**D*~ K+ and D*t D*~ K5 final states are assembled using a full reconstruction
technique. This method allows for a partial reconstruction of the D*0D*~ K+ final state. Branching ratios

for three of these modes are determined:

B(B° — D'D*"KT) = (1.66=+0.3340.35) x 1073,
B(B° - D*D*"K*) = (8.17+0.80+1.88) x 1073,
B(B® — D**D*" K% = (7.05+2.03+1.97)x 1072,

and an upper limit of
B(BT — D**D*"K*) < 1.6 x 1073,

is placed at a 90% confidence level.
A preliminary Dalitz analysis of the three body D°D*~ K final state is performed, but no definitive

evidence for intermediate hadronic resonances is found.
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Chapter 1

| ntroduction

“In any subject which has principles, causes, and elements, scientific knowledge and under-
standing stems from a grasp of these, for we think we know a thing only when we have grasped
its first causes and principles and have traced it back to its elements. It obviously follows that
if we are to gain scientific knowledge of nature as well, we should begin by trying to decide

about its principles.”*

Written over twenty three hundred years ago, this idea, that we can best understand the world around
us by understanding it at its most fundamental level, is still the underpinning philosophy of the study of
physics. We are closer to this understanding than we have been at any point in our history. Yet there are
still many gaps in our knowledge, and irreconcilable inconsistencies in our theories which require effort to
resolve. Some of the tasks that lie ahead are large — such as the search for a grand unified theory of all the
forces, and some are small. Yet the devil has been in the details before.

What might be the next modern day solution to the ultraviolet catastrophe, a problem whose solution
led to the development of the quantum theory and forever changed our perception of nature? At the dawn of
this century, when the biological revolution is gathering speed, many physicists wish the landscape would
be shook asunder once more, lest the great era of physics be relegated to the past, and allow the new century
to be marked by the ascension of the biologist.

The quest for the new “New Physics” is earnest. Searches for the Higgs boson, Supersymmetry, and
Standard Model violating effects are often justified by the statement that their discovery would open up
fields for new study. Mechanisms within the Standard Model, such as the phenomenology of CP violation
and the formalism for heavy quark physics are also far from completely understood. Do the current theories
accurately reflect the true nature of the Universe?

A troubled Dane once remarked,

Iphysics, see[1]
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“There are more things in Heaven and earth, Horatio,

Than are dreamt of in your philosophy.”?

And so in this spirit we search in increasingly remote regions of our theory, hoping perversely that the
Prince might be right.

P.A.M. Dirac famously observed that above all else one must “have beauty in one’s equations.” The
Standard Model, unifying the electromagnetic, weak and strong forces, is certainly beautiful, and represents
the culmination of thousands of years of philosophy and empirical study. And yet it is flawed - it is only a
model, not a complete theory, and does not explain the origins of the particles and fields it describes. Some
of the symmetries which were held dear fell by the wayside when they were variously found to be broken
as experiments further probed our understanding. First the symmetric nature of the laws of physics under
a transformation of parity, and then also charge conjugation. But at least the combination of the two was
still invariant. . . that is until this symmetry too was found to be violated in the kaon sector.

The mechanism of CP violation represents an area of physics that has not been thoroughly studied, due
primarily to its rare occurrence in nature. While the work of Kobayashi and Maskawa provides a formalism
for it within the Standard Model, no comprehensive test of this has been completed. However, with the B—
factories at KEK and SLAC commencing operation in the last three years this area of the Standard Model is
now being thoroughly probed. Is the Kobayashi—-Maskawa mechanism for CP violation enough to account
for its observed rate? Can CP violation, core to Sakharov’s conditions for baryon asymmetry [2], help
solve the mystery of the matter—antimatter imbalance in the universe today?

The decay of neutral B mesons to the final state .J/i) K¢ provides the cleanest and easiest means to
measure CP asymmetry in the heavy quark sector. To a large extent the B—factories were designed to
maximise the chance of measuring these modes. However, there are many other B meson decays which
can be used to probe the mechanism for CP violation within the Standard Model. One such mode is
B% — D**D*~ Kg, which has not yet been studied due to the difficulties in reconstructing events with
so many final state particles. However, the large numbers of B meson events created at KEKB provides a
perfect avenue to begin such an investigation.

These decay modes can also be used to probe inconsistencies between the number of charmed hadrons
per B meson decay and the inclusive semileptonic branching ratio. If these doubly charmed decay modes
form a substantial portion of the B meson branching fractions, as theoretically predicted, then this dilemma
could in large part be resolved. Again, it is mainly because of the difficulty in reconstructing decay modes
with relatively little momentum to distribute to the final state particles that these decays have not yet been
comprehensively studied.

This thesis concentrates on the most promising doubly charmed decay modes. As mentioned, the

mode B° — D**+D*~ Kg can be used to measure time dependent CP asymmetries. Measurements of the

2Hamlet: Act |, SceneV



branching ratios for the decays B® — D°D*~ K+ and B — D*°D*~ K are a good first step towards
determining the inclusive branching ratio for B — D) D) K. These modes can also be used to search

for broad intermediate charm resonances which are predicted to dominate their decay amplitudes.
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Chapter 2

On doubly charmed B meson decays

2.1 The Standard Modd

The Standard Model is a field—theoretic description of the strong and electroweak interactions. It can
explain a vast number of results from all areas of particle physics, such as neutrino scattering experiments,
hadronic sum rules, weak decays and current algebras.

The Standard Model combines Quantum Chromodynamics with the Weinberg—Salam model. It unifies
all known experimental data concerning particle interactions via the gauge group SU(3) x SU(2) x U(1).
The gauge fields of colour SU(3) are responsible for binding the quarks together, while the gauge fields of
SU(2) x U(1) mediate the electromagnetic and weak interactions.

Altogether there are nineteen free parameters in the theory, suggesting it is not a complete account of
particle interactions. There are three coupling constants for the groups in SU(3) x SU(2) x U(1), two
parameters in the Higgs sector, 6 quark masses. 3 mixing angles and one phase, 3 lepton masses, and the
QCD vacuum angle.

Recent results concerning neutrino oscillations [3, 4, 5, 6] suggest that the Standard Model must be
extended to include mixing in the lepton sector. There are also many theoretical extensions, such as Super-
symmetry, which may soon be shown to provide a clearer explanation of the interactions of the fundamental
particles. However, for the purposes of the discussions in this thesis the Minimal Standard Model as de-

scribed above suffices.

2.1.1 Quarks and leptons

In the Standard Model, the fundamental fermionic constituents of matter are the quarks and the leptons.
The Standard Model neither explains the number of quarks and leptons nor predicts any of their properties
such as charge and mass.

There is evidence for three types, or families, of leptons: electron (v.,e); muon (v, u); and tau
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(vr, 7). The leptons fall into two classes according to electric charge, the neutral neutrinos v, v,,, v, and
the negatively charged e, =, 7~ . Neutrinos only interact via the weak interaction. The charged leptons

interact both via the weak and the electromagnetic interactions.

Quarks Leptons
Flavour Mass Charge Flavour Mass Charge
u 1to 5 MeV 2e/3 Ve <3eV 0
d 3109 MeV —e/3 e 0.5110 MeV —e
¢ 1.15t10 1.35 GeV  2¢/3 vy < 0.19 MeV 0
s 75 t0 170 MeV —e/3 L 105.7 MeV —e
t 174.3 GeV? 2e/3 vy < 18.2 MeV 0
b 4.0t04.4 GeV —e/3 T 1777 MeV —e

apy direct observation. 168.2 GeVfrom SM electroweak fi t

Table 2.1: Quark and lepton properties (from [7]).

As quarks are believed to be permanently confined entities the definition of quark mass is not as obvious
as for the masses of the leptons. The masses of the u, d and s quarks in table 2.1 are estimates of current

quark masses. The ¢ and b quark masses are estimates made from observation of bound states.

Like the leptons, the quarks fall into two classes according to their electrical charge, but there are no
neutral quarks and quark electrical charge is fractional. Quarks engage in strong interactions as a result of

their colour charge, as well as via the electroweak interaction.

2.1.2 Electroweak Interactions

In the Weinberg—Salam model [8, 9, 10] the quarks interact with the leptons via the exchange of W and Z
vector mesons. The traditional description of electromagnetic and low energy charged weak interactions

of fermions is expressed by the Lagrangian

G
Lt = —e ATl — TZJC“J Je, 2.1)

where J¥  is the electromagnetic current and .J/; is the charged weak current. G is the Fermi constant.

Charged Current Interactions

The charged hadronic weak current for the first two families of quarks can be written as

d

m
Jch

(a 5) (1 —s)

S

= " (1 —5)d+ ey (1 —s)s, (2.2)
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where the terms u, ¢, d, and s, represent the mass eigenstates of the quarks. But since the weak interactions
do not respect global SU (3) symmetry, and since the d and s quarks have the same charges, there is nothing
to prevent the d and s quarks from mixing within the same SU(2) doublet. That is, the weak eigenstates
need not necessarily be equal to the mass eigenstates. One set of eigenstates can be expanded in terms of
another, so we can write

=V (2.3)

s’ s
L L

where V' must be a unitary 2 x 2 matrix. The mixing is normally parametrised by one mixing angle, such

that

cosf sin 6
V= ¢ “J. (2.4)
—sinfc  cosbc

where 6 is called the Cabibbo mixing angle [11].

Generalised to three families of quarks the full charged current is

d
J&Z(ﬁ ¢ E)v“(lf%)V s | (2.5)
b
where
Vua  Vus Vb
V=1|Vea Ves Vi (2.6)
Via Vis Vi

is a unitary 3 x 3 matrix. The matrix V' of equation 2.6 is called the Cabibbo—Kobayashi-Maskawa (CKM)
matrix [12]. For three families of quarks there is the possibility of three Euler angles and six phases
in the parameterisation of V. Kobayashi and Maskawa demonstrated that this could be reduced to four
parameters by adjusting the relative phases of left-handed quark fields. Traditionally these four mixing
angles are parametrised with three angles, 0;, ¢ = 1, 2, 3, and one complex phase §. Then the matrix V' can

be expressed as

1 0 0 c, S, 0
V=0 ¢y S;|x|-5 Ci 0
0 —Sy Cs 0 0 1
1 0 0 1 0 0

xlo 1 of|x|o ¢35 5 (2.7)

0 0 e 0 —S3 Cs
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where C; = cos0; and S; = sin #;. Written out explicitly this is:

CVl 5103 5153
V= —-5105 C1C5C5 — SgS3€i(S C10C5S3 + SgC3€i6 . (28)
5152 —C15:C3 — CQSQ,SM —C15953 + CQCgem

Experimentally, the three mixing angles 6; are either smaller than or comparable with the Cabibbo angle.

In the limit 85 = 63 = 0, 6, reduces to the Cabibbo angle.

2.1.3 Quantum Chromodynamics

Quantum Chromodynamics (QCD) [13, 14], the SU(3) nonabelian gauge theory of colour charge, provides
the best understanding that we currently have of the strong interactions. It describes the strong forces as
gauge interactions between quarks and gluons. The quarks are the fermions which carry colour charge,
each with field q](.“) and mass m(®, where o = w, d, s, . .. represents their flavour and j = 1,2, 3 their
colour. The gauge bosons are the gluons, each with the field A%, where a = 1, ..., 8 denotes their colour.

QCD is defined by the Lagrangian
Lacp = *ZFEVF;‘" + Zq D —m @ 65)q,”, (2.9)

where

D, =, +igAT* (2.10)

is the SU(3) colour covariant derivative, and g is the gauge coupling. F;7, is the gluon field strength tensor,
FS, = 0,A5 — 0,A% — gf P AT AT, (2.11)

and T are the SU(3) group generators in the triplet representation of quarks. The generators obey the
commutation relations [T4, TB] = ifABCTC, where fABC are the complete antisymmetric structure
constants of SU(3).

The QCD Lagrangian in equation 2.9 has a simple structure but leads to a complex spectrum of hadrons,
implies the properties of confinement and asymptotic freedom, and has an approximate chiral symmetry
which is spontaneously broken. At long distances QCD confines physical states to colour singlet states
called hadrons. Bosonic hadrons are called mesons and fermionic hadrons are called baryons. The simplest
way to form mesons and baryons are the combinations of quark fields ¢“¢, and €*%7q,qsqs .

Although unproven, it is believed that the QCD coupling grows very large as the energy scale is lowered,
leading to the phenomenon of quark confinement. At a scale of Aqcp =~ 200MeV QCD becomes strongly

coupled so that perturbation theory breaks down and nonperturbative effects become important. Because
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the complexity of low energy QCD has so far prevented direct analytic solution of the theory various
approximations are often made. The u, d, and s quark masses are small compared with the scale Aqcp of
nonperturbative strong interaction physics, so an approximation is often made in which the masses of these

light quarks are set to zero. The limit m, — 0 is often known as the chiral limit.

2.1.4 Heavy Quark Physics

The scale Aqcp is much lower than the masses of the heavy quarks (¢, b, c) (table 2.1). For processes that
occur at energies well below these masses it is often appropriate to use an effective theory of the strong
interactions where these heavy quarks are integrated out of the theory and no longer occur as explicit
degrees of freedom in the Lagrangian.

A colour singlet state, such as a meson made up of a quark—antiquark pair, is bound by the nonperturba-
tive gluon dynamics. If the quarks are light, the typical size of such a system is of the order of Aéch' AQq
meson containing a heavy quark with mass mq > Aqcp, and a light quark with mass m, < Aqcp is also
typically of the size AééD. The typical momentum transfer Ap between the heavy and light quarks in this
system arising from nonperturbative QCD dynamics is of the order of Aqcp, with the consequence that
the velocity v of the heavy quark is almost unchanged in such strong interactions, since Av = Ap/mq.

In the limit m¢g — oo the heavy quark in the meson can be modelled with a constant velocity. The
heavy quark then acts like a static external source that transforms as a colour triplet, and the dynamics of
the system reduces to that of light degrees of freedom? interacting with this colour source. Thus in this
limit the mass of the heavy quark becomes irrelevant, so that all heavy quarks interact in the same way
within heavy mesons, leading to heavy quark flavour symmetry. The only strong interactions of the heavy

quark are with gluons, and are spin independent, leading to heavy quark spin symmetry.

Heavy Quark Effective Theory

The QCD Lagrangian of equation 2.9 does not explicitly contain heavy quark spin—flavour symmetry as
mg — oo. Itis often useful to use an effective field theory for QCD in which this symmetry is apparent.
The effective field theory for hadrons containing a single heavy quark is the Heavy Quark Effective Theory
(HQET) [15, 16, 17] which is valid for momenta much smaller than the mass of the heavy quark m¢. The
effective field theory is constructed so that only inverse powers of m appear in the effective Lagrangian.

To leading order in 1/m the effective Lagrangian is

Ny,
= 3500 0D, 212
=1

The HQET has been used extensively in analytic and lattice studies of meson spectroscopy.

1the light quark and gluons
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2.2 CPyviolation in the Standard Moded

One of the uncertainties in our understanding of nature as provided by the Standard Model is the mechanism
for CP violation. A C transformation corresponds to the conjugation of charge, while P transforms the par-
ity of a state, changing left—-handed into right-handed states and vice—versa. Physically a CP transformation
corresponds to the transformation of a left—handed particle into a right-handed antiparticle. The Standard
Model is invariant under the combined action of C, P, and the third transformation of time reversal, T'. This

is because all quantum field theories obey CPT symmetry under very general conditions [18, 19, 20, 21].

It was long thought that the laws of physics were invariant under the individual operations of C, P and
T. Lee and Yang [22] questioned this assumption and later had their work confirmed when experiments
demonstrated P and C' violation in weak decays of nuclei [23] and pions and muons [24, 25]. However CP

symmetry was still believed to be in good shape.

By this stage neutral strange mesons had been discovered, and it was known that since they had non-
zero strangeness they could not be their own antiparticle, unlike the 0. Therefore two neutral kaons had
to exist, the K° and K, differing by two units of strangeness. But how then to tell them apart? Gell-
Mann and Pais [26] analysed this problem, assuming CP invariance. A consequence of their argument
was that the observed neutral kaons, the K; and its antiparticle the K5, were a mixture of two strangeness
eigenstates, the K° and K, produced in strong interactions. If the weak interaction was CP invariant then

the observed particles should be eigenstates of CP, such that

o 0]
- 5 (1K) + K%)= Ky |
CP|K2>=CP[\/_(\KO> \;‘(0»} -”

(\K0> [K7)) = Kz

%I

Since CP |[nt#n~) = |xT7 ™), equations 2.13 and 2.14 would imply that the decay to the final state
~ is allowed for the K, but is forbidden for the K> meson if CP symmetry holds. This explained the

longer lifetime of the K.

However, in 1964 Christenson et al. [27] reported B(KS — 7F7~) = (2.0 £ 0.4) x 1073, indicating
that the two observed neutral kaons were not CP eigenstates. Since it was now known that the observed
long lived neutral kaon was not the CP eigenstate K5 it became known as the K;, meson. Similarly the

short lived state is referred to as the K's meson.
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2.2.1 The Kobayashi-Maskawa implementation of CP violation

After CP violation was discovered theorists scrambled to provide an explanation for it. However, it was not
realised for some time that CP violation cannot arise from charged current interactions between only the w,
d, and s quarks. Extending the model to include the existence of charm quarks, which were hypothesised
by Glashow, Illiopollous and Maiani (GIM) in order to rule out strangeness changing neutral currents [28],
still did not accommodate a mechanism for CP violation as observed, since the phases of the quark mass

matrices and V' (equation 2.4) could be rotated away by redefining the phases of the quark fields.

Kobayashi and Maskawa [12] expanded the quark model to three generations, so that the charged weak
current takes the form of equation 2.5. The CKM matrix of equation 2.6 contains one phase, §, which
cannot be rotated away. This is significant, since the the Lagrangian of equation 2.1 is only CP symmetric
if all the coupling parameters are real. Thus a non zero complex phase, §, in V' provides a mechanism for
CP violation within the Standard Model. If the phase is zero then CP symmetry would be conserved in

electroweak interactions.

There are any number of ways to express the CKM matrix in terms of three rotation angles and one
phase. The matrix can also be parameterised such that the phase appears in any element so desired. How-
ever, various representations are better at exposing the underlying physics than others, although of course
the physics remains the same for all. The parameterisation chosen by the Particle Data Group was shown
in equation 2.8. Another parameterisation, which offers a somewhat intuitive description of CP violation
and quark mixing, was suggested by Wolfenstein [29]. In it, the CKM matrix is expressed through an

expansion in powers of sin o = A, such that

1—1x2 A AX3(p —in+ in)?)
V= -\ 1— 402 —inA2)t ANY(1+in)?) : (2.15)
AN(1 — p—in) —AN? 1

The three Euler angles and one phase of equation 2.8 are replaced by the four real quantities A, A, p and
n, where ||, | 4|, and |p| are of the order of unity. This parameterisation neatly illustrates that V" is almost

diagonal and symmetric, and its elements get smaller the further away from the diagonal they are.

2.2.2 The Unitarity Triangle
The unitarity of the CKM matrix imposes constraints upon its elements. Most notably,

V:d Vu5+ ‘/c*d‘/(5+ ‘/til‘/ts =0
O) on) oW

(2.16)
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V., Vit Vi, Vit V,Vi =0
ud "’ cd us ' cs ub ¥ cb (217)
o) o) OW)

VisVipt VeVt VigVy =0

ST u

(2.18)
oY) O\ 0O
ViaVart VeaVa+t ViV, =0 (2.19)

0N 0N O3

These relations each require that the sum of three complex quantities is zero, so they may also be
thought of as triangles in the complex plane. These relations define what are known as the unitarity tri-
angles. Characterising these using the parameterisation of equation 2.15 it is apparent that the first two
triangles described by equations 2.16 and 2.17 are extremely squashed, two sides are of order A, the third
one is of order \°. These equations describe strange and charm decays. The third triangle is still squashed,

but less so, two sides are of order \2 and, the third is of order \*.

Drawing the triangles described by equations 2.16 to 2.18 using experimentally measured values of
Vi, confirms that for the first two triangles one side is much shorter than the others, and thus the triangles
collapse into a line. This intuitively explains why CP violation is small in the leading & meson decays (the

first triangle) and the leading B meson decays (the third triangle).

The fourth triangle, described by equation 2.19, is known as the Unitarity Triangle. It is shown in

figure 2.1(a). The openness of this triangle points to large CP violating effects in B, decays. The triangle

A
(p, 1)
Y,V )
Vea Vsl bs ‘Y;;“jﬂb‘
3 01
VeaVey (0,0) (1,0)

(8 The angles of the Unitarity Triangle are related to (b) The rescaled Unitarity Triangle, al sides divided
the CKM parameters. by VAV,

Figure 2.1: The Unitarity Triangle.

in figure 2.1(b) is constructed by choosing a phase convention such that (V_,V; ) is real, and then rescaling

the triangle by dividing all sides by |V_,V;|. The triangle then has coordinates (0,0), (1,0) and (p,7),
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where

pE(-"p,  n=(1-Som (2.20)
The angles of the Unitarity Triangle are denoted as ¢1, ¢2 and ¢3:

VedVe
ViaViy

ViaVip
Vi dvu*b

u

] : P2 = arg {— ] ; ¢3 = arg {—M} . (2.21)

o1 = [‘ V.V

These angles are real quantities which may be measured via CP asymmetries in B decays. They are

also commonly referred to as 3, « and -y respectively.

2.3 Some fundamentals of B physics

CP violation was first detected in the neutral kaon system, where the CP violating effects were attributable
solely to dilution of the CP eigenstates of equations 2.13 and 2.14, as discussed in §2.2. In 1980, Sanda
and Carter [30, 31, 32] showed that the Kobayashi-Maskawa (KM) model indicated the possibility of
sizable CP violation in the neutral B meson system. When first the MAC [33], and then the MARKII [34]
collaborations discovered an unusually long beauty lifetime, followed by the measurement of significant
B° — B oscillations by the ARGUS collaboration [35], hopes of detecting significant CP violation in the
B meson decays were increased.

Although CP violation can occur in the mixing of B® and B° mesons, as in the neutral kaon system,
this is not the dominant method through which the KM phase is exhibited in the B sector. Rather, sizable
CP asymmetries are expected through the interference between decays of B° and 5° mesons to the same
final state with and without mixing, a process which is known as indirect CP violation. Further, different
magnitudes for the amplitudes for a decay and its CP conjugate process would be evidence for direct CP

violation.

2.3.1 Mixing and time evolution of neutral B mesons

The flavour eigenstates for the B, system are B® = bd and B® = bd. These states mix according to the

w+
Figure 2.2: Box diagrams describing B°— B mixing.

Feynman diagrams of figure 2.2. These mixing diagrams are commonly known as box diagrams due to
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their distinctive shape. An initial flavour eigenstate of | B”) or | B?) will evolve over time into a state
| (t)) = a(t)|B°) +b(t) | B®), (2.22)

as governed by the time dependent Schrddinger equation

0 [al(t) i a(t)
iZ — (M- Lr , 2.23
Ot \ (t) ( > b @29

where M and T are the Hermitian mass and decay matrices respectively. CPT invariance guarantees
I =T =T (2.24)
which is the decay width of the B° and B° flavour eigenstates, and
My = May = M. (2.25)

The off-diagonal elements of M and T arise from the box diagrams of figure 2.2, and play an important

role in CP violation.

The neutral B meson system is like the neutral kaon system, in that two CP-conjugate states exist. The
mass eigenstates are not CP eigenstates, but are mixtures of the two CP-conjugate quark states. The two

mass eigenstates can be written

|Br) =p|B%) +q|B°),

|Br) =p|B°) —q|B°)

(2.26)

where the H and L stand for heavy and light respectively, as the two states have nearly equal predicted
widths (and thus lifetimes), but significantly different masses. These are denoted Am = my — my and

ATl' =Ty — ' ~ 0. CPT invariance requires

‘2 T | M 5T (2.27)
D Mz — 5112
INPR IS ’ Iy |?
=14 |—|sinAp+0O||— , 2.28
‘MH 4 ( My (2.28)
where
r
Ap = arg(Miz) — arg(T') = — arg (M—) (2.29)
12

is the phase difference between M5 and I'ys.
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The time evolution of a state that begins at ¢ = 0 as either a B° or B is given by

|B°(1)) = g+(1) |B®) + Lg_(1) |B®) , or
i p i (2.30)
|B°(t)) = gg,a) |B%) + ()| B°),

where

9o (t) = e MteTt2 co5(Amt /2), and
. (2.31)
g_(t) = e Mte=Tt2j5in(Amt /2)

as governed by equation 2.23.

2.3.2 CPviolation in the B meson system

If CP symmetry was conserved then the CP eigenstates of the neutral B mesons would be the same as the
mass eigenstates given by equation 2.26. In this case the relative phase between M5 and I'12 vanishes,
and equation 2.27 becomes equal to one. Therefore, |¢/p| # 1 would imply CP violation in the mixing of
B° and B° mesons, similar to the neutral kaon system.

In the neutral B meson system the ¢ quark contribution dominates the box diagrams of figure 2.2 since
ms > m, and m,,, which implies that |T'12| < | M12|, such that

2

I~ 01073, (2.32)

|
p

Hence, CP violation in B® — B° mixing is expected to be quite small, as in the case of the neutral kaon
system. Nonetheless, there are other mechanisms by which CP symmetry can be significantly broken in B

meson decays.

Direct CP violation

In the absence of mixing, CP symmetry can still be violated in B meson decays. If the amplitude for a
decay to a final state f is given by A, and its CP conjugate is flf, then their ratio, ’%‘ is independent
of any phase conventions. Complex parameters in a Lagrangian term that contribute to the amplitude A ¢
will appear as their complex conjugate in ftf. In the Standard Model these phases only occur in the CKM
matrix, and are often called weak phases.

Alternatively, a phase can appear in the scattering or decay amplitudes even if the Lagrangian is real.
These phases do not violate CP since they appear in Ay and flf with the same sign, and are usually referred
to as strong phases since the rescattering is normally due to strong interactions.

Therefore it is useful to write each contribution to A in three parts: its magnitude A;; the weak phase
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e'¥; and the strong phase term e?:. The total amplitude for a decay, .A , is the sum of all possible processes
that may contribute. If there is only one possible decay mechanism then no information may be determined
about the complex phase. However, if several processes contribute, then the amplitude and its conjugate

are given by

Ap =" A’ and (2.33)

Ap = 2660 3 fieil0i=00), (2.34)

where £y and {g are convention dependent phases. The ratio of the amplitude and its conjugate, which is

convention independent is given by

A
‘_ S At | (2.35)

Ay

When CP is conserved the weak phases ¢; are equal, and so the ratio of equation 2.35 must be one. Any
deviation from this is an indication of CP violation. This type of CP violation will not occur unless there
are at least two contributions to the amplitude with different weak phases that have different strong phases,

since
JAP? = AP = =2 A A;sin(¢i — ¢;) sin(d; — 6;). (2.36)

%,

Since charged B mesons cannot mix, CP violation in B+ and B~ meson decays would have to occur
via this mechanism if they are to be described within the Standard Model. The existence of direct CP

violation in the neutral kaon system was confirmed in 1999 by the KTeV [36] and NA48 [37] collaborations.

Indirect CP violation

The term indirect CP violation usually refers to all mechanisms by which CP symmetry is broken that
involve mixing between B and B° mesons. As discussed earlier, CP violation purely from mixing is quite
small in the B sector. However, CP violation in the interference between decays with and without mixing
has long been regarded as the most promising means of measuring CP violation in B meson decays. It can
be observed by comparing decays to a final CP eigenstate of a neutral B state that began at time¢ =0 as a

BO to those of a state that began as a B°. The time dependent CP asymmetry can be defined as

I(B°(t) = fep) —T(B°(t) — fep)
D(B(t) — fcp) + F(Bo(t) — fep)’

acp(t) = (2.37)
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where fcp is the CP eigenstate. For this asymmetry to be non zero the mixing weak phase in ¢/p must be

different to the weak decay phase in A, /A, Where
Afep = (fer|BY)  and Ag, = (fep| BY) - (2.38)

These time dependent CP asymmetries are measured by producing coherent pairs of B mesons, and
looking for events where one B decays to a final CP eigenstate fcp at time ¢cp, while the second decays
to a tagging mode, f.e, that identifies its flavour at time ¢.,,. For instance, if one B particle is tagged
as a B through its decay at time ¢4, then the other B particle must be a B? at time t;,q, and it will
continue to oscillate until tcp. The flavour of the second B when it decays at ¢cp to the CP eigenstate fcp
can be deduced according to equation 2.30. The second particle’s flavour can be worked out this way even
if tcp < tiag. In this case the state of the second B at time tcp must be just the right mixture such that it
would have evolved to be a BY at time ¢;,.

The time dependent decay rates of the processes in equation 2.37 can be evaluated using the time
evolution formalism described in §2.3.1. Assuming that CP violation purely in mixing is insignificant, so

that |¢/p| = 1 and AT = 0 the amplitudes can be shown to be

D(B(t) — fop) = ’<fCP|BO(t)>‘2
=e Ttcos (Amt) |-Afcp|2 +e sin’ (%) |-’Zlfcp|2 (2.39)
eIt sin(Amt)Im [(%) AfCPA}CP:| , and
D(B(t) — fop) = ’<fCP|BO(t)>‘2

_ Amt Amt
=e " cos ( ) |‘Afcp|2 + e tsin? (T) |-Afcp|2 (2.40)

— e Ttsin(Amt)Im [(%) AfcpA}cp] :

By introducing the product B -
_4q Afcp q Afcp
Npop = = - 22—y, L. TP (2.41)
Jee p 'Af cp Jer p -Af cP

which is independent of phase conventions, the asymmetry defined in equation 2.37 can be expressed as

ace(t) = |( fcp| B t)>} — |(fer| BO(t))] (2.42)
[(Ferl BY() [ + | ferl BO(1)) |
_ (- A fep|?) cos(Amit) — 2Im (A s, ) sin(Amit) (2.43)

1+ |)‘f<:F>|2

where 7., is the CP eigenvalue of fcp. Thus CP asymmetry occurs if Im(As,,) # 0, ie. if the mixing

weak phase is different from the weak decay phase, as mentioned earlier.
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However, CP violation can also occur if |\ |* # 1. Since |¢/p| ~ 1, this can only occur if the size of
the decay amplitudes are different. This is essentially direct CP violation, as it occurs without any reference
to B® — B® mixing. However, CP violation can also occur if there are multiple processes with different
weak decay phases contributing to the amplitude. This can generally be quite complicated to express, but
the product |\ ;.| = 1 for decays to a CP eigenstate which are dominated by a single amplitude, so that
equations 2.39, 2.40 and 2.43 simplify to

D(B(t) — fep) = e M| Asepl*[1 = Im(Nep) sin(Ami)], (2.44)
F(Bo(t) - fCP) = eirtlAfcp|2[1 + Im()‘fcp) Sin(Amt)]’ (2.45)
acp(t) = —Im(\s,)sin(Amt) (2.46)

The decay B® — Jhb K, which occurs via the quark transition b — c&s, is the most promising avenue
through which to investigate indirect CP violation [31, 32]. The dominant process for these decays is the

tree diagram of figure 2.3. Contributions from the loop, or penguin, diagrams of figure 2.4 are extremely

*
cb V:b

b - - ¢ b > : > ¢
- Jhp - Jpp

C C

B Vs B Vis
S S _
K° - Kg K° - Kg

> -

d d d d

Figure2.3: Treediagramsfor B — Ji) K.

small. Further, the phases of the penguin diagrams are expected to be the same as those of the tree diagrams.

Therefore these decays are very unlikely to exhibit direct CP violation, and the assumption

c c
Jh J
g c g c
b -¢ {L\:ff -¢ S b —> {wa - S
BO W K° - Kg BO W K% = Kg
- -
d d d d

Afee | _ ¢ (2.47)
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can be made [38], where the final CP eigenstate in this instance is fcp = J/) Ks. The ratio

Adpis 1 _ Ve
AJ/U) Ks ijvcs

plIM Ks) = (2.48)

can be expressed in terms of the CKM elements. Since the ratio I';2 /M2 is found to be of the order of

1072 [39], equation 2.27 can be approximated as

90 M ViV ion (2.49)
p Mz Vi Vi

where ¢; is one of the angles of the Unitarity Triangle. There is an additional phase to be accounted for,

coming from the K° — K° mixing amplitude, which is given by

V.V
(9) — Jesled (2.50)
P/ Kk ‘/cs‘/cd

The Jj) K5 final state is CP odd, s0 75, x; = —1. Therefore

Ao :_(g).(g) A ks
Vs p) \p)x Apxs

ViV VeVea VeV (2.51)
ViV VeV VaVes
_ 76721'(;517
which leads to
Im(A jjy k) = sin(2¢1), (2.52)

and hence a measurement of time dependent CP violation in BY — Jj) K¢ decays is a direct measurement
of sin(2¢1), and constrains the parameters of the Unitarity Triangle. Both the Belle and BABAR collabo-

rations have now measured this parameter very precisely. The latest measurement from Belle is [40]

sin(26;) = 0.719 + 0.074 + 0.035, (2.53)

and BABAR ’s most recent result [41] is

sin(2¢1) = 0.741 + 0.067 = 0.033. (2.54)

2.3.3 Measuring CP violation at a B—factory

A measurement of CP violation in the B meson sector requires an analysis of millions of decays. Since
the branching ratios of even the most promising decay modes (such as B® — Jj) K) are of the order of

10~* large numbers of B mesons must be produced in order to measure any CP asymmetries precisely.
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Furthermore, in order to measure time dependent CP violation there must be some means of producing
coherent B meson pairs, and measuring the time, ¢, between their decays. The T (45) mass is just above
the production threshold for B mesons, and since it decays to B3 pairs more than 96% of the time [7],
an e™ e~ accelerator operating at the Y(4.5) resonance is an ideal source of large numbers of B mesons.

Such a facility is often referred to as a B—factory.

Figure 2.5: Decay of a BB pair at an asymmetric B—factory.

Asdiscussed in §2.3.2, time dependent CP asymmetries are measured by observing decays of B mesons
to a final CP eigenstate at some time tcp after they were produced. In a B—factory B mesons are produced
in BB pairs, which evolve over time as do single B mesons. However, they evolve coherently, so that at
any one time there is only one B° and one B°. Once one of the particles decays, the other continues to
evolve, and may later decay with the same flavour as the first.

The aim is to identify events where one of these B mesons decays to a CP eigenstate, and the other
decays to a state f,, Which can be used to tag its flavour at time ¢.,,. By knowing the flavour of one of
the particles at ¢¢., we know the flavour of the other. For instance, if one B meson is flavour tagged as a
B9 at Lrag, then the second must be a BY at ttag. Thus the second B meson’s flavour when it decays at tcp
can be deduced by applying the time evolution formalism to a particle which starts in a B state at ¢, that
evolves until ¢cp.

The proper time, t, in the time dependent CP asymmetry of equation 2.37 is then the time interval

between the CP and tagged decays, such that
At = tcp — trag. (2.55)

It is very difficult to measure this proper time directly. However, if the accelerator is designed to collide

electrons and positrons of different energies, the resulting Y (4.5) will be produced with a boost in the lab
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frame, as shown in figure 2.5. Then the proper time interval between the B meson decays can be measured

as a spatial separation between the B meson decay vertices,
Az = zcp — Ztag = YPBCAL. (2.56)

This can be achieved by using silicon vertexing detectors which are capable of resolving vertex locations
to within tens of microns.
The design of one such B—factory, the KEKB accelerator and the Belle detector, is discussed in the

next chapter.

2.4 CPviolation in doubly charmed B meson decays

While the decay B° — Ji) K is touted as being the cleanest and easiest way to measure indirect CP
violation in B meson decays, it is not the only means to do so.

Another such decay is the mode B® — D) D) In this mode the D D~ final state is a CP eigenstate,
but contamination from loop diagrams and final state interactions makes a clean extraction of sin(2¢1)
from these decays difficult. The D*+ D*~ final state is an admixture of CP even and odd eigenstates, since
states with different angular momenta and hence different parities can contribute. Since the CP asymmetry
is opposite in sign for the two CP states, they tend to cancel each other out, or dilute the asymmetry. The
degree of dilution is represented by a dilution factor, D. An angular analysis of the final state can be used to
determine the amplitude of each CP contribution separately, and hence measure D [42, 43]. However, using
the factorisation approximation and HQET it has been shown that the D*+ D*~ final state is dominated by
a single CP eigenstate [44, 45, 46]. Furthermore, contamination from final state interactions and penguin
contributions is expected to be smaller in this mode than for D+ D~ [43], making a measurement of CP
violation in the decay B® — D** D*~ simpler.

Similarly, the decays B — D) D®) K¢ can be used to measure sin(2¢;), but more significantly
they can be used to resolve the ¢1 — /2 — ¢1 ambiguity [47, 48, 49] in the CP asymmetry by also
measuring cos(2¢1). These decays proceed via the quark level process b — cés, similar to BY — Ji) Kg,
and are theoretically enhanced by a factor of |V, /V.q|> ~ 20 relative to B — D) D®). Three body
decays to DT D~V and Dt D~ Kg were first analysed by Colangelo et al. [50]. Long distance QCD
effects make the theoretical calculation of multi-body hadronic B decays difficult, but by assuming that
intermediate hadronic resonances dominated the amplitudes, Colangelo et al. were able to predict a rate for
B — DTD~7%and B — DT D~ Kg. However, as in the Dt D~ case, the D™D~ K final state is more
likely to be affected by penguin contributions than the decay B° — D** D*~ K g, making a measurement
of CP violation more difficult.

Browder et al. [51] considered the possibility of using B — D** D*~ K5 to measure sin(2¢;) and
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cos(2¢1), calculating the decay amplitudes using similiar approximations as [50]. As in the case for
BY — D**t D*— the final state for B® — D*t D*~ K is an admixture of CP odd and even states, which
will dilute any CP asymmetry. Any resonance in the decay further dilutes the CP asymmetry, since the
resonance would occur in a different kinematical point of the B and B° decay, and hence the amplitudes

of the BY and B° decays would be different.

Various cuts to remove contamination from intermediate resonances are discussed in [51]. One sug-
gestion is to remove events where the neutral kaon energy, Fy, is less than some critical value, Eyq, below
which the resonant contributions dominate the decay amplitude. Alternatively, for events where the K g en-
ergy is below Ey, they suggest requiring that the angle, 9, between the K5 and D** in the D*+ D*~ rest
frame satisfies —0.5 < cos# < 0.5. This removes events where the Ks is close to either the D** or D*~,
which is more likely if the event contains a D* K g resonance. However, it is most likely that the selection
of cuts to remove any intermediate resonances will be far simpler once these decays have actually been
observed. Observation of any intermediate resonances will require a large sample of B® — D*+*D*~ Ky
events, and is currently out of reach for both the SLAC and KEK B-factories. Hopefully both experiments

will have accumulated enough events within the next twelve months to perform such an analysis.

Using a formalism similar to that employed in §2.3.2, Browder et al. formulate an expression for the

decay rate asymmetry for B — D*t* D*~ K,
) = Dsin(2¢1) sin(Amt). (2.57)

The dilution factor, D, is dependent on the relative contributions of the various amplitudes. The cos(2¢1)
term can be investigated through a time integrated analysis of I'(¢) + I'(¢). Approximations for D are made
in [51], where the effect of the two cuts previously mentioned is also modelled. It should also be noted that
the dilution factor is heavily dependent on the strong coupling constant &, which appears in the effective
Lagrangian for the interactions of the heavy mesons with the light pseudoscalars. Various methods of

measuring this coupling constant are discussed later in §2.6.

2.5 Thecharm counting problem

For many years there has been disagreement between theoretical calculations and experimental measure-
ments for fitting both the inclusive semileptonic branching ratio and the number of charmed hadrons per B
decay [52, 53, 54, 55, 56, 57, 58, 59],

n. = 1—B(b— nocharm) + B(b — ccs’)

Q

1+ B(b— ces'). (2.58)
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The semileptonic branching ratio, B, has been measured accurately to be [7]
B(B — Xlv) = (10.49 + 0.17 £ 0.43)%, (2.59)

and is significantly below the theoretical lower bound of 12.5% set by QCD calculations within the parton
model [53]. B and n. are related since the semileptonic and hadronic widths sum to the total width for B
decays,

1
; =I= 1—‘Semileptonic + FHadronic- (260)

The hadronic width can be expressed as
THadronic = I'(b — c¢és) + T'(b — cud) + I'(b — sg 4 no charm) (2.61)
which is constrained by n.. as in equation 2.58. Thus the measured value of n. [60],
ne = 1.10 4 0.06, (2.62)

leads to a prediction of the semileptonic branching ratio that is too large.

The measurement of (2.62) was performed by the summation of various exclusive final states, and is
hence prone to error. By omitting some final states the result could significantly underestimate the true
value. A larger value for n.. = B(b — c¢s), implying a significant number of charmed B meson decay
modes were omitted from (2.62), would resolve this discrepancy.

It was thought that the b — ¢cs transition hadronized predominantly in B — XD~ with the D{*)~
meson originating from the virtual 1. This would mean that most D mesons produced in B decays come
fromb — cud — DX and b — cés — DD X transitions. However, Buchalla et al. [61] suggested that a
significant fraction of D mesons could also arise from b — c¢cs transitions with light quark pair production

at the upper vertex. Using the well measured inclusive semileptonic branching ratio (2.59) they predict
B(b — ces') = 0.32 £ 0.05, (2.63)

and

ne = 1.30 % 0.05. (2.64)

Such a large value of B(b — cés’) would require a significant rate for B — D DK X, and lead Buchalla

et al. to predict
i. B— D® D® K modes with significant branching ratios,

ii. enhanced /™D and [~ D correlations where the primary lepton originates from one B and the charmed

hadron from the other B in the event, and
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iii. enhanced DD and DD correlations at the Y (4S) — BB

The B — DDK*X process is unlikely to occur since analysis of the inclusive K * yields in B meson
decays suggests that most A * mesons in B decays come from intermediate charmed hadrons.

Due to the difficulties in reconstructing modes with such high multiplicity and low @ very little is
known experimentally about B — DDK decays. Results of a preliminary study [62] by the CLEO
collaboration of the prediction (i) are shown in table 2.2. CLEO also found evidence for these decays by

studying wrong sign D—-lepton correlations, where they observed B(B — DX) = (7.9 &+ 2.2)% [63].

Mode Branching fraction
B(B® — D**DYK~)  0.45702% 4+ 0.08%
B(B~ — D*D°K~)  0.54793% 4+ 0.12%
B(B® — D**D*OK~) 1.3073% +0.27%
B(B~ — D*D*OK~) 1.457078 +0.36%

Table 2.2: CLEOresultson B — DDK decays.

Including these measurements in the determination of n.. results in a value of [7]

Nee = (23.9+ 3.0)%, (2.65)

which is consistent with theoretical calculations [64, 65].
More recently the BABAR [66] and Belle [67] collaborations have also investigated these modes,

reporting the preliminary results of table 2.3.

Mode Branching fraction
BABAR B(B” — D*~D°K*)  0.2840.07 £ 0.05%
B(B® — D*~D*°K*) 0.6840.174+0.17%
B(Bt — D**D*"K7*) 0.344+0.16 + 0.09%
Belle B(B° — D°D*~K*)  0.32+0.084+0.07%

Table 2.3: BABAR and Belleresultson B — DD K decays.

While these results have done much to allay the differences between the theoretical predictions and
experiment, further measurements of the B — D DK exclusive final states will shed more light on the

matter.

2.6 Intermediateresonances

As discussed in §2.4, theoretical calculations of the amplitudes for B — D®) D®*) K decays show that

intermediate hadronic resonances dominate. Many of the predicted contributions are from resonances that
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have not yet been experimentally detected. Analyses of the decay widths and Dalitz plots of D) D(*) ¢

final states could confirm or deny the existence of the many hypothesised intermediate states.

B — D®D®K decays can occur through either external or internal W —emission processes, as

shown in figures 2.6 and 2.7.

The B — D*~D®OK+ decays modes are perhaps the simplest to

u K
Z,
w D(*)O
C
b -¢ - I
BO D-
-
d d

b c
-¢ -¢

d D)=
W+ < d

Bt D+
c

s K+

U > U

Figure 2.7: Internal W —emission diagram for BY — D™+ D)~ K+ decays

measure experimentally. They represent a good compromise between an expected high branching ratio and

ease of reconstruction. It has been suggested by Colangelo and De Fazio [68] that these modes could be

used to carry out tests of the validity of the factorisation approximation for nonleptonic B decays [69].

They show that if it is assumed that the processes

and

B - D*" DK™, (2.66)

B — D*~D*'K* (2.67)

proceed primarily through two—body intermediate states such as

B — D*~ DX, (2.68)
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followed by the strong transition
DX — DK, (2.69)

then they can be used to measure the couplings of heavy mesons to light pseudoscalar states.

Figure 2.8: Diagram contributing to the decay B — D*~ D™ K ™. The box represents a weak
transition, the dot a strong vertex [68].

D*~ D(*)O
Kt

The CLEO collaboration provided the first determination of the strong coupling constant g p«p, for
D** — D%+ decays with a measurement of the total width of the D** meson, together with the branch-

ing fraction B(D** — D°z*) [70]. This coupling, defined by the matrix element
(D°(k)7*(q)|D** (p,€)) = gp-Dre- 4, (2.70)
where € is the D* polarisation vector, was measured to be
gp<pr =17.94+ 0.3+ 1.9. (2.71)

The coupling gp~p in equation 2.70 is related to one of the basic parameters, g, in the heavy—quark chiral

effective theory. It can be redefined [71] as

2./ mpm7 2./ mpm7 1
gpepn = L gy = SN2 Dg<1+0<—)>, (2.72)
fﬂ' fﬂ' me

where gp is an effective coupling?, and f is the pion decay constant. The result (2.71) implies

gp = 0.59+0.01 £+ 0.07. (2.73)
Recent lattice QCD calculations agree very well with the CLEO result. Abada et al. [72] obtain

gppr = 18.8 4+ 23734, (2.74)

and
gp = 0.67 4 0.0815:0¢ (2.75)

2assuming a (not so heavy) charmed heavy mass rather than an infi nitely heavy quark mass
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The coupling constant ¢ in equation 2.72 describes the strong coupling of charmed and beauty mesons
to members of the octet of light pseudoscalars in the heavy quark limit. Therefore, neglecting SU(3) r
breaking effects, this coupling enters some matrix elements for the transitions in the process (2.69). It has
been studied extensively, although most theoretical results for g have been lower than the experimentally

determined one. An extensive list of the theoretical results can be found in Refs. [71, 73, 74, 75].

2.6.1 Decay amplitudes

Following the formalism of Colangelo and De Fazio, the processes (2.66) and (2.67):

Bp) — D* (p_,e_)D’(pp)K*(q); (2.76)
Bp) — D* (p-,e-)D*(pp-,e)K " (q), (2.77)
with momenta p = mpv, p— = mp-v_ and pp) = mpe w, are, when penguin contributions are

ignored, governed by the effective weak Hamiltonian

G _
Hy = TQV;SV;;am (1—7s) eey" (1= s) s, (2.78)

where G is the Fermi constant, and a; = (01 + ;V—Q) with ¢; 2 short-distance Wilson coefficients and

N, is the number of colours. The Dalitz plot variables are defined as

s = (PD(*)+Q)2
soo= (p-+0q)?, (2.79)

and are constrained by the kinematics of the decay to be

(s0)-< s- <(s_)s. (2.80)

Colangelo and De Fazio’s work assumes that the B® — D*~ D)0 K+ decays proceed through polar
diagrams such as figure 2.8, and uses the factorisation approximation for the weak transition. For B® —
D°D*~ KT the intermediate DX state can either be a vector meson, D+ (J¥ = 17), or a scalar meson,
DYy (JF = 07), together with their radial excitations. The possibilities for B — D*0D*~ K™ are:
Dt (JP = 17); Df (J¥ = 07); and DS (J¥ = 17) and their radial excitations. Therefore the

calculation of the amplitudes in figure 2.8 requires the evaluation of the strong vertices

<DO(PD)K+(Q)|D§ (PD: ) €s)> = QD;DK(GS -q)
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<D0(pD)K+ D3y(pp., > = gD, DK
<D*O(pD*a€)K+( D3 (ppx, €s) > = igZiZ:K erewe;e*‘gp%:qw (2.81)
(D (v}, ) K1 (q)|Ds(pp,)) = gp-D.K(€" )
(D K (g)| D le,eé> = TR (e -a)
bt

and the associated matrix elements for their radial excitations.

In the heavy quark limit all the couplings in equation 2.81 may be expressed in terms of two coupling
constants, g and h, for the DX negative and positive parity states respectively, which arise in an effective
Lagrangian [76, 77, 78, 79], where the term for the strong interactions of the heavy mesons with the light

pseudoscalars is
Lr =igTr {Hyyys Ay Ha } + [ihTr {Hyy,v5AL, Sq} + hee.] . (2.82)

The field H, in equation 2.82 describes the negative parity J© = (0=,17) gQ meson doublet, with

1+

s{ =1 . Thefield S, describes the positive parity states with s;” = 1

In Heavy Hadron Chiral Perturbation Theory (HHChPT) the heavy mesons, H, and S, are described

by the 4 x 4 Dirac matrices

I+ £

H, = 92 [Pa,u’y'u - Pa’YS]a (283)
1+ 0, . ,

S = 92 [Pa,u/y'u’)% - Pa]a (284)

where in this instance v is the heavy meson velocity, and P;, and P, are the annihilation operators of the
17 and 0~ g,@Q mesons (a = 1,2, 3 for u, d and s). The light pseudoscalar mesons enter through the axial
vector current

VI

N | —

(£70,6 — €0,81),, (2.85)

where the field ¢ = eF= contains the octet of pseudoscalar mesons

From the relations of equation 2.82 the strong couplings defined in equation 2.81 may be expressed in

terms of g and h as

2, /mD;mD

e Y

9D:DK
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mD -

— s0

9D, DK = _\/mDsomDif_
K

gp:D*K = =g (2.87)

9gD*D;K —

9px D*K = —
which keeps some SU (3) flavour breaking terms in the masses of the DX mesons and in the leptonic
constant fr.

The weak transition of (2.68) can be modelled by the semileptonic B — D*~ matrix element and
the decay constants of the DX mesons using the factorisation approximation. In the heavy quark limit the

matrix element is

(D" (v_, e )|V* — A*B)) = ipmp: v v_) e, (2.89)

(—igP* Moy — (1 +v-v_) g™ +v*0!),

with the Isgur-Wise function ¢. The decay constants for the DX are given by

(DI (pp)|ey* (1 =75)s10) = ifp.plh.
(Di (ppgses)ley (1= 5)l0) = fpymp: et

(DH(pp.)ley" (1 =75)s10) = ifp.,ph, (2.89)
(D (ppry, €)|Ey" (1= 75)sl0) = fpr mp: e .

Decay widths

The widths of the decay modes B® — D°D*~ K+ and B® — D*°D*~ K+ can then be expressed as

(mp—mp=)? (s_)+ ar
P8~ DD R = / ds / ds - (2.90)
(m ) +mK)? (s—)— dsds_
where
dr 11
BO D(*)OD*—K+ _ 9 201
a2 ) () 323, A%, (2.91)
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and

AB® - D°D*"KT) = YA (2.92)
i=1,2

AB® - DD*"K*) = > A (2.93)
i=1,2,3

The amplitudes .A; and A, correspond to the BY — DYD*~ K+ decaying via an intermediate D}
or D, meson respectively. Likewise, Aj, A3, and A3 represent the amplitudes for B — D*°D*~ K+
proceeding through a D¥, D, or D}, intermediate state. These amplitudes depend on g and & through the
relationships of equations 2.87 and 2.81.

Using available experimental data and theoretical predictions for the decay widths of the intermediate
states [7, 80, 81] Colangelo and De Fazio determined the theoretically allowable ranges for g and k. Their
result is shown in figure 2.9. The vertical line represents the CLEO result [70], while the solid and dashed

lines represent one and two standard deviation constraints respectively.

! o

0s| 1T

N o L-Hh“_
-1 _—____—__—__——-E——__—Er

Figure 2.9: Theoretical constraints for the coupling constants g and h [68].

These results constrain &, the coupling constant for the DX positive parity states, to the region |h| =
0.6 £ 0.2, whereas g, the coupling for the negative parity states, extends over almost the whole allowable
range. This implies that the main contributions to (2.66) and (2.67) are from the positive parity 0+ and
1T states D, and D¥,, since the amplitudes display only a minor sensitivity to the coupling, g, of the
negative parity intermediate states. If this is the case then a study of the Dalitz plot for the three body
decays of (2.66) and (2.67) can be used to study the properties of the as yet unobserved D, and D,
resonances [47, 50, 51].
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Figure 2.10(a) shows the predicted differential decay width for B — D*~D°K, using ¢ = 0.5 and

h = —0.6. The main variation in the differential decay distribution occurs along the direction of the D°

() Differential decay width 4"—. (b) Dalitz plot.

Figure 2.10: Differential decay width and Dalitz plot for B — D*~ DK, Unitsof s and s_ are
GeV? [68].

KT invariant mass, which is due to the unique topology of the Cabibbo and colour allowed amplitudes
for B — D*~DYK™*. The same features are exhibited in the Dalitz plot for B — D*~D*°K* in
figure 2.11.

2.7 Summary

The ultimate goal of an analysis of doubly charmed B meson decays would be to measure CP violation
via the decay B® — D*tD*~ Kg. While time dependent CP asymmetries have been measured by both
the Belle and BABAR collaborations, further measurements using additional decay modes can only aid in
increasing the precision of the measurement. Further, a time dependent analysis of B — D**D*~ Kg
decays could be used to resolve any ¢1 — /2 — ¢ ambiguity by additionally measuring cos(2¢1 ).
Unfortunately this aim remains out of reach for both the SLAC and KEK B-factories for the moment.

Nonetheless, it remains the case that at present little is known regarding B — D) D™ K decays
generally. It has been predicted that they form a substantial fraction of B meson decays. Any measurement
of doubly charmed decay branching ratios will increase the sum of knowledge in this area.

With a large enough sample with sufficient purity of B — D*~ D®*)0 K+ decays it should also be
possible to perform a Dalitz analysis to search for intermediate resonances. Some of these predicted reso-

nances are states that have never been observed experimentally.
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(a) Differential decay width -4 —. (b) Ddlitz plot.

Figure 2.11: Differential decay width and Dalitz plot for B — D*~D*°K™*. Unitsof s and s_
are GeV? [68].

Large numbers of B meson decays are required to perform any of these analyses. Detection of time de-
pendent CP violation requires an asymmetric particle collider, as discussed in §2.3.3. Two such accelerator
and detector facilities have been built and are currently operational. One is at SLAC, the Stanford Linear

Accelerator Centre. The other, the KEK B—factory, is discussed in the next chapter.



Chapter 3

The Belle experiment

The Belle experiment is a collaboration of over 350 scientists from 54 institutes in 10 countries. It is taking
place at the KEK High Energy Accelerator Research Organisation in Tsukuba, Japan. The primary aim of
the experiment is to observe and measure CP violation in the B meson system.

The KEKB accelerator is used to produce large numbers of B mesons for the Belle detector to study.
Particle colliders which have been engineered to mass produce these types of particles have collectively
been referred to as B—factories. CESR, PEP-II and KEKB are three such electron—positron colliders,
where the centre of mass energy is tuned to the Y (45) resonance. Both PEP-Il and KEKB are asymmetric
colliders, ie, they collide electrons and positrons of different energies, so that the Y (4.5) is created with a
boost in the laboratory reference frame.

Commissioning of the KEKB accelerator commenced in December 1998, and the Belle detector started

to take data from beam interactions on 1 June 1999.

3.1 TheKEKB accelerator and storagering

KEKB is an asymmetric e™ e~ collider operating at the Y (4s) resonance. Electrons are accelerated to
8.0 GeV and then injected into the High Energy Ring (HER), while positrons are accelerated to 3.5 GeV
and then stored in the Low Energy Ring (LER). The two meet in Tsukuba Hall, and the e™ and e~ collide
at the Interaction Point (IP), shown in figure 3.1.

The centre of mass energy of the collisions is
Vs = VAE+TE~ =10.58 GeV, (3.1)

which is the invariant mass of the Y(4.5). Figure 3.2 illustrates the cross section for the production of T
resonances in et e~ collisions. Since more than 96% of Y (4S) decays are to BB pairs [7], this a very

efficient method to produce large samples of B mesons.
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Figure 3.1: Confi guration of the KEKB storage ring.
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Figure 3.2: Cross section of Y productionine™ e~ collisions.
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Due to the asymmetry in the momentum of the e™ and e, the T (4.5) is produced with a Lorentz boost
of
E-—E*t
= ———7 =0.425 3.2
By 7 (32
in the laboratory rest frame.
The rate at which B3 pairs can be created is also an important factor, and is measured as the luminosity.

The luminosity can be expressed as

ET

L£=217x 10¥¢(1+r)— (3.3)
Y+
where
¢ = beam-beam tune shift
r = aspect ratio of the beam shape,
where 1 corresponds to a circular beam and 0 to a flat beam
E = beam energy in GeV
I = thecurrentstored in amps
B, = thevertical beta function at the IP in cm

and the + subscript implies that the current and energy parameters may be taken either from the HER
or LER.

Electrons and positrons do not collide head on at the IP, but at a finite crossing angle of 22 mrad.
This substantially reduces background from synchrotron radiation, and allows for the future installation
of crab kickers which will improve the maximum luminosity. The maximum design luminosity of KEKB
is 1034 em~2s~1. By July 2002 the maximum luminosity achieved was 7.348 x 1033 cm~2s~!, and
90.04 fb~! of data had been collected, which is some indication of the dedication of the many people

working on the accelerator. The design specifications of KEKB are listed in table 3.1.

3.2 TheBedledetector

The Belle detector is situated in Tsukuba Hall at the IP of the KEKB accelerator. Belle consists of several
subdetectors as shown in figures 3.3 and 3.4. Tracking of charged particles is performed by the Central
Drift Chamber (CDC) and Silicon Vertex Detector (SVD). Calorimetry and electron identification is done
by the Electromagnetic Calorimeter (ECL) in conjunction with the Extreme Forward Calorimeter (EFC).
Further particle identification is achieved with the aid of combined information from the CDC, Time of
Flight counter (TOF) and the Aerogel Cerenkov Counter (ACC). The K1, and p detector (KLM)’s primary
purpose is to identify K ; mesons and muons. The performance of the Belle detector is described in detail

elsewhere [83].



The Belle experiment

LER HER
Energy E 3.5 8.0 GeV
Circumference C 3016.26 m
Luminosity L 1 x 1034 ecm 257!
Crossing angle 0, +11 mrad
Tune shifts /8, 0.039/0.052
Beta function at IP By B, 0.33/0.01 m
Beam current 1 2.6 1.1 A
Natural bunch length o, 0.4 cm
Energy spread op/E  T71x107* 6.7x107*
Bunch spacing SB 0.59 m
Particles per bunch N 3.3x 10 1.4 x 10
Emittance &:/& 1.8x1078/3.6 x 10710 m
Synchrotron tune Vs 0.01 ~ 0.02
Betatron tune vy/vy  45.52/45.08 47.52/46.08
Momentum compaction factor ~ «, 1x107* ~2x1074
Energy loss per turn Uy 0.81/1.5% 3.5 MeV
RF voltage Ve 5~ 10 10 ~ 20 MV
RF frequency fRF 508.887 MHz
Harmonic number h 5120
Longitudinal damping time Te 431 /23% 23 ms
Total beam power = 2.71 /4.5¢ 4.0 MW
Radiation power Psr 2.17 /4.0 3.8 MW
HOM power Puaowm 0.57 0.15 MW
Bending radius P 16.3 104.5 m
Length of bending magnet lp 0.915 5.86 m

1: without wigglers, 1: with wigglers

Table 3.1: KEKB accelerator design parameters (from [82]).
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Figure 3.3: The Belle detector.

3.2.1 Silicon Vertex Detector (SVD)

The Lorentz boost of the T (45) is introduced so that time—dependent CP asymmetries in the decay of B
mesons may be measured by detecting the flight length difference between the two B mesons. The SVD
is capable of measuring the difference in z—vertex positions for B meson pairs to within a precision of
100 pm. The SVD is also used for charged particle tracking to a limited extent.

The SVD is the innermost of the detectors in Belle, and is mounted radially around the beam pipe.
It consists of three layers of detector ladders, consisting of 8, 10 and 14 Double Sided Silicon Detectors
(DSSDs), as shown in figure 3.5. The inner layer is at a radius of of 3.0 cm, the middle at 4.55 c¢cm, and
the outer layer at 6.05 cm. A solid angle of 23° < 6 < 139°, where 6 is the angle from the beam axis, is
covered, corresponding to 86% of the full solid angle.

Each ladder is made from two half ladders, which may be either short half ladders (DHSs) or long half
ladders (DHLs). A DHS consists of a DSSD glued at one end to a pair of hybrid readout cards, which are
glued back to back. Each hybrid card is responsible for the readout of the side of the DSSD to which it is
attached. DHLs are made of two DSSDs, which are glued end to end. Ladders in the inner, middle and
outer layers consist of short—short, short-long, and long-long half ladder pairs, are glued end to end such
that the hybrid readout cards are at each end of the subdetector. Each half of a full ladder is electronically

separate from the other half.
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Figure 3.4: Side view of the Belle detector.
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Each DSSD is essentially a pn junction. In operation each detector is reverse biased so that the bulk of
the silicon reaches full depletion. When a charged particle travels through the detector it excites an electron
out of the valence band of the silicon and into the conduction band, creating an electron—hole pair. The
electron then travels towards towards the positively charged side, and the hole to the negatively charged

side of the DSSD. When these reach the sense strips a hit is detected.

i

Figure 3.6: Schematic view of a Double Sided Silicon Detector.

The SVD uses S6936 DSSDs, fabricated by Hamamatsu Photonics, which were originally developed
for the DELPHI micro—vertex detector. The bulk of the DSSD is n doped silicon, as shown in figure 3.6.
The n™ z readout strips have a pitch of 42 um. Measurement of hits in the ¢ direction is made with p™
strips, each with a pitch of 25 um. Each side of the DSSD has 1280 sense strips, every second of which is
connected to the 640 readout pads at each end. A DSSD measures 57.5 x 33.5 x 0.3 mm.

3.2.2 Central Drift Chamber (CDC)

The CDC is a tracking wire chamber, and is used to determine the momenta and specific ionisation, dE /dx,
of particles travelling through Belle. It provides an angular coverage of 17° < 6 < 150°, from a radius of
77 to 880 mm, as shown in figure 3.7.

The CDC is made of 8400 drift cells. Each cell consists of a sense wire, held at a positive voltage,
surrounded by 6 field wires held at a negative voltage, strung along the axis of the beam pipe. A charged
particle travelling through the CDC ionises the gas mixture in which the wires are strung. The ionised
electrons are attracted to the sense wire, and, as they move towards it, cause further ionisation of the gas

mixture. When these electrons reach the sense wire a hit is registered on that wire. The path of particles
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Figure 3.7: The Central Drift Chamber.

in the r — ¢ plane is measured by axial cells. Stereo cells, mounted at a slight angle to the beam pipe, are
used to determine the z components of tracks.

The spatial resolution in »— ¢ is 130 wm, and less than 2 mm in z. The transverse momentum resolution

Zer — \/(0.19p7)? + (0.34)2% (3.4)
pr

The gas mixture of 50% helium and 50% ethane which is used in the CDC has a relatively long radiation
length of 640 m, which minimises multiple scattering and the associated tracking errors. The ethane
component provides for good dE/dx resolution of 6.9% for minimum ionising particles since ethane has a
very narrow energy loss distribution. Particle identification for tracks with momentum up to 0.8 GeV /c is
performed using dE /dx information from the CDC. The distribution of dE /dx as a function of momentum
is demonstrated in figure 3.8, where the different signal shapes from pions, kaons and protons can be clearly

distinguished. The lines in the figure represent the expected energy loss for each type of particle.

3.2.3 Aerogel Cerenkov Counter (ACC)

A critical improvement in the design of Belle over detectors previously used in B physics experiments is
the inclusion of particle identification subdetectors to provide pion and kaon separation. At low momenta,
measurements of ionisation energy losses in the CDC (see §3.2.2) may be used for particle separation,

however, this method becomes ineffective above about 0.8 GeV /c. The TOF, described in §3.2.4, extends
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Figure 3.8: Truncated mean of dFE/dx versus momentum. The points are measurements taken
during accelerator operations, and the lines are the expected distributions for each particle type.

this for particles with momentum up to 1.2 GeV /¢, but only for the barrel region of the detector. The ACC
is used primarily to distinguish particles with momentum of up to 2.5 or 3.5 GeV/¢, depending on the
polar angle, in the barrel region. In the endcap region of the detector, where there is no TOF, the ACC is
used to identify particles in the momentum range 0.8 to 2.1 GeV /c.

The ACC is a threshold Cerenkov counter system. When a charged particle travels through a dispersive
medium of refractive index n it excites, and partly polarises, the atoms in the material. If the velocity of
the particle is greater than the speed of light in the medium, ¢/n, part of the excitation energy reappears as
coherent radiation, emitted at a characteristic angle to the direction the particle is moving in. This is known
as Cerenkov radiation.

Figure 3.9 demonstrates the materials of differing n in various parts of the detector. These refractive
indexes are chosen in order to obtain good K/ separation for the whole kinematic range, depending on
the polar angle. The ACC consists of modules containing silica Aerogel. This material was selected since
it is very transparent to light, and its refractive index, which ranges from 1.01 to 1.03, is ideal for threshold
separation of pions and kaons. For a pion and a kaon with identical momentum the pion will have a higher
velocity due to its lower mass. In the momentum range 1 to 4 GeV /¢ pions will be travelling faster than
¢/n and will emit a flash of Cerenkov light. Thus particles with an associated pulse of light in the ACC are
more likely to be pions than kaons.

There are two sections to the ACC:
The Barrel ACC consists of 960 modules, segmented into 60 cells in the ¢ direction;

The Endcap ACC is placed only on the forward side of the detector. It consists of 228 modules arranged
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Figure 3.9: The confi guration of the Aerogel Cerenkov Counter.

in 5 concentric layers.

Each module contains a silica Aerogel counter connected to a fine—mesh photomultiplier tube (FMPMT)
by an air lightguide. The FMPMTSs can operate inside the 1.5 T magnetic field.

Figure 3.10 demonstrates the efficiency for correctly identifying kaons and the false identification rate
of pions in the barrel region for tracks in the momentum range 0.5 to 4.0 GeV/c. For most of this range

the measured kaon efficiency is greater than 80%, while the pion fake rate is less than 10%.

3.2.4 Time of Flight counter (TOF)

For particles in the intermediate momentum range of 0.8 to 1.2 GeV /¢ the most effective means of particle
identification is to measure the time it takes for the particle to travel a certain distance. This provides a
direct measurement of the velocity of the particle, which, when combined with the momentum measured
by the CDC (§3.2.2) can be used to determine the mass of the particle. The TOF is used to measure the
time between a collision at the IP and the moment at which a particle hits one of the scintillation counters
in the TOF. It is also used as part of the Belle trigger system.

The TOF system consists of 128 TOF counters and 64 Trigger Scintillation Counters (TSCs). Two TOF
counters and one TSC form a module, with a 1.5 cm radial gap, as in figure 3.11. 64 TOF/TSC modules,

located at a radius of 1.2 m, cover a polar angle range of 34° to 120° in the barrel region of Belle. TOF
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Figure 3.10: Kaon effi ciency and pion fake rate, measured with D't — D°(Kn) 4+ n ™ decays,
for the barrel region of the ACC.
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Figure 3.11: Dimensions of a TOF/TSC module.
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counters are read out by two FMPMTSs, while each TSC is read out by one FMPMT at each end.

The time resolution of the TOF is 100 ps, which implies approximately three standard deviation (3¢)
kaon/pion separation at 1.25 GeV/c. Since the TOF is mounted on the inside of the ECL at a radius
of approximately 1.2 m, particles with a transverse momentum less than 0.54 GeV/c curl around on
themselves before making it as far as this subdetector. The mass distributions for pions, kaons, and protons,
as measured by the TOF is shown in figure 3.12(a). The ability of the TOF to distinguish between kaons

and pions is shown in figure 3.12(b) as a function of the particle’s momentum.
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Figure 3.12: Time of Flight counter performance.

3.2.5 Electromagnetic Calorimeter (ECL)

The ECL contains 8,736 Cesium lodide crystals which are doped with Thallium (CsI(TI)). When a charged
or neutral particle travels through a crystal it loses energy. The crystal emits photons at a rate proportional
to the energy loss, and thus the particle generates a shower of electromagnetic particles. The Csl crystals
are doped with Tl in order to shift the wavelength of the photons in the electromagnetic showers into the
visible spectrum so that the showers may be detected by the two photodiodes attached to the back of each
crystal.

This subdetector is the principal means of detection of photons, which, in common with electrons,
deposit most of their energy in an electromagnetic shower as they travel through the ECL. Electron identi-

fication relies primarily on a comparison of the charged particle momentum and the energy deposits in the
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ECL, although ionisation energy losses in the CDC are also taken into account.
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Figure 3.13: The Electromagnetic Cal orimeter.

Each crystal has a tower like shape, and is arranged so that it points almost directly towards the IP, as
shown in figure 3.13. There is a small tilt of ~ 1.3° in the § and ¢ directions to avoid photons escaping
through the gap between crystals. The size of the crystals is determined by the design condition that 80%
of the energy deposited by a photon injected at the centre of a crystal should remain contained in that
crystal. Crystals in different parts of the detector have different dimensions, but a typical crystal in the
barrel region has a front face of 55 mm x 55 mm and a rear face of 65 mm x 65 mm. Each crystal is 30 cm
long, corresponding to over 16.2 radiation lengths for photons and electrons. This avoids shower leakage

from the rear of the crystal at high energies.

The photon energy resolution of the ECL has been measured to be

op\2 ,  (0.00066\% /0.0081)°
(E) —0.0134 +< — + () (3.5)

and the position resolution is

(3.6)

where E is measured in GeV.
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3.2.6 K/u Detector (KLM)

As its name suggests, the KLM’s purpose is to detect K ;, mesons and identify muons. Since muons have
a relatively small interaction cross section they penetrate further through the Belle detector than most of
the particles coming from the IP. Any track that penetrates several layers of the KLM after leaving a track
in the CDC is almost certainly a muon, and is identified accordingly. In addition, the neutral K, meson,
which does not interact with any of the subdetectors closer to the IP, is identified when it is stopped by
the 3.9 nuclear interaction lengths of iron contained in the KLM. Hits in the KLM without an associated

charged track in the CDC are assumed to be from K mesons.

Ground plane

’ Dielectric foam ‘
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=strips| ]
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Ground plane

Figure 3.14: Cross section of a KLM superlayer.

The KLM consists of alternating layers of charged particle detectors and 4.7 cm thick iron plates. There
are 15 detector layers and 14 iron layers in the octagonal barrel region, and 14 detector layers in each of
the forward and backward end—caps. Each detector layer is a super—layer of glass—electrode resistive plate
counters (RPCs). A detector super—layer consists of two RPCs, as shown in figure 3.14, which provide 6
and ¢ hit information. In the barrel part of the detector an additional RPC superlayer is placed in front of

the first iron plate. Figures 3.15(a) and 3.15(b) show barrel and endcap RPCs.

Each super—layer is read out through orthogonal strips, each of which is typically 5 cm wide, which
provide ¢ and z information in the barrel region, and € and ¢ in the endcaps. The 240 modules in the
barrel region cover a polar angle region of 45° to 125°. This is extended to 20° to 155° by the 112 endcap

modules.
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Figure 3.15: KLM RPCs.

3.2.7 Extreme Forward Calorimeter (EFC)

(b) Endcap RPC.

The EFC supplements the ECL by extending the polar angle coverage for calorimetry in the forward region

t06.4° < 6 < 11.5°,and to 163.3° < 6 < 171.2° in the backward region. Its placement on the front faces

of the solenoid magnet cryostats, and around the beam pipe allows it to function as a beam mask to reduce

background radiation reaching the CDC. In addition it acts as a beam monitor for KEKB control and as a

luminosity monitor for the Belle experiment.

Figure 3.16: The Extreme Forward Cal orimeter.

Since the EFC is in an area subject to high levels of radiation, it was constructed from Bismuth Ger-
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manate (BGO) crystals which can withstand megarads of radiation, and which also provide good energy
resolution. Figure 3.16 depicts the manner in which each tower shaped crystal faces inwards towards the
IP.

3.2.8 Solenoid Magnet

All the subdetectors interior to the KLM are enveloped in a near uniform?® 1.5 T magnetic field created by
a superconducting solenoid magnet. The iron plate structure of the KLM serves as a return yoke for the

magnetic field. The solenoid is summarised in table 3.2.
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Figure 3.17: Contour plot of the measured magnetic fi eld in the Belle detector.

3.3 Trigger and Data Acquisition System

The trigger system selects which events to write to tape and which events to discard. It combines infor-
mation from all the detectors to eliminate as much background as possible from events such as beam—gas
interactions, where electrons or positrons from the beam interact with remnant gas molecules in the beam
pipe, or from other sources such as synchrotron radiation. The rate of background events is highly depen-
dent on the conditions of the accelerator, such as the beam current and pressure, but the combined rate

of all such background is typically around the order of hundreds of megahertz. The trigger is designed

IFigure 3.17 shows the fi eld strength as function of z for various radii
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Cryostat
Inner Radius 1.70 m
Outer Radius 2.00 m
Central field 15T
Length 4.41m
Cail
Effective radius 1.8m
Length 3.92m
Superconductor NbTi/Cu
Nominal current 4400 A
Inductance 3.6H
Stored energy 35 MJ

Typical chargingtime 0.5h

Table 3.2: Parameters of the solenoid coil.

to be flexible enough to cope with unexpectedly high levels of background events, yet at the same time,
maximise the number of hadronic events stored.

The trigger conditions are multiply redundant, in order to cope with the many and various types of
events we are trying to keep. The trigger system has four levels: two hardware — the level 0 and level 1

triggers; and two software — the level 3 and level 4 triggers.

The level 0 trigger is a timing signal from the TOF that issues a hold to the SVD.

The level 1 trigger combines trigger information from each of the subdetectors into the Global Decision
Logic (GDL), as in figure 3.18. The subdetector trigger systems can be categorised as track triggers
or energy triggers. The tracking trigger utilises the » — ¢ and z trigger from the CDC, the TOF
trigger, and a count of the number of isolated hit clusters in the ECL. The energy trigger requires
the aggregate energy deposited in the ECL to exceed 1 GeV. If the event satisfies the criteria of the

GDL a readout of the hits stored in all the subdetectors is performed.

The level 3 trigger performs a simple, fast reconstruction of the event to avoid unnecessarily writing to

tape any junk events which pass the level 1 trigger.

The level 4 trigger occurs after the events have been stored. It further filters events before a full recon-

struction using the offline computer farm is performed.

The exact conditions of the trigger vary from run to run, in accordance with changes to the KEKB
operating conditions, and updates to the trigger system itself.

During data taking the condition of each subdetector is closely monitored with the aid of the Data
Quality Monitor (DQM). This is part of the DAQ system, shown in figure 3.19, which controls the flow of

data from the subdetector subsystems up until the point it is written to tape.
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Figure 3.18: Overview of the Belletrigger system.
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Figure 3.19: The Belle DAQ system.

Events which have passed the final trigger level and have been placed in the Mass Storage System are
later processed offline with software that analyses the hit information from each subdetector and calculates
the four-momentum of particles which have travelled through the detector. As advances in the tracking

and other algorithms are made, this software is updated and the data is reprocessed.

3.4 Simulation

The behaviour of the Belle detector is modelled by Monte—Carlo simulation with a suite of software utili-
ties, and is normally performed in three stages: generation; detector simulation; and reconstruction.
Simulation of the decay of the B mesons and other particles in each event is done by the QQ98 event
generator [84, 85], which was originally developed by the CLEO collaboration. Parameters such as the
electron energy, positron energy, and collision angle are input to the event generator. Using these param-
eters a virtual photon to BB pair event is generated. The decay of these mesons via various user defined
decay paths is then modelled, with QQ98 determining the four-momenta of the intermediate and final state
particles. This information is passed to the simulation stage software, which then simulates the transit of
these particles through the detector. The decay of some particles which have a long lifetime, such as the

K s meson, are not modelled using QQ98, but rather are left to the detector simulation software to calculate.
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The detector’s geometry is modelled using GEANT [86]. The software modules which individually
model the performance of each subdetector are collectively referred to as GSIM. The simulation stage
creates data that mimics the output from the DAQ, so the same reconstruction software that is used to
process experimental data is used for the Monte—Carlo data. The effect of backgrounds from beam—gas
interactions, and other such events which are not directly related to the e™ e~ collision, is replicated using
data accumulated when the KEKB accelerator was operating, but with random trigger conditions. This
technique is used to create Monte—Carlo events which mimic the performance of the Belle detector on a

run by run basis.
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Chapter 4

Reconstruction technique

A full reconstruction of the decays B — D°D*~ K+, Bt — D**D*~ K+ and B® — D**D*~ K¢ was
performed using data collected by the Belle detector. The momentum of charged tracks and the energy of
photon candidates is reconstructed and stored in Mini Data Summary Tape (MDST) tables [87]. These tables
contain vectors of three-momenta for all the track candidates in each event detected by Belle.

Generally only the final state kaons, pions and photons leave traces in the detector for B — DDK
decays . The intermediate Kg, D° and D* mesons are reconstructed by summing the momenta of the
various final state particles to form four—-momentum vectors. Candidates are identified by searching for
signal peaks in various discriminating spectra, such as invariant mass distributions, which are created from
the reconstructed momentum vectors.

In this analysis neutral kaons are searched for via the mode K — w"7~. D° mesons decaying to
Kn, Krr® and K7 final states are reconstructed, where the neutral pion decays to two photons. D*
candidates are formed from summing the four-momenta of the D° meson candidates with that of tracks
which are identified as low momentum pions.

Finally, B meson candidates are formed by adding the four-momenta of these intermediate charmed
and strange mesons in the combinations mentioned above. The full reconstruction of B® — D°D*~ K+

also allows for a partial reconstruction of B® — D*0D*~ K+ decays.

4.1 Data Set

This analysis is performed on data collected by the Belle detector between January 2000 and July 2002. In
this time 78.13 fb~! of data was accumulated at the Y (4.5) resonance. A further 8.83 fb~! of data was
collected at an energy just below this, in order to characterise the background from non T (4.5) events. The
rate at which this data set was amassed is demonstrated in figure 4.1

During this interval data was taken in seven different experiments, each with slightly different accel-
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erator conditions. The convention within the Belle collaboration is to refer to experiments where data is
accumulated at the T(4.5) resonance with an odd number. Experiments which are used to calibrate the
detector, for instance with the collection of cosmic ray events, are given an even number. The following
analysis is performed on experiments 7, 9, 11, 13, 15, 17 and 19.

Most of the selection criteria described in this chapter were chosen from an analysis of a select number
of runs in experiment 15, but are applied to events from all experiments. While accelerator conditions vary
between experiments and runs, they do not do so to such an extent to invalidate these criteria. As well as
being undesirable, it would also be a practical impossibility to have selection cuts tuned for each individual
experiment or run period. A run is normally equivalent to the data accumulated during one fill of the LER
and HER. However, if there are any DAQ errors which interrupt data taking there may be more than one

run per fill.

4.2 Hadronic event selection

Many types of events pass the triggering system described in §3.3. Events from e+ ¢~ interactions could
be any of eTe™ — wa, dd, s5, bb, eTe™, uTp~—, 7H7,ete~, or 2 photons. Beam background events
may also be recorded. These typically come from interactions between either the e™ or e~ beam with
residual gas particles in the beam pipe.

A general set of criteria for a hadronic skim is used for most analyses in the Belle collaboration, in-
cluding this one. The HadronB [88] skim criteria are chosen to maximise the BB selection efficiency,
minimise the number of non-hadronic events, and provide a reasonably high efficiency for eTe™ — ¢q
events, where ¢ = u,d, s, or c¢. The latter type of events are known as continuum events since they are

distributed continuously below the Y (4.5) peak of figure 3.2.

The HadronB criteria are:

e The number of good charged tracks,
Ntrk Z 3, (41)

where a good charged track is one where p; > 0.1 GeV /¢, |dr| < 2.0 cm, and |dz| < 4.0 cm. In
this case |dr| and |dz| are the distance of closest approach between the track and the z—axis or the

z—position of the nominal IP respectively.

e The distance between the primary event vertex and the origin of the detector co—ordinate system
satisfies

|r] < 1.5cm, and |z] < 3.5 cm, 4.2)

where the primary event vertex is determined from all the good charged tracks.



58

Reconstruction technique

e The sum of the good cluster energies in the ECL meets the condition
0.18 < Egum/v/s < 0.80, (4.3)

where a good cluster is one with £ > 0.1 GeV.

e The total visible energy detected by the CDC and ECL, which is the sum of the good track momenta
and good photon energies, is
Egis > 0.204/s. (4.4)

Good photons candidates are selected from good ECL clusters which do not have associated good

tracks.

e The sum of the z—components of the good tracks and good photon momenta is balanced around zero,
such that
< 0.54/s. (4.5)

>

e There are at least two ECL clusters in the barrel region of the detector.

e The average cluster energy meets the condition
Esum/nECL <1 GeV, (46)

where ngcy, is the calorimeter cluster hit multiplicity.

e The Heavy Jet Mass, Mjes, satisfies
Miet > 0.25Fis or  Me, > 1.8 GeV /2 (4.7)

To calculate M;je, the event is divided into two hemispheres by a plane perpendicular to the event
thrust axis. The invariant mass of the sum of all the tracks in each hemisphere is then determined,
assuming a pion mass hypothesis for each track. The larger of the two invariant masses is the Heavy

Jet Mass.

These selection criteria are more than 99% efficient for BB events and contain a non—hadronic com-

ponent less than 5%.

4.3 Candidate event selection

To observe the decay B° — D*+ DY K~ at least six charged tracks must be detected by Belle. Similarly,

reconstructions of B* — D*tD*~K* and B — D*tD*~ K decays require the presence of at least
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seven and eight charged tracks respectively. These requirements eliminate a significant number of HadronB

events.

Selection of continuum events of the type described in §4.2 is suppressed through the use of the Fox—

Wolfram moments [89]. These are defined as

|pi|p3 |

H = Z E—Q_]PZ(COS bij), (4.8)
7 j V1s

where the indices ¢ and j run over the tracks produced in the event, ¢;; is the angle between particles ¢ and

j,and P;(z) is the Legendre polynomial of order [. The Fox—Wolfram moments are usually normalised to

Hy.

The second normalised Fox—Wolfram moment, Ry = Ha/H, is commonly used for continuum sup-
pression. For events with spherical topology, such as Y(4S) — BB decays, R tends towards zero.
Jet—like events, such as continuum decays where the final state particles are produced with significant

energies, are inclined to higher values of Rs.

Figure 4.2 demonstrates the shape of R, for B® — DYD*~ K+ decays in signal Monte-Carlo (MC)
events. This distribution is concentrated in lower values of R, in contrast with the shape for continuum
events shown in the hatched histogram in the same figure. Events where R, > 0.4 are rejected to reduce

any continuum background, but still maintain high signal efficiency.

T T T
1 signal
/7 continuum

0 01 02 03 04 05 06 07 08 09 1

Figure 4.2: The second normalised Fox—Wolfram moment for B° — D** DK~ signal MC and
continuum events.
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4.4 Thenumber of BB events

Data collected at the Y'(4.5) resonance consists of B 5 and ¢ events in a ratio of roughly 1 to 31. The num-
ber of BB events, N (BB), in the HadronB sample is estimated [90] by examining the second normalised
Fox—Wolfram moment.

The R, distribution for ¢ events is determined from data taken at energies below the Y (4.5) resonance.
The equivalent shape for BB events is measured from a study of Monte-Carlo BB events. By fitting the
R, distribution of data taken at the T'(4.5) resonance with these two shapes it is possible to estimate the
relative proportions of these types of events in the HadronB sample.

However, vastly more on—-resonance data is collected than off resonance data, and the accelerator con-
ditions are different for each situation. This leads to an error in the calculation of N (B B). The number of

BB events in each experiment is detailed in table 4.1.

N(BB)
experiment 7 6,468,729 4+ 161,468
experiment 9 4,759,695 + 28,616 — 47,326
experiment 11 8,850,938 + 51,679 — 51,776
experiment13 | 11,699,795 + 198,491 — 198,443
experiment15 | 13,567,937 + 96,293 — 105,499
experiment17 | 12,458,801 + 330,115 — 330,113
experiment19 | 27,170,503 + 313,808 — 313,762
total 84,966,397 4 491,041 — 495,171

Table 4.1: Number of BB eventsin each experiment.

45 Track sdlection

Charged tracks are detected primarily by the CDC (§3.2.2). Hit information from the axial wires is used to
project tracks in the » — ¢ plane, then hits in the stereo wires are used to determine the z trajectory of the
track and all the hits are parameterised in a helix to calculate the momentum of the track [91]. These tracks
are then matched with hits in the SVD and the momentum is refitted using the Kalman filter algorithm. The
tracks are then extrapolated to the outer detectors using a Runge—Kutta method [92].

A limitation of the above is the use of a helix parameterisation [93] as a track model. This method is
valid for a uniform magnetic field, but as figure 3.17 demonstrates, the field in the forward and backward
regions of the Belle detector is quite non—uniform. This can lead to shifts in the mass peaks of reconstructed
particle candidates. Correction factors for track momenta in each experiment are determined from studies

of well measured invariant mass peaks, and are applied with the use of the fix mdst software module.

Lin addition there are the background events described in 4.2, which are also dedlt with in the estimation of N (B B).
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Poorly reconstructed tracks are rejected by imposing cuts on the shortest distance between each track’s
trajectory and the IP. This distance projected onto the x — y plane is dr, and the distance in z is dz.
Distributions of the impact parameters, dr and dz, for experiment 15 are shown in figures 4.3(a) and 4.3(b)

respectively.

10* E
10%H 5
102} E
10 L L L L L L = L L L L L L L
0 0.5 1 15 2 25 3 0 1 2 3 4 5 6 7 8
dr (cm) dz (cm)
(8 dr distribution for charged tracks. (b) dz distribution for charged tracks.

Figure 4.3: Charged track impact parameters for experiment 15.

All tracks used to reconstruct B meson candidates, except for slow pion candidates from the D** —

D°7F decay, must satisfy
e |dr| < 0.4 cm, and
e |dz| < 5.0 cm.

These cuts are more generous than might normally be applied, but since all the final state particles in doubly
charmed B meson decays at the T (4.5) resonance have relatively low momentum the tracking quality tends

to be poor. These criteria were chosen to eliminate only the most dubious tracks detected by Belle.

4.6 Charged particleidentifi cation

Separation of charged kaons and pions is the only form of particle identification used in this analysis. In the
Belle detector this is performed by the ACC, TOF and CDC, and is implemented in the atc_pid software
module [94].
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Each of the subdetectors used for kaon and pion separation is most effective for particle identification in
different momentum ranges, and their measurements are nearly independent. Information from these three
subdetectors is combined using a likelihood method to form a single variable which is used to discriminate
between kaon and pion candidates.

Particle identification using atc_pid is based on the probability of the detector response being con-
sistent with the passage of a hypothesised signal particle type, compared to the probability that the same
response is due to the passage of a given background type of particle. This is expressed as a likelihood

ratio
P;

Pli:j)= 5% e (4.9)

where P; is the likelihood calculated for the signal particle type, and P; is the likelihood for the background
particle type. The variables i and j range over five particle types, e, u, 7, K and p.

Each likelihood, P;, in equation 4.9 is a combination of likelihoods from the three subdetectors,
p, = pB/de  pTOF  pACC (4.10)

which are calculated as follows:

dE/dx A x? value for each particle hypothesis is calculated as

(4.11)

2 ( (dE/dz)measured - (dE/dx)expected) 2
OdE/dx ’

where (dE/dz)measured aNd (dE/dx)expectea are the measured and expected values of dE/dx re-
spectively, and o454, is the expected resolution. A likelihood is calculated assuming a Gaussian

distribution L
p__ X (4.12)

\/%O'dE/dz
TOF A x?2 value from TOF hit information is calculated by observing the time interval between hits in the
two phototubes of a counter and comparing this with the time the hypothesised particle type should
take to travel through the detector. The likelihood is
e 3X

j 413
[T, v2ro; 1)

where ndf is the number of PMT time intervals included in the determination of 2.

ACC As discussed in §3.2.3 the ACC is a threshold device, so it acts as an on/off detector. The observed
signal, the number of photo—electrons, V., is either zero or a small number. The ACC is treated

rather simply by atc_pid — the likelihood is given by comparing the observed N, with a threshold
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value, Ntk

»e» using the expected efficiency, ¢, at the measured momentum:

P= e (Np>N2) (4.14)

P= l—¢ (Np<NI). (4.15)

The threshold value and the momentum dependent expected efficiencies for the various particle types

are determined from MC studies and are referenced from lookup tables.

If one of the subdetector elements cannot positively identify the candidate track it will return a likeli-
hood of 0.5. The distribution of P(K : x) in experiment 15 is shown in figure 4.4, where a small bump
reflecting this default assignment can be seen at P(K : ) = 0.5.

Particle identification using atc_pid is performed on all tracks used in the event reconstruction, except
for those tagged as low momentum pion candidates. If P(K : w) > 0.1 the track is identified as a kaon,
if P(K : m) < 0.9 the track is identified as a pion. Thus the K /7 separation is not mutually exclusive,
and care must be taken not to use the same track twice in the reconstruction. The prompt kaon candidates,

which come directly from the B meson, are subject to the more stringent condition P(K : 7) > 0.2.

10" F E

L L L L L L L L L
0 01 02 03 04 05 06 07 08 09 1
P(K:m)

Figure 4.4: P(K : ) for charged tracks in experiment 15.

4.7 Kinematic fi tting

The momentum resolution of candidates for the intermediate particles produced in the B meson decay
can be improved by kinematically fitting the vertex locations of their decay products. If, for example, a

DY meson decays to a K~ final state, then the momentum of the D° meson candidate, which in the first
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instance is the vector sum of the kaon and pion momenta, can be refitted by requiring that both the kaon
and pion were produced at the same geometric location. In addition, by assuming a D° mass hypothesis
for the sum of the two final state momenta and refitting the D° candidate’s momentum, the momentum
resolution of any reconstructed particle made from the D° will be improved as well.

Kinematic fitting is implemented by the kfitter software module [95] which performs three main

functions:
geometric vertexing fitting where a x2 value of the geometric fit is returned;

mass constrained fitting where the momentum of the mother candidate is refitted assuming the specified

mass hypothesis; and

mass constrained vertex fitting where the daughter particles are constrained to originate from a common

vertex location, and the momentum of the mother particle is refitted.

The fitting algorithm, described in detail elsewhere [96], is based on an iterative least square method

using the Lagrange multiplier method.

4.8 Neutral pion selection

Photon candidates are reconstructed from 5 x 5 crystal hit clusters in the ECL. Only photon candidates
with energies greater than 30 MeV are combined to form neutral pion candidates. In order to reduce
combinatorial background only pion candidates with a momentum greater than 200 MeV /c are selected.

After these selection criteria have been applied the resolution of the signal peak in the invariant mass
spectrum is determined and a three standard deviation (30) cut is made around the mean value. The
resolution is determined to be 4.78 MeV /c2. The invariant mass spectrum shown in figure 4.5 is taken
from runs 600 to 617 of experiment 15, as are all the following invariant mass spectra unless otherwise
specified. The mass cut applied is 123 < m(yy) < 147 MeV/c?. Neutral pion candidates are mass
constrained vertex fitted. However, since the origin of the photon candidates is not known the error of the
vertex location is assigned a large value in the fit.

Figure 4.6 shows the neutral pion candidate invariant mass spectrum for signal Monte—Carlo generated

to simulate experiment 15 conditions.

4.9 Short lived neutral kaon selection

K s meson candidates are selected from combinations of oppositely charged pions. No particle identifica-
tion cut is applied to these final state pions. All candidates are selected according to the goodKS loose

cuts of [97] which are also described below.
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Figure 4.5: The invariant mass spectrum for neutral pion candidates. This spectrum is from runs
600 to 617 in experiment 15.
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Figure 4.6: Theinvariant mass spectrum for neutral pion candidatesin signal MC.
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Reconstructed K¢ meson candidates are categorised according to how many of the daughter pions
recorded hits in the SVD:

1. Both daughter tracks have associated SVD hits.
2. Only one daughter track has associated SVD hits.
3. Neither daughter track has an associated SVD hit.

Candidates are then subjected to the cuts of table 4.2, where d¢ is the angle in the = — y plane between the
momentum vector and the decay vertex vector of the K¢ candidate, zq;s; IS the shortest distance between

the two daughter tracks, and F; is the flight length of the K g candidate in the 2z — y plane.

| Momentum (GeV) | dr (cm) | d¢ (rad) | Zdist (cm) | F; (cm) |

< 1.5,Categoryl | >0.03 | <0.35 < 2.0 > (.08
< 1.5, Category 2 | > 0.10 < 0.40 < 40 < 9.0
< 1.5, Category 3 | > 0.10 < 0.05 < 6.5 > 1.5
>1.5 >0.03 | <0.10 <15 —

Table 4.2: The goodKS_loose cuts of [97].

X/ ndt 1851 1 62 T
P1 3713, £ 34.66

5000 |- P2 04975+  0.1357E-04 |
P3 02009E-02+  0.1852E-04
P4 856.8 & 2826
P5 04971+  0.4695E-04
P6 05124E-02 % 0.7707E-04
P7 6930 + 3.939

4000 |- P8 -1105. + 7.777]

3000

2000

1000

0.48 0.49 0.5 0.51 0.52
GeVic?

Figure 4.7: Theinvariant mass spectrum for K's candidates after the goodKS_loose cuts have been
applied. This spectrum is from runs 600 to 617 in experiment 15.

The resulting Kg invariant mass spectrum of figure 4.7 is then fitted with a double Gaussian. A 3o
cut is applied using the width of the wider Gaussian, 5.12 MeV /c2. In comparison, figure 4.8 shows the

resulting spectrum after these cuts have been applied to experiment 15 signal MC.
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Figure 4.8: Theinvariant mass spectrum for K's candidates after the goodKS_loose cuts have been
applied for signa MC events.

4.10 D" meson reconstruction

DY meson candidates were reconstructed from charged tracks identified as kaons or pions, and from neutral
pion candidates. The decay modes D° — K7+, D° — K—7nt7% and D° — K—ntx—xt, and
the corresponding charge conjugate D° modes were searched for. The charged tracks used are selected
according to the criteria described in §4.5, and the neutral pions were chosen according to the method
described in §4.8. Candidates are selected from invariant mass windows which are dependent on their
decay mode:

18399 <  m(K-wT) < 1.8891GeV/c?,

18334 <  m(K-7wta%) < 1.8956 GeV/c?,

1.8502 < m(K-ntr—nT) < 1.8788 GeV/c?.

The invariant mass peaks for the D° meson candidates were fitted with single or double Gaussian functions
where appropriate. The candidate selection windows were determined by taking a 3o region around the
nominal D° meson mass for K77° and K7rm candidates, and 60 of the narrower Gaussian for K=
candidates. The invariant mass spectra for D° candidates in experiment 15 are shown in figure 4.9. Similar
plots for the invariant mass spectra in signal Monte—Carlo are shown in figure 4.10. The discrepancy
between the mass resolution in the MC and experiment 15 is summarised in table 4.3. The most notable
difference is in the peak width of the D° — K77° mode. This is mainly due to the difficulty in fitting a
double Gaussian function to the peak of figure 4.9(b).

Track combinations that pass the relevant mass cut were then mass constrained vertex fitted and their
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Figure 4.9: The invariant mass spectrum for D° candidates. These spectra are for runs 600 to 617
in experiment 15.
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Figure 4.10: Theinvariant mass spectrum for D° candidates. These spectra are from experiment 15

signa MC.
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Decay Mode experiment 15 data experiment 15 Monte—Carlo

mean (GeV/c?) | resolution (MeV /c?) | mean (GeV/c?) | resolution (MeV /c?)
K 1.865 £ 0.008 41+£0.2 1.865 £ 0.001 3.81 £0.02
Knr® 1.864 + 0.010 104+£1.1 1.865 £ 0.002 5.4+0.5
Knrm 1.865 4+ 0.004 48+04 1.865 £ 0.001 3.9+0.2

Table 4.3: The D° meson candidate means and resolutions for experiment 15.

momenta were reparameterised.

4.11 D* reconstruction

D*+ and D*~ candidates were reconstructed by combining neutral D meson candidates with slow pion
(m,) tracks. This corresponds to a reconstruction of the D** — D%+ decay mode and its charge conju-
gate. The slow pion candidate’s momentum is required to be less than 300 MeV /c. These slow pions are
then combined with D° candidates from all three modes described in §4.10 to form D** candidates. Slow
pion candidates are not subject to particle identification, nor to the impact parameter cuts of §4.5.

Unlike the other particle candidates, which are chosen from invariant mass windows, D* candidates are
selected from a 60 region around the narrow peak in the m(D%r;) — m(D°) distribution, where m(D?)
is the mass of the D daughter candidate after a mass constrained vertex fit. Figure 4.11 shows these
distributions in experiment 15, and figure 4.12 shows them for signal Monte—Carlo.

The background shape in figures 4.11 and 4.12 is modelled with a threshold function, which is given

by

Wl

fl@) = Az —m(z)) % + B(z —m(r™T))*, (4.16)

where A and B are free parameters, m (7 ) is the charged pion mass, and x is the value of m(D%r) —
m(D®). The peak was fitted with a double Gaussian, except for the D** — D°(K7n%)w] mode in
figure 4.11(b), where the use of a single Gaussian function resulted in a better reduced 2 for the fit.

D* candidates are selected which satisfy the condition 142.77 < m(D%ms)—m(D°) < 148.11 MeV /.
The resolutions from data and signal MC are compared in table 4.4.

D* candidates which pass the m(D%ry) — m(D°) cut are mass constrained vertex fitted, and their

momentum is refitted.

4.12 B meson reconstruction

B meson candidates are reconstructed from the D**, D°, and K meson candidates. Due to the conserva-

tion of energy the B mesons coming from the Y'(4.5) decay must each have half of the beam energy. This
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Figure 4.11: m(D%rs) — m(D") for D* candidates. These spectra are for runs 600 to 617 in

experiment 15.
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Figure 4.12: m(D%r,) — m(D°) for D* candidates in signal MC.



4.12 B meson reconstruction

73

Decay Mode | Sample | o1 (keV/c?) | o2 (keV/c?)
Kn el5 904 4+ 162 261 + 87
MC15 1761 + 452 535 £ 60
Krr® el5 n/a 652 + 51
MC15 2036 + 171 662 £+ 53
Krnm el5 1422 + 361 341 + 52
MC15 1491 + 232 452 £ 48
All modes el5 1585 + 705 446 + 133

Table 4.4: Theresolution of m(D°7s) — m(D") for D* candidates.

constraint provides for two variables which are useful in identifying B meson candidates. These are the
beam constrained mass,
Mye = £/ (Eem/2)? — P3, (4.17)

and the missing energy,
AE = Eg — E.p /2. (4.18)

Here Ep is the reconstructed energy of the B meson candidate, F.,, is the beam energy, and Pg is the
reconstructed momentum of the B meson candidate in the Y'(45) rest frame.

Due to the large number of tracks required to reconstruct B — D* D) K decays the combinatorial
background from the many possible ways to combine tracks is quite high. This leads to instances where

there are many possible B meson candidates per event, as shown in figure 4.13.

| g ‘ ‘|_|—‘|r|r|rr
15 20 25

B candidates per event

Figure 4.13: The number of B meson candidates per event in experiment 15

In order to pick a single, best B meson for each event, a x2 value is constructed for each candidate.
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This is defined as

XE = Xp- +Xpo +Xbo  (+xk,) (4.19)
where
2
m(D°7) — m(D*)
X+ = | 5 : (4.20)
O
2
m(Kn, Knr®, Knrr) — m(DY)
2 =] ; ") (4.21)
O—DO(KTI'7K7TTI'O,KTI'7TTI')
and

m(rtn™) —m(Kg 2
ks

The resolutions, o po(gr, krx0, Krrr) 0D+, aNd ok, are measured from experiment 15. On the occasions
that two or more B meson candidates are made from the same D* and D° candidates, but different prompt
kaons, the B meson candidate with the best x2 value from a vertex constrained fit is selected. This method

avoids biasing the M. and AF distributions so that they may be used to calculate the signal yield.



Chapter 5

Reconstruction effi ciency and

background study

One of the aims of reconstructing doubly charmed B meson decays is to measure their branching ratios.
These measurements will go some way to resolving the charm counting problem discussed in §2.5. An
analysis of the D* K and D(*)° K mass spectrum can also be used to look for the resonances described in
§2.6. A measurement of the time dependent decay asymmetry of equation 2.57 for B — D*t*D*~ Kg
decays will enable a measurement of CP violation, as described in §2.4.

While the latter two objectives can be accomplished through an analysis of B meson candidates that
satisfy the selection criteria of chapter 4, the first task, measuring the branching ratio, requires knowledge
of the efficiency with which the analysis method reconstructs events. This is determined by studying
Monte—Carlo events that are generated to replicate the hypothesised doubly charmed decay chains.

Alterations to the KEKB accelerator operating conditions over time may affect the reconstruction ef-
ficiency. Specifically, changes in beam background conditions may affect the low momentum tracking
performance of the CDC. At several stages significant improvements were made to the accelerator tuning
parameters which reduced the beam background. To account for effects such as these, signal MC was
generated which replicated the KEKB operating conditions during experiments 11, 13, 15 and 17. These
experiments were chosen to provide a broad cross—section of the background conditions across the data set

described in §4.1.

5.1 Signal effi ciency

The decays of B mesons to the doubly charmed final states D** DK, D**D*K—, D** D*~ K~ and
D*TD*~ K¢ can be examined seperately according to the decay mode of the D° and D° mesons in the

final stage of the decay cascade. By reconstructing the intermediate D° mesons through their decay to the
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three final states described in §4.10 there are nine submodes via which each B meson may decay.

Each of these submodes will contribute in different proportion to the measured B meson signal yield.
This weighting will be relative to both the branching ratio of the relevant D° meson decay modes and
the reconstruction efficiency of the individual submode. The products of the branching ratios of D° —
K7, Krn® and Knnm decays are summarised in table 5.1. While the Knn® and Krrr final states
have significantly higher branching ratios they tend to have lower reconstruction efficiencies and all the

submodes generally contribute equally to the inclusive yield.

| D° mode | D°mode | Branching ratio, B°P
DY — K+n— 1.467 x 1073

DY — K¢t DY - Ktr— 70 5.324 x 1073
D - Kte—gntn— 2.869 x 1073

DY — Ktn— 5.324 x 1073

DY — K—gtn0 DY — Ktg—#0 19.321 x 1073
DY - Ktrwtn— 10.411 x 1073

DY — Ktg— 2.869 x 1073

DY - K—rntr—nt | D - Ktr— 70 10.411 x 1073
DY - Ktr—ntn— 5.61 x 1073

Table 5.1: The product of D° and D° branching ratios, from [7].

The decays D° — Knn® and K7wmm most often proceed through intermediate resonant states, such as
Kp, K*m, Kmp or K*p. As this may affect the reconstruction efficiency, care was taken to model this as
accurately as possible using the event generator, QQ98.

Signal MC data was created by using the detector simulator software, GSIM, to simulate the detector
interaction of particles generated by QQ98, and then the tracks were reconstructed with the standard Belle
reconstruction routines. The 20020424 _1007 version of the Belle software library was used for this
purpose.

For each doubly charmed decay the nine submodes were treated individually with a separate MC sam-
ple. The study of experiment 15 conditions was performed with a sample of roughly 20,000 events in each
submode. Due to the large period of time required to generate MC data, and the high level of demand on
limited computing resources, it was only possible to create 10,000 events of each submode for experiments
11, 13 and 17. Nonetheless, this corresponds to a signal MC sample of 180,000 events for each of the
doubly charmed decay modes in experiment 15, and 90,000 events for each in the other three experiments.

In keeping with chapter 4, the experiment 15 MC sample was used as the basis of the efficiency study.
Thus the efficiencies calculated in the following section refer exclusively to experiment 15, however the
results of the studies of the other experiments can be found in appendix A on page 121.

As described in §4.12, B meson candidates are identified using the beam constrained mass, M., and

the missing energy, AFE.
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The shape of the beam constrained mass peak is generally independent of the type of B meson decay
being reconstructed. It peaks at the B meson mass, 5.2794 GeV /c?, and the background shape is generally
modelled by the ARGUS function [98, 99], which is given by

AN M?2 M?
— A X My X 4|1 — —=—be_ —a (1l - Lt 1
iy, M1 g X e [ ( <Ecm/2>2ﬂ ’ G-1)

where A is a normalisation factor and a describes the shape of the ARGUS function. The width of M,

is primarily determined by the beam energy spread and is normally of the order of 3 MeV /c? in the Belle
experiment. It tends to be independent of the number and nature of final state particles used to reconstruct
the decay. This makes it very difficult to identify any background events which may peak in the M}, signal

region as they can be indistinguishable from the signal itself.

For this reason a fit to the missing energy is usually used to determine the signal yield. For a correctly
reconstructed B meson candidate AF should be zero. Due to energy losses, particularly in the case of
events with photons and 7° mesons, and due to imperfections in the detector’s reconstruction of track
momentum, A E can often be shifted up or down by the order of a few MeV. These processes also make
the width of AF dependent on the mode of decay. Additionally, the AFE resolution can be improved by

kinematic vertexing, especially when momentum refitting is also performed.

Since the shape of A E tends to differ greatly for different B meson decays it is normally quite straight-
forward to separate any background shapes from the signal shape. By projecting events from a 3¢ region
around the B meson mass in M, onto the AE axis most signal events are preserved. The resulting spec-
trum in AE can be fitted using various Gaussian functions to represent the signal and background shapes,
and background from continuum decays or false combinations of tracks can generally be modelled with a

first order polynomial.

However, in the case of doubly charmed B meson decays there are just too many possible final states
for it to be feasible to use a fit to the AFE spectrum as the primary determinant of the signal yield. To
proceed in a strictly correct manner it would be necessary to model each B meson signal peak with the
sum of nine Gaussians, and some of the AE' spectra would require up to 36 Gaussians to fit all the signal
peaks. It generally suffices to use two, or in some cases three Gaussians to model the inclusive signal peaks
in AE, however this is not ideal. As there is little or no background from other B decays for B — DDK *
due primarily to the large number of tracks and strict limits on the momentum of the particles in the decay
chain, it suffices to measure the yield from a fit to M,.. Hence all the efficiencies are measured from an

analysis of the M, spectrum for each submode.

1see §5.2 later in this chapter
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511 B — D**DK~-

Signal MC events of B° — D*T DK~ were reconstructed using the analysis procedure described in
chapter 4.

It can be seen in figure 5.1 that the M, resolution is largely independent of which D° @ D° submode
the B meson candidate decayed via, while figure 5.2 demonstrates the dependence of the shape of the AE

spectrum on the decay chain of the B meson. The widths of these signal peaks are summarised in table 5.2.

B — D** DK~ Experiment 15

D*t — DO €; | o(Mye) (MeV/c?) | a(AE) (MeV)
DY — K*r— 0.0857 + 0.0021 2.9+0.1 6.9+0.1

D - K—nt DY — K+r— 70 0.0272 4 0.0012 3.2+0.1 83404
D — Ktr—ntx~ | 0.0297 4 0.0012 3.0+0.1 7.14+0.3

DY — Ktr— 0.0276 4 0.0012 3.1+0.1 9.44+0.5

DY — K—nt70 DY — K+tr—x0 0.0084 £ 0.0007 2.84+0.2 12.0+1.1
D° — Ktr—ntr~ | 0.0082 = 0.0007 3.1+0.2 8.3+0.7

DY - K*n— 0.0298 + 0.0012 3.1+0.1 72+0.3

D’ - K—ntn—nt | DO - K+tr—n0 0.0093 + 0.0007 32402 8.4+0.8
D — Ktr—atx— | 0.0090 + 0.0007 3.1+0.2 7.8+0.5

Average 3.0+0.1 7.3+0.3

Table 5.2: Effi ciencies and signal shapes for B — D*tD°K ™~ events in experiment 15 signal

MC.

The sum of the products of the efficiencies and D branching ratios for the reconstruction of B —

D** D° K~ in experiment 15 signal MC is

9

> " BPPe; = (9.84 x £0.20) x 107, (5.2)
=1
Taking into account the D** — D%z* branching ratio this becomes
e(B® — D°D* " K¥)15 = (6.66 +0.13) x 1072 (5.3)

The signal shape of the sum of the nine submodes can be calculated by taking an average of all the

widths in table 5.2. This average should be weighted by the error of each measurement, and by the contri-

bution of each submode 7, such that

5‘2

B

K2

Wio-? 0 Wi
(e(02))? /; (e(02))2’ (5.4)

i=1

where o2 is the variance of the peak, e(c?) is the error of the measurement of the variance, and W; =

B?Dei is the efficiency and branching fraction dependent weighting factor for each submode. The average
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Figure 5.1: M. for B — D*T DK~ events in experiment 15 signal MC. Each column corre-
sponds to asingle D° decay mode, and each row to asingle D° decay mode.
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Figure 5.2: AE for B® — D** DK~ events in experiment 15 signa MC. Each column corre-
sponds to asingle D° decay mode, and each row to asingle D° decay mode.
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width of the M, peaks in figure 5.1 is 3.0 MeV /c?. The AFE distributions are each fitted with a single
Gaussian function, however many of the peaks in figure 5.2 have non-Gaussian components due to energy
losses, especially for photon candidates, and errors in the measurement of track momenta. This particularly
affects the submodes with neutral pions in the final state, and is most prominent in figure 5.2(e), where
both the D° and D° meson decay to the K=" final state. However, using a double Gaussian function
to fit these peaks does not provide a significantly better reduced x2, and only serves to complicate the

parameterisation.

Alternatively the shape can be determined directly from a fit to the weighted sum of the histograms

of figure 5.1 or 5.2. These inclusive M;. and AFE spectra are shown in figure 5.3. The resolutions of

MINUIT Likelihood Fit to Plot 1600&0 MINUIT Likelihood Fit to Plot 1400&0
B candidates: MB, -0.028 < AE < 0.028 B candidates: AE, 5.2617 < MB < 5.2911
File: dsdObchk_scaled.hbook File: dsdObchk_scaled.hbook
Plot Area Total/Fit 6459.0 / 6459.0 Fit Status 3 Plot Area Total/Fit 7091.0/7091.0 Fit Status 3
Func Area Total/Fit 6458.6 / 6458.6 E.D.M. 2.236E-07 Func Area Total/Fit 7091.4/7091.4 E.D.M. 7.294E-09
Lgkelihood = 514.8 Lgkelihood = 108.4
X= 507.9for 40- 4d.o.f, CL.=0.00 % X= 99.2for 80-12d.0.f., CL.=0.815 %
Errors Parabolic Minos Errors Parabolic Minos
Function 1: ARGUS Background Function 1: Polynomial of Order 1
NORM 17377. + 3026 2805, + 3249. NORM -910.73 + 1.0426E+04 - 0.000 + 0.000
OOFFSET 0.0000 + 0.000 - 0.000 + 0.000 POLYO01 48.246 + 2437 - 0.000 + 0.000
OEBEAM 5.2900 + 0.000 - 0.000 + 0.000 OFFSET -31.594 + 294.8 - 0.000 + 0.000
EFACT -63.142 + 8571 8.537 + 8565 Function 2: Two Gaussians (sigma)
Function 2: Gaussian (sigma) 5342.3 + 179.7 - 0.000 + 172.0
AREA 6129.9 + 79.79 - 79.48 + 80.09 MEAN 5.88012E-04 + 1.0247E-04 - 0.000 + 0.000
OMEAN . + 0.000 - 0.000 + 0.000 SIGMA1 5.32694E-03 + 1.3788E-04 - 0.000 + 0.000
SIGMA 2.93823E-03 + 2.9421E-05 - 2.9274E-05 + 2.9568E-05 AR2/AREA 0.11537 + 9.1576E-03 - 8.9891E-03 + 9.4616E-03
2400 DELM 2.37989E-03 + 4.6685E-03 - 0.000 + 0.000
L L L SIG2/SIG1 13.818 + 1744 - 0.000 + 1.830
B b Function 3: Gaussian (sigma)
B 1 1381.0 + 157.3 - 1459 + 169.9
3 r - MEAN -1.13912E-03 + 5.5892E-04 - 0.000 + 5.4762E-04
SIGMA 1.37794E-02 + 1.0350E-03 - 0.000 + 1.0836E-03
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Figure 5.3: Signal distributions for B® — D*T D° K~ eventsin experiment 15 signal MC.

the narrow Gaussian peaks determined from these fits are o (M,.) = 2.94 + 0.03MeV/c? and o(AE) =
5.3 £ 0.1MeV, which is in good agreement with the first method. It was necessary to use three Gaussians
to obtain a reasonable x2/ndf for the fit of the AE spectrum in figure 5.3(b). Two of these Gaussians are
used to fit the narrow central peak. The means of these peaks are offset by about —1 MeV /c?, which is
consistent with the energy shift seen in some of the AE spectra of figure 5.2. The third Gaussian fits the

smaller, broader component of the peak, which is only discernible when the peak is plotted on a logarithmic
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scale.

There are therefore three possibilities presented for fitting the inclusive A E' spectrum. The simplest is to
fit the signal peak with a single Gaussian whose width is the weighted average of all the widths in table 5.2.
A more accurate, but also complicated, method is to fit the peak using nine Gaussian functions, one for
each submode. Aside from the difficult practicalities of performing such a fit, this does not adequately
address the non—Gaussian components of the AF peak. Using the shape determined from figure 5.3(b)

offers the best compromise.

512 B — D**D*K-

Decays of neutral B mesons to the D** D*0 K~ final state are analysed by performing a reconstruction
of the D*+ DY K~ decay channel. This omits the slow neutral pion or photon which originates from the
D9 — D720 or D** — D% decay.

The missing momentum of the photon or 7% meson manifests as missing energy in the B meson can-
didates, and thus a shifted peak in the A E spectrum. The signal peak is centred around —152 MeV, as is
evident in figure 5.4(b). This shift is of the same order of magnitude as the D*° — D° mass difference. The
double Gaussian function used to fit the signal shape represents the contributions from the D*° — D%
and D*° — D%z decays®. Any non-Gaussian components are either lost in the reconstruction method,
or are insignificant compared to the scale of these two contributions.

To identify signal B meson candidates the M, distribution of figure 5.4(a) is plotted for a side-band
centred around AE = —152 MeV. Both signal distributions in figure 5.4 are the sum of histograms created
from an analysis of each of the nine individual submodes, as were those in figure 5.3. The resolutions of
the individual M, and AE peaks are listed in table 5.3.

Due to the absence of one of the daughter particles, the momentum of the B meson candidate is not
correctly calculated, and the M, signal shape becomes distorted. Therefore a bifurcated Gaussian, with
different widths, o4 and o, to either side of its mean value, is used to fit the beam constrained mass. The
weighted average of o 4 for all nine submodes is 6.1 MeV /c?, and the average of the right side width is
o5 = 4 MeV/c2. The fit of figure 5.4(a) returns 04 = 5.9+ 0.1 MeV/c? and o = 3.9 £ 0.1 MeV /2.

Table 5.4 lists the reconstruction efficiency of each submode, and the combination of these for experi-
ment 15 signal MC is (9.54 & 0.21) x 10~%. Multiplying this figure by the D** — D%z* branching ratio

the efficiency is calculated as
€(B® — D*D*" KT)o15 = (6.46 £0.14) x 10™*. (5.5)

Events from the decay B~ — D**D*~ K~ peak in roughly the same region as B° — D*+*D*0K—,

2The area of the primary Gaussian in fi gure 5.4(a) is 55 + 3% of the total area, comparable with B(D** — DO70) = 61.9 +
2.9%.
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BY — D**D*'K~

Experiment 15

D*t — Doﬁj

oa(Mye) MeV/?) | ap(My.) MeV/c?) | 0(AE) (MeV)

DY — Ktr~ 5740.1 3.84+0.1 24.04+ 0.6

DY — K—xt D = Ktg— 70 70+04 4.240.2 304+ 1.4
DY - Ktn—ntn— 6.3+0.3 3.9+0.2 26.1+1.1

DY — Ktr— 6.7+0.3 4.240.2 26.1+1.2

DY — K—7tq0 DY — K+g—xY 71407 44404 36.6 + 3.3
D - Ktr—gtn~ 7.5+0.6 42404 31.4+2.9

DO — Ktrn— 6.8+0.4 42402 23.1+1.0

D s K—rntn—nt | DO = Ktr— 70 7.3+0.7 42403 22.9+2.2
D - Kt ntn— 744 0.6 4.0+0.4 23.0+2.7

Average 6.1+0.3 4.0+0.2 25.2+1.2

Table 5.3: Signal shapes for B — D** D*° K~ eventsin experiment 15 signal MC.

BY — D**D*'K~

Experiment 15

D*t — Doﬁj

€;

DY — K—xt

DY — Ktn—
DY — K*tr— 0

DY — Ktnr—ntn—

0.0772 £ 0.0020
0.0247 £ 0.0012
0.0282 £ 0.0013

DY — K—ntx0

DY — Ktr—
DY — Ktr—x0

DY Ktne—ntn—

0.0252 £ 0.0012
0.0091 +£ 0.0007
0.0095 £ 0.0008

DY K—ntn ot

DY — Ktn—
DY — Ktrx0

DY Ktr—gnta—

0.0265 £ 0.0012
0.0095 £ 0.0007
0.0081 £ 0.0007

Table 5.4: Effi cienciesfor B — D*TD*° K~ eventsin experiment 15 signal MC.
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Entries/2.5 MeV/c?

MINUIT Likelihood Fit to Plot 1700&0 MINUIT Likelihood Fit to Plot 1400&0
B candidates: MB, -0.25 < AE < -0.056 B candidates: AE, 5.2617 < MB < 5.2911
File: dsdObschk_scaled.hbook File: dsdObschk_scaled.hbook
Plot Area Total/Fit 6468.0 / 6468.0 Fit Status 3 Plot Area Total/Fit 6084.0 / 6084.0 Fit Status 3
Func Area Total/Fit 6468.6 / 6468.6 E.D.M. 1.188E-07 Func Area Total/Fit 6062.8 / 6062.8 E.D.M. 1.735E-04
L%kelihood: 98.6 L%kelihood: 205.9
X= 87.0for 40- 5d.0.f, C.L.=0.258E-03% X= 210.3for 80- 9d.o.f,, C.L.=0.104E-12%
Errors Parabolic Minos Errors Parabolic Minos
Function 1: ARGUS Background Function 1: Polynomial of Order 1
NORM 56397. + 7638 - 7194, + 8095, NORM 615E+05 + 0.3808 - 0.000 + 0.000
OOFFSET 0.0000 + 0.000 - 0.000 + 0.000 POLYO01 -2674.2 + 6.0543E-03 - 0.000 + 0.000
OEBEAM 5.2900 + 0.000 - 0.000 + 0.000 OFFSET -62.382 + 1.4240E-04 - 0.000 + 0.000
EFACT -62.610 + 6.209 - 6.193 + 6.213 Function 2: Two Gaussians (sigma)
Function 2: Bifurcated Gaussian (sigma) AREA 5587.5 + 76.66 - 0.000 + 0.000
AREA 5393.2 + 86.88 - 86.95 + 86.81 MEAN -0.15198 + 4.9294E-04 - 0.000 + 0.000
OMEAN 5.2794 + 0.000 - 0.000 + 0.000 SIGMA1 1.29605E-02 + 5.9382E-04 - 0.000 + 0.000
SIGA 5.92736E-03 + 1.0021E-04 - 9.9757E-05 + 1.0068E-04 AR2/AREA 0.55284 + 2.7821E-02 - 0.000 + 0.000
SIGB 3.90492E-03 + 5.8044E-05 - 5.7673E-05 + 5.8438E-05 DELM -2.45065E-03 + 1.0956E-03 - 0.000 + 0.000
1200 SIG2/SIG1 2.8832 + 0.1021 - 0.000 + 0.000
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Figure 5.4: Signal distributions for B® — D*T D*° K~ eventsin experiment 15 signal MC.
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since the four-momentum of the missing 7~ meson from the D*~ — D%zt~ decay is comparable to that
of the 7¥ or photon from the D** decay. To estimate the background contribution from these charged B

meson decays a comparable sample of MC events was analysed using the same analysis technique.

MINUIT Likelihood Fit to Plot 1700&0 MINUIT Likelihood Fit to Plot 1400&0

B candidates: MB, -0.25 < AE < -0.056 B candidates: AE, 5.2617 < MB < 5.2911

File: bgfromdsdschk_scaled.hbook File: bgfromdsdschk_scaled.hbook

Plot Area Total/Fit 6061.0/6061.0 Fit Status 3 Plot Area Total/Fit 5589.0 / 5589.0 Fit Status 2
Func Area Total/Fit 6061.8/6061.8 E.D.M. 1.306E-07 Func Area Total/Fit 5589.0/5589.0 E.D.M. 6.899E-08
L;kelihood = 730 L;kelihood = 330.3

X= 716for 40- 5d.0.f, C.L.=0.260E-01% X= 318.6for 80- 9d.o.f,, CL.=0.00 %
Errors Parabolic Minos Errors Parabolic Minos

Function 1: ARGUS Background Function 1: Polynomial of Order 1
NORM 77141. NORM -17753. + 5747 - 0.000 + 0.000

+ 7321, - 7035, 7609.

+
[OFFSET 0.0000 + 0.000 - 0.000 + 0.000 POLYO01 -1933.0 + 6223 - 707.6 + 0.000
CEBEAM 5.2900 + 0.000 - 0.000 + 0.000 OFFSET 9.6770 + 0.2973 - 0.000 + 0.000
EFACT -62.199 + 4539 - 4527 + 4.545 Function 2: Two Gaussians (sigma)
Function 2: Bifurcated Gaussian (sigma) 5036.1 + 80.24 - 1251 + 1743
AREA 4581.6 + 7874 - 7858 + 78.90 MEAN -0.15693 + 2.4742E-04 - 2.4904E-04 + 2.4953E-04
OMEAN 5.2794 + 0.000 - 0.000 + 0.000 SIGMA1 1.43470E-02 + 2.3295E-04 - 2.4459E-04 + 2.4341E-04
SIGA 4.45301E-03 + 8.5313E-05 - 8.4821E-05 + 8.5818E-05 AR2/AREA 0.13029 + 9.6198E-03 - 1.6501E-02 + 2.2736E-02
SIGB 3.25294E-03 + 5.6562E-05 - 5.6296E-05 + 5.6838E-05 DELM 5.54595E-03 + 5.3168E-03 - 5.2063E-03 + 5.5216E-03
1500 SIG2/SIG1 5.4333 + 05211 - 0.7848 + 1124
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Figure 5.5: Signal distributions for B~ — D*TD*~ K~ events falsely reconstructed as B® —
D*TD°K ™ inexperiment 15 signal MC.

Figure 5.5(b) demonstrates that the B~ — D*TD*~ K~ events peak in the same signal region as
B° — D**D*°K~ events. Therefore the yield in this signal region will contain B mesons from both
decay modes. The AFE distribution for these partially reconstructed B~ — D** D*~ K~ decays consists
of a central Gaussian peak and a smaller non—Gaussian contribution similar to that of figure 5.3(b). Unlike
the shape of figure 5.4(b), the central peak of figure 5.5(b) can be modelled with a single Gaussian function
since only one sort of D* decay contributes to it. The peak is centred at AE = —157 MeV, which is

roughly comparable to the difference in mass between the D*+ and D° meson.

The M. shape of figure 5.5(a) is asymmetric in the same manner as that of figure 5.4(a). However, this

asymmetry is smaller, and the peak is narrower: o4 = 4.5 +£ 0.1 MeV/c? and o = 3.3 + 0.1 MeV /2.

The fake rate for B° — D*tD*9K~ from B~ — D*TD*~ K~ events is determined from a fit to

each of the nine possible decay submodes, the results of which are shown in table 5.5. The total fake rate
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B~ > D**D* K-

Experiment 15

D*t — DOxf

D*~ — D

fake
€

DY — K—nt

DY — Ktr~
DY — Ktr— 70
DY Ktr—gta—

0.0642 £ 0.0019
0.0240 £ 0.0012
0.0232 £ 0.0012

DY - K—ntn0

DY — Ktn—
DY — Ktrx0
DY Ktn—gnta—

0.0237 £ 0.0011
0.0078 £ 0.0007
0.0072 £ 0.0007

DV K—ntn—rnt

DY — Ktr~
DY — Ktr— 70
DY Ktr—gta—

0.0252 £ 0.0012
0.0082 +£ 0.0007
0.0072 £ 0.0007

Table 5.5: Fakeratefor B° — D*TD*°K~ from B~ — D*T™D*~ K~ eventsin experiment 15

signa MC.

is (8.39 & 0.21) x 10~%. Multiplying this by both D* branching ratios determines

(BT — D*"D*"K™)c15.fake = (3.85+0.09) x 1074,

The shape for each background submode is summarised in table 5.6.

(5.6)

B~ - D*"D*" K~ Experiment 15

D*+ — DOt | D~ — D] o4(Mye) (MeV/c?) | op(My.) (MeV/c?) | o(AE) (MeV)
DO — Ktgn— 4.440.1 3.2+0.1 14.1+0.3

DY — K—#t DY — K+ga—xY 5.2+0.3 3.6+0.2 16.84+ 0.8
DY - Ktp—qntn~ 49429 3.4+0.2 15.54+0.7

DO — Ktrn— 5.2+0.3 3.5+0.2 16.6 + 0.8

DY - K—ntq0 DY - Ktr— 70 7.2+0.8 3.6+0.4 18.1+1.8
DY - Ktr—ntn— 6.7+0.1 43404 15.7+ 1.6

DO — Ktgn— 4.740.2 3.6+0.2 15.34+0.7

D’ - K—ntn—nt | DO - K+n—n0 6.9+0.7 3.7+0.3 14.9+1.4
D - Ktn—ntn— 5.0+ 0.5 3.7+ 0.3 16.3+1.4

Average 484+0.3 3.440.2 15.240.7

Table 5.6: Resolutions for partialy reconstructed B~ — D*TD*~ K~ decays in experiment 15

signa MC.

513 B~ — D*"D* K~

The fake rate of equation 5.6 does not provide an estimate of the BT — D** D*~ K+ background in and

of itself. The background yield must be calculated as

B=B(B* - D*"D*"K*) x (Bt = D** D*" K" )e15.take-

(5.7)
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To measure the branching ratio, B(B™ — D** D*~ K), a full reconstruction of charged B candidates is
performed. The reconstruction efficiency is measured using the same analysis technique as in §5.1.1. In

this instance a B~ is reconstructed using D**, D*~ and K~ candidates.

B~ - D*tD* K~ Experiments 15

D*t — DOt D*~ — D € | o(Mye) (MeV/c?) | o(AE) (MeV)
DY — Ktg— 0.0200 + 0.0010 3.0£0.1 6.4+0.3

DY — K—nt D - K*tg— 70 0.0062 % 0.0006 2.8 +£0.2 8.6=+0.9
D° - K*r—xt7~ | 0.0060 + 0.0006 3.5+0.2 7.8 £0.5

DY — Ktg— 0.0050 4 0.0005 3.5+£0.3 10.9£1.0

DY — K7t D = Ktg— 70 0.0020 4 0.0003 3.9+0.5 9.0+1.1
D% — K*+r—ntx— | 0.0018 £ 0.0003 3.6 £0.5 44407

DY — Ktg— 0.0066 % 0.0006 3.0£0.2 7.9+0.6

D’ - K—nte—nt | DO - Ktn— 70 0.0019 4+ 0.0003 34405 81+1.2
D — K*tr—nt7— | 0.0025 + 0.0004 3.5+04 89+1.0

Average 3.0+0.2 6.7+ 0.6

Table 5.7: Effi ciencies and signal shapesfor B~ — D**D*~ K~ eventsin experiment 15 signal
MC.

The AE spectrum of figure 5.6(b) peaks around zero. Due to the extra vertexing constraint from the
D*~ — D%~ decay the AFE signal shape is narrower than that of figure 5.3(b), and it is well modelled
by a double Gaussian function.

The efficiency for reconstructing B* — D*+ D*~ K decays is determined by summing the products
of the efficiencies, ¢;, in table 5.7 with the branching ratio of each D° ® D° submode, BPD, shown in
table 5.1. The efficiency is (2.16 + 0.09) x 10~%. Multiplying this by the product of the D* branching
ratios determines

(BT — D**D*" KT)o15 = (9.92 4 0.43) x 107°. (5.8)

514 B°— D**D* Kg

The inclusive M. and AE spectra for B — D*TD*~ K4 signal MC decays are shown in figure 5.7.
Like the spectrum of figure 5.6(b) the A E shape for these decays is reasonably well modelled by a double
Gaussian function with a narrow width of 5.4 MeV /c2. The vertexing constraints from the two D* decays
and from the K — =+ 7~ decay greatly improve the resolution relative to other decay modes. The shapes
and reconstruction efficiencies for each submode are summarised in table 5.8.

The sum of the products of the efficiencies and D branching ratios for B° — D*+D*~ K is (9.81 +
0.64) x 1075, As mentioned in §3.4 the K's meson is not constrained to decay to the 7=~ final state by
the event generator when these signal MC events are produced, so the branching ratio of Kg — 77~

does not need to be accounted for. However, we are really interested in the B® — D*+ D*~ K° branching
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MINUIT Likelihood Fit to Plot 1800&0 MINUIT Likelihood Fit to Plot 1402&0
B candidates D'D'K: MB, -0.024 < AE < 0.024 B candidates: AE, 5.2704 < MB < 5.2884: D' D'K
File: dsdschk_scaled.hbook File: dsdschk_scaled.hbook
Plot Area Total/Fit 1444.0/1444.0 Fit Status 3 Plot Area Total/Fit 1553.0/1553.0 Fit Status 3
Func Area Total/Fit 1443.9/1443.9 E.D.M. 4.756E-06 Func Area Total/Fit 1553.1/1553.1 E.D.M. 8.571E-06
Lgkelihood = 186.7 Lgkelihood = 1259
X= 169.6 for 40- 4d.o.f., C.L.=0.311E-16% X= 119.8for 80- 9d.o.f., C.L.=0.261E-01%
Errors Parabolic Minos Errors Parabolic Minos
Function 1: ARGUS Background Function 1: Polynomial of Order 1
NORM 3924.7 + 1450, 1240, + 1685, NORM 8330.4 + 459.4 - 0.000 + 0.000
OOFFSET 0.0000 + 0.000 - 0.000 + 0.000 POLYO01 -354.80 + 19.60 - 0.000 + 1325
OEBEAM 5.2900 + 0.000 - 0.000 + 0.000 OFFSET -22.918 + 1281 - 0.000 + 1240
EFACT -57.148 + 17.74 17.57 + 17.81 Function 2: Two Gaussians (sigma)
Function 2: Gaussian (sigma) 1433.5 + 38.61 - 3828 + 38.98
AREA 1362.5 + 37.75 37.42 + 38.07 MEAN 7.41099E-04 + 1.8693E-04 - 1.8694E-04 + 1.8709E-04
OMEAN . + 0.000 - 0.000 + 0.000 SIGMA1 5.66226E-03 + 1.8755E-04 - 1.8509E-04 + 1.9127E-04
SIGMA 3.07237E-03 + 6.7195E-05 - 6.6423E-05 + 6.8010E-05 AR2/AREA 0.17125 + 1.9170E-02 - 1.8434E-02 + 2.0032E-02
600 4.88168E-04 + 2.0384E-03 - 2.0698E-03 + 2.0561E-03
L L SIG2/SIG1 4.5795 + 0.4255 - 0.4039 + 0.4584
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Figure 5.6: Signal distributionsfor B~ — D*TD*~ K~ eventsin experiment 15 signal MC.

B — D**D* Kg

Experiment 15

D*t — DOt D*~ — D7 € | o(M,.) MeV/c?) | o(AE) (MeV)
DO — Ktrn— 0.0089 £ 0.0007 3.0+0.2 6.4+0.5
DY — K—nt D — Ktr— 70 0.0023 + 0.0004 3.0+04 10.1 £1.7
D — Ktr—ntnx= | 0.0037 + 0.0004 3.6+0.3 8.1+0.7
DY — Ktr~ 0.0025 =+ 0.0004 3.34+0.5 28.24+2.6
DY — K—ntq0 DY — K+r—xb 0.0010 £ 0.0002 3.0+ 0.5 43408
D° — Ktr—ntx— | 0.0006 & 0.0002 4.14+0.8 12.3+2.9
DO — Ktr— 0.0031 £ 0.0004 2.74+0.3 8.14+0.7
D 5 K—ntp—nt | DO = K+tr— 70 0.0010 + 0.0002 2.74+0.5 7240.1
D° — Ktz—at#x— | 0.0008 & 0.0002 4.04+1.0 11.0£ 1.7

Average

3.0+£0.3 5.7£0.8

Table 5.8: Effi ciencies and signal shapes for B — D** D*~ K5 events in experiment 15 signal

MC.
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MINUIT Likelihood Fit to Plot 150&0 MINUIT Likelihood Fit to Plot 155&0
B candidates: MB, -0.018<AE<0.018 B candidates: AE, 30(MB)=0.009
File: dsdsks_scaled.hbook File: dsdsks_scaled.hbook
Plot Area Total/Fit 572.00 / 572.00 Fit Status 3 Plot Area Total/Fit 654.00 / 654.00 Fit Status 2
Func Area Total/Fit 571.94/571.94 E.D.M. 7.108E-07 Func Area Total/Fit 654.03 / 654.03 E.D.M. 2.334E-06
L%kelihood = 795 L%kelihood = 873
X= 8l5for 40- 4d.o.f, C.L.=0.222E-02% x= 112.8for 80- 9d.o.f., CL.=0117 %
Errors Parabolic Minos Errors Parabolic Minos
Function 1: ARGUS Background Function 1: Polynomial of Order 1
NORM 2867.9 + 2108, - 1592, + 2722 NORI -2314.2 + 119.6 - 0.000 + 0.000
OOFFSET 0.0000 + 0.000 - 0.000 + 0.000 POLYO1 100.39 + 5.096 - 0.000 + 49.70
OEBEAM 5.2900 + 0.000 - 0.000 + 0.000 OFFSET -23.468 + 1213 - 0.000 + 0.000
EFACT -186.88 + 53.06 - 5334 + 52.96 Function 2: Two Gaussians (sigma)
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Figure5.7: Signal distributions for B® — D** D*~ K g events in experiment 15 signal MC.
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ratio, and since a K° manifests as a K5 in half of its decays an extra factor of 0.5 must be included in the
efficiency calculation. Therefore, by multiplying the weighted average of the efficiencies in table 5.8 by

the D* branching ratios and by 0.5, the B® — D** D*~ K reconstruction efficiency is calculated as

e(B® — D**D*”" K%)15 = (2.25 £ 0.08) x 107°. (5.9)

5.1.5 Summary

The efficiency for reconstructing each doubly charmed B meson decay was calculated by taking the
weighted average of the reconstruction efficiencies measured in signal MC. The signal MC was gener-
ated to replicate the run conditions of experiments 11, 13, 15 and 17. The weighting used in this analysis

may be expressed as

_ N(BB)er19+411 N(BB)e13
E=——— =" "€ll T — 5
N(BB) N(BB)

N(BB)e1s N(BB)err+19

LI 17419 o (5.10
N(BB) €e15 + N(BB) €el7 ( )

‘€13 +

where N (BB)., is the number of events in experiment . The number of BB events in each experiment
is summarised in table 4.1, and the efficiencies for each experiment are shown in table 5.9. The { denotes

that the efficiency refers to the partial reconstruction method with a missing pion or photon.

| Mode | Experiment1l | Experiment13 | Experiment15 | Experiment17
B° - D°D*~ K+ 6.83 =+ 0.20 6.90 + 0.19 6.66 =+ 0.13 6.26 =+ 0.19
BY — DO K+ 7.09 £+ 0.22 728 £+ 0.21 6.46 =+ 0.14 6.45 £+ 0.20
Bt = D**D*K+*! 416 + 0.13 397 + 0.14 3.85 £+ 0.09 371 £+ 0.12
Bt - D**D*~ K+ .11 £+ 0.07 1.01 <+ 0.06 092 + 0.04 095 £ 0.0
B° — D*tD*~ KO 0.210 £ 0.018 | 0.212 £+ 0.018 | 0.225 <+ 0.008 | 2.25 £ 0.020
Table 5.9: Experiment dependent reconstruction effi ciencies (x 107%).
Thus, the weighted efficiencies for each of the decay modes are:
éB° - D°D*"KT) = 6.54x 1074,
&B° - DD "K*) = 6.69x107%,
éBY - D**D*"KH)T = 3.90x 1074, (5.11)
éBT = D*"D*"KT) = 1.02x107%,
éB° - D**D* K% = 219x107°,

when all nine submodes are reconstructed. There is a considerably higher background level underneath the

signal peaks in the B® — D°D*~ K+ reconstruction compared to B+ — D**D*~ K™, since the double




5.2 Background study

91

D* reconstruction requirement is very effective at rejecting fake signal candidates. This background is
predominantly due to incorrect combinations of tracks, and comes mainly from the final states with higher
track multiplicity, namely those with a D° — Kn7% or D° — Knrx transition. By only examining the
five submodes where at least one of the D° or D° mesons decays to the K final state, which has much
lower background levels (see figures 4.9(a) and 4.10(a)), the contribution from this background is reduced
while the better portion of signal candidates are retained. The reconstruction efficiencies when only these

five submodes are used are:

é€B° - D°D* "KMk, = 3.80x107%,
éB° - DD KM = 3.79x107% (5.12)
éBY - DD K = 227x107%

5.2 Background study

As mentioned in §5.1, many analyses of B meson decays are susceptible to background from other decay
modes which peaks in the same signal region as the mode being investigated. However, due to the large
number of tracks required to reconstruct doubly charmed B meson decays, quite stringent requirements
are imposed upon the momentum of the final state particles. By requiring that the B meson candidates
decay via intermediate D* and D° mesons these constraints are further tightened. The combination of
these factors tends to eliminate any significant backgrounds from other decay channels that might peak in

the signal region.

However, to rule out any such background a study of a large sample of MC events was performed.
These events were generated to simulate the behaviour of the accelerator during experiment 15, replicating

the run by run conditions in the manner described in §3.4.

Generic Monte—Carlo data was generated in four samples: neutral B meson decays®; charged B meson
decays; ete” — wui,dd,ss; and ete” — cc decays. The four samples were generated in the same
proportion as in which they are expected to occur in e™ e~ interactions at the KEKB Interaction Point. The
total number of events in the combined MC data set matches the number of events in experiment 15, given
in table 4.1.

QQ98, the event generator which mediates the decays of the particles, has a default model of B® —
D°D*~ K+, B — D*D*~ K+, and B — D*tD*~ K° decays with branching ratios of 0.5%, 1.5%,

and 1.5% respectively. The colour suppressed B+ — D**D*~ K+ decays were not simulated.

3This sampleis also known as the mixed MC sample, since B® — B9 mixing is permitted
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521 B’ — D°D*~K+*

A full reconstruction of B — D°D*~ K+ was performed on the generic MC sample. Figure 5.8 shows the
resulting scatter plot of M. verses AE with boxes outlining the two signal regions for B® — D°D*~ K+
and B — D*°D*~ KT,

5.2 5.22 5.24 5.26 5.28 5.3
Gevic?

Figure5.8: M. vs AE for B — D°D*~ K+ in generic MC.

The projection of the B candidates onto the M, axis, after a 30 cut is made on AFE, is shown in
figure 5.9. Figure 5.9(b) demonstrates the contribution of the four types of events to the M, distribution
for B — D°D*~ K™ decay candidates. It is quite clear that the charged B meson and continuum MC
samples do not contribute to the signal peak. A fit to the histogram, using the Gaussian shape determined
in §5.1.1, results in a signal yield of 50.2 + 9.6 events. The shape of the ARGUS function was determined
from a two dimensional fit to the entire area of figure 5.9, in which both signal peaks were modelled by
two dimensional Gaussian functions. It is possible to calculate the branching ratio of B — D°D*~ K+
decays in this MC sample using the reconstruction efficiency of equation 5.3. This measured branching
ratio is

B(B® — D°D*~ K1)qqes = (5.56 + 1.07) x 1073, (5.13)

where the error is statistical. The result of equation 5.13 is in good agreement with the branching ratio
input into QQ98.

The validity of the yield measurement can be cross checked by fitting the A E signal peak. The missing
energy spectrum is shown in figure 5.10. The central peak, fitted with the three Gaussians determined in
§5.1.1, has an area of 48.6 £ 6.8 events. The contribution from continuum events and charged B decays

to the distribution of figure 5.10(b) is flat underneath both the central B® — D°D*~K* and shifted
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Figure 5.9: M. for B® — D°D*~ K+ decaysin generic MC.
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B° — D*YD*~ K+ peaks.

MINUIT Likelihood Fit to Plot 1400&0
B candidates: AE, 5.2617 < MB < 5.2911
File: exp15mc.hbook

Plot Area Total/Fit 1224.0/1224.0 Fit Status 3

Func Area Total/Fit 1224.0/1224.0 E.D.M. 6.727E-06

Likelihood = 77.3

x°= 76.1for 80- 5d.0.f., C.L.=44.3%

Errors Parabolic Minos

Function 1: Polynomial of Order 1

NORI -3208.7 + 2365, - 0.000 + 0.000

POLYO1 -1916.9 + 3547 - 349.6 + 3487

OFFSET 25871 + 1228 - 0.000 + 0.000

Function 2: Two Gaussians (sigma)

AR 38.658 + 8529 8.214 + 8.847 > T
OMEAN 0.0000 + 0.000 0.000 + 0.000 g
OSIGMAL 5.30000E-03 + 0.000 0.000 + 0.000
OAR2/AREA 0.12000 + 0.000 0.000 + 0.000 0
ODELM 2.40000E-03 + 0.000 0.000 + 0.000 ':
0sIG2/SIG1 13.800 + 0.000 0.000 + 0.000 g

Function 3: Gaussian (sigma) =
#AREA 9.9737 + 0.000 0.000 + 0.000 =
OMEAN 0.0000 + 0.000 0.000 + 0.000 w
[OSIGMA 1.38000E-02 + 0.000 0.000 + 0.000

Function 4: Two Gaussians (sigma)

AREA 125.10 + 20.62 20.20 + 20.95
OMEAN -0.15200 + 0.000 0.000 + 0.000
[SIGMA1 1.30000E-02 + 0.000 0.000 + 0.000
OAR2/AREA 0.55000 + 0.000 0.000 + 0.000
ODELM -2.00000E-03 + 0.000 0.000 + 0.000
0sIG2/SIG1 2.8800 + 0.000 0.000 + 0.000
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Figure5.10: AE for B — D™°D*~ K+ decaysin generic MC.

522 B’ — DD KT*

The same test was performed for BY — D*0D*~ K+ decays in the generic MC sample. The projection of
the lower signal region from figure 5.8 onto the M, axis is displayed in figure 5.11.

The fit to the signal peak, which is detailed in figure 5.11(a), returns an area of 137.4 & 20.9 events for
the bifurcated Gaussian. The widths, o 4 and oz, were fixed to the results of the fit shown in figure 5.4(a).

The branching ratio, calculated using the efficiency of equation 5.5, is
B(B® — D**D*~ K )qqes = (1.57 £0.24) x 1072, (5.14)

In figure 5.11(b) the continuum and charged B contribution to the decay appears to be flat under the

signal peak. This also reflects the absence of B¥ — D**D*~ K™ events in the MC sample.
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MINUIT Likelihood Fit to Plot 1700&0

B candidates: MB, -0.25 < AE < -0.056

File: expl5mc.hbook

Plot Area Total/Fit 1702.0/1702.0 Fit Status 3

Func Area Total/Fit 1701.0/1701.0 E.D.M. 1.783€-07

Lékellhood = 554

X= b55.0for 40- 2d.o.f,, CL.= 3.7%

Errors Parabolic Minos

Function 1: ARGUS Background

NORM 439 + 1212, 1202. + 1223,
[OFFSET 0.0000 + 0.000 0.000 + 0.000
CEBEAM 5.2900 + 0.000 0.000 + 0.000
OEFACT -25.247 + 0.000 0.000 + 0.000

Function 2: Bifurcated Gaussian (sigma)

AREA 137.35 + 20.86 20.52 + 21.21
OMEAN 5.2794 + 0.000 0.000 + 0.000
OSIGA 5.90000E-03 + 0.000 0.000 + 0.000
OsIGB 3.90000E-03 + 0.000 0.000 + 0.000
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Figure5.11: M. for B° — D*T D*° K~ decaysin generic MC.
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Chapter 6

Resultsand Analysis

6.1 Reconstruction in on—resonance data

The analysis procedure discussed in the preceding chapters was used to reconstruct doubly charmed B
meson decays from the Belle data set that was prepared for the XXXI International Conference on High
Energy Physics — ICHEP 2002, in July 2002. The entirety of the 78.13 fb~! data set described in §4.1,
which consists of experiments 7 through 19, was analysed using the b20020703_0706 version of the Belle

software.

6.1.1 B" — D*"D* K™*

The BY — D**D*~ K™ decays were reconstructed as described in §5.1.3. The M, vs AE scatter plot
is shown in figure 6.1(b) with the signal region outlined by a box. The number of signal candidates was
determined from a fit to the M. distribution of figure 6.1(c) with the width of the signal Gaussian fixed
to 3.0 MeV/c?. Only B meson candidates with a missing energy that satisfied a cut of |AE| < 24 MeV
were included in the plot of figure 6.1(c). Similarly, the AE distribution of figure 6.1(a) only includes
candidates with M. within a 3¢ region around the B meson mass.

The area of the Mj, signal peak is 9.1 + 3.8 events. The statistical significance of the fit is given by

\/72 ln(ﬁ(O) - ‘Cmax); (61)

where L.« is the likelihood of the fit with the nominal signal yield, and £(0) is the likelihood with the
signal yield set to zero. The fit of figure 6.1(c) has a statistical significance of 2.9¢.

To check this fit, the signal yield was also calculated from the AFE distribution with a fit using the
double Gaussian shape measured in figure 5.6(b). This fit of the AE spectrum indicates that there are

only 1.5 + 3.0 events, essentially a null result. It is possible that the peak in M, is created by incorrectly
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MINUIT Likelihood Fit to Plot 1402&0
B candidates: AE, 5.2704 < MB < 5.2884: D'D'K
File: allboth.hbook

Plot Area Total/Fit 116.00/116.00 Fit Status 3
Func Area Total/Fit 116.00/116.00 E.D.M. 1.261E-06
Lékellhood = 922

X= 78.6for 80- 4d.o.f., C.L.=39.5%

Errors Parabolic Minos

Function 1: Polynomial of Order 1

NORM 2.18795E-08 + 489.0 - 0.000 + 0.000

POLYO1 7.45963E-07 + 3.5602E-06 - 0.000 + 0.000

OFFSET -2.55733E+08 + 1.3921E+09 - 0.000 + 0.000

Function 2: Two Gaussians (sigma)

AREA 1.5443 + 2968 - 2516 + 3434
OMEAN 0.0000 + 0.000 - 0.000 + 0.000
OSIGMAL 5.70000E-03 + 0.000 - 0.000 + 0.000
OAR2/AREA 0.17000 + 0.000 - 0.000 + 0.000

ELM 0.0000 + 0.000 - 0.000 + 0.000
OSIG2/SIG1 4.5800 + 0.000 - 0.000 + 0.000
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File: allboth.hbook

Plot Area Total/Fit 63.000 / 63.000 Fit Status 3
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Figure 6.1: M. and AE distributionsfor BT — D**D*~ K+, 78.13 fb~! data set.
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reconstructed D* candidates. If a D° meson candidate is combined with a track that is not in fact a slow
pion from a D* decay, then it is feasible that a peak may be observed in the M, spectrum but not in the
AFE spectrum.

While it is possible to calculate a central value of the branching ratio for these decays using the fit to
the My spectrum, not much statistical significance can be assigned to the result, particularly as the yield

from the A E spectrum is not in agreement.

6.1.2 B’ — DWOD* K+

Partly because there is no requirement for a second D* — D%z decay, the reconstruction of BY —

D°D*~ K+ has a higher efficiency and results in significantly more candidates than thatof B¥ — D*t*D*~ K,

as can be seen in figure 6.2(b). As discussed in §5.1.2, the AF distribution from a full reconstruction of
B° — DYD*~ K+ also contains events from B® — D**D*~ K+ and Bt — D**D*~K*.

The background shape of the two My, distributions of figures 6.2(a) and 6.2(c) is fitted using the AR-
GUS function of equation 5.1. The shape parameter, a, was determined in a two dimensional fit to the entire
area of figure 6.2(b). For this fit the background in A E'is assumed to be flat and linear, and the background
in M, is expected to follow the ARGUS shape. The two dominant signal peaks of B — D°D*~ K+
and B® — D*YD*~ K+ were modelled with two dimensional Gaussian functions. The means and widths
of these Gaussians were fixed to the weighted averages described in tables 5.2 and 5.3. Figure 6.3 demon-
strates the shape of the fitted functions.

The signal yields are calculated from fits to the M, distributions of figures 6.2(a) and 6.2(c). A slice
representing a 3.50 region around AE = (0 was projected onto M. to produce the spectrum of fig-
ure 6.2(a). This figure displays the M. signal peak for B — DYD*~ K+ decays with the requirement
that |AE| < 28 MeV. The width of the Gaussian used to fit the peak was fixed to 3.0 MeV /c?, which was
determined from figure 5.3(a). There are (91.8 4+ 18.0) B — D°D*~ K+ event candidates from this fit.

The M, distribution of figure 6.2(c) was histogrammed for candidates satisfying |[AE + 0.152| <
98 MeV. The signal peak was fitted using a bifurcated Gaussian with 04 = 5.9 MeV/c? and o =
3.9 MeV /c?. The area of the Gaussian in this fit is 499.6 + 45.0 events.

These yields are cross checked by fitting the AE distribution of figure 6.2(d). Here the shifted peak
was fitted using a double Gaussian with means and widths fixed to the parameters determined from the
experiment 15 MC study. The peak centred around zero was modelled using the triple Gaussian shape
of figure 5.3(b). This central peak has an area of 91.4 + 20.7 events, and the shifted peak has an area of
417.0 & 44.5 events. These signal yields do not suggest that the M, fit results are biased or incorrect.

However, as discussed in §5.1.2, the shifted peak in AE can contain events from BT — D*t*D*~ K+
decays. Using the fake rate, (Bt — D*TD*~K*), of equation 5.11, and the yield measured in §6.1.1
the contribution of these charged B meson decays to the signal peak of figure 6.2(c) is estimated to be

33.8 £ 14.3 events.
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MINUIT Likelihood Fit to Plot 1600&0
B candidates: MB, -0.028 < AE < 0.028
File: allboth.hbook
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Figure 6.2: M. and AE distributionsfor B — D™)°D*~ K+, 78.13 fb~! data set.
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Figure 6.3: Two dimensional fi tto M. and A E distributionsfor B — D®°D*~ K+, 78.13 fb~*
data set.

By adding another bifurcated Gaussian to the fit of figure 6.2(c), with a fixed area of 33.8, and fixed
widths of o4 = 4.5 MeV/c? and o5 = 3.3 MeV/c?, the yield for B — D*D*~ K+ is determined to
be 461.8 4+ 45.1, as shown in figure 6.4.

The signal to background ratio of the B® — D)0 D*~ K+ spectrum can be improved by only looking
at the five decay submodes where either the D° or DY meson decays to the K final state. When this
further requirement is imposed on candidate events the signal peaks become much clearer, which can be
seen in figure 6.5.

The signal yield for B° — D°D*~ K+ decays in figure 6.5(a) is 66.9410.6 events, and in figure 6.5(c),
the area of the M. peak is 261.5 &= 23.4 events. The contribution from the B¥ — D**D*~ KT process
to this second peak is estimated to be 19.2 + 8.1 events. This leads to an estimated yield of 240.5 + 23.4
events for BY — D*0D*~ KT, as shown in the fit of figure 6.6.

These yields are consistent with the results of the AFE fit in figure 6.5(d), where the central peak has an

area of 57.1 4 11.52 events, and the shifted peak contains 215.97 + 23.7 events.

6.1.3 B’ — D**D* Ky

The distributions of M. and AFE for reconstructed B — D*+D*~Kg decays have remarkably little
background, as can be seen in figure 6.7. Despite the very low efficiency for this decay mode, an increase
in the density of the M,,. vs AE scatter plot can be seen inside the signal box shown in figure 6.7(b).

The signal yield in Mj,., determined from the fit of figure 6.7(c), is 13.1 £ 3.8 events. The area of the
AF distribution of figure 6.7(a), which is 10.4 4 3.5 events, is in good agreement with this. The M. peak
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MINUIT Likelihood Fit to Plot 1700&0
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Figure 6.4: Corrected fi t of M, for B — D*°D*~ K+ candidates.

has a statistical significance of 6.10.

6.2 Dalitz plots

Dalitz plots of candidates in the B — D°D*~ K+ and B — D*°D*~ K+ signal regions are shown in
figure 6.8. Any evidence of the intermediate resonances predicted by Colangelo and De Fazio [68] may
manifest as bands or some other structure in these Dalitz plots. The Dalitz plots of figures 6.8(c) and 6.8(d)
are not strictly correct, since the momentum of the D*° candidate is not determined in the reconstruction
method of §5.1.2. They are more contracted in s than they should be, due to the missing 7° or photon
momentum. Nonetheless, they provide some insight into the nature of the B — D*0D*~ K+ transition.

Following the convention of Ref. [68] the parameters s and s_ are defined as

s = (ppeo + pr)?, and
(P +pxc) 6.2)

s— = (pp-— +pK)?

where pp-— is the momentum of the charged D*, p .o is the momentum of the D*? or D°, and py is the
momentum of the prompt kaon.

Since there is a significant level of background events below the signal region in figures 6.2(a) and 6.2(c)
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Figure 6.5: M,. and AE distributions for B® — D™°D*~ K+, 78.13 fb~! data set, requiring

one D° — K.
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MINUIT Likelihood Fit to Plot 1701&0

B candidates: MB, -0.25 < AE < -0.056: Kmtrequirement
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Figure 6.6: Corrected fi t of M, for B — D**D*~ K candidates, requiring one D° — K.

the corresponding Dalitz plots also contain a large number of background events. To obtain a clearer view
of the resonant structure of these doubly charmed decays, Dalitz plots were also generated for the cases
where at least one D° or D° candidate decayed to the K r final state. The concentration of events in a band

around s = 6.5 can be seen more clearly in figures 6.8(b) and 6.8(d).

The parameter s is the square of the invariant mass of the D) K combination. From their results
shown in figure 2.9, Colangelo and De Fazio predicted that the major resonant contribution to B® —
D°D*~ K™ or B — D*D*~ K™ is from the intermediate D, or D, state respectively. The theoreti-
cally predicted Dalitz plots of figures 2.10(b) and 2.11(b) primarily vary along the direction of s, which is
the axis dependent on the strong transition of equation 2.69. Therefore a study of s in B® — D°D*~ K+
candidate events can be used to search for the Do resonance. Unfortunately it is not possible to search for
the D, resonance using this sample of B® — D*°D*~ K+ decays, since this analysis does not completely

determine pp-o, as previously mentioned.

Figure 6.9 illustrates the projection of the Dalitz plots of figure 6.8 onto the s and s_ axes for BY —
D°D*~ K+ candidate events. In each case the solid histogram represents the signal region, and the dotted
points with error bars represent the expected shape of phase space decays. The shape of these phase space
decays was determined from a side band in the M, vs A E distribution. This side band is the projection of

s and s_ for B meson candidates which satisfy |[AE| < 10 MeV and 5.22 < M. < 5.26 GeV/c?. The
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Figure 6.7: M. and AE distributionsfor B — D**D*~ Kg, 78.13 fb~! data set.
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(& B® — DYD*~ K+ (o) BY — DOYD*~ K+, K requirement

(¢ B® — D*OD*— K+ (d) B — D*9D*~ K+, K= requirement

Figure 6.8: Ddlitz plots. The contours are equally spaced.
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background histograms are normalised to the number of background events in figures 6.2(a) and 6.5(a).

A slight excess of events can be seen above the background in the region of s = 6.5 in figure 6.9(a),
and also around s = 9, but it is difficult to assess the significance of these peaks due to the large number of
background events. The first peak appears more pronounced in figure 6.9(c), as does the second which also
appears considerably broader. However, the low number of events in the K 7 requirement sample makes it
difficult to speculate as to how significant these are.

Perhaps a more intuitive appreciation of the resonant structure can be gained by looking at the m (D° K)—
m(D°) and m(D*K) — m(D*) spectra shown in figure 6.10. These distributions have many of the same
properties of the m (D 7,) —m(D°) spectra for D* candidates in figure 4.11. Hence the background shape

here is modelled with a threshold function similar to equation 4.16, but with m (K ) replacing m(= ™).

14|

0 L L
0.5 0.55 0.6 0.65 0.7 0.5 0.55 0.6 0.65 0.7
m(DK) - m(D%), GeV/c? m(D'K) - m(D"), GeV/c?

@ m(DK) —m(D°) (b) m(D* K) — m(D*)

Figure 6.10: Mass differences for B — D°D*~ K+ decays

Unfortunately there are not enough events in figure 6.10(a) to state conclusively that any intermediate
resonances are seen. There appears to be some enhancement in the region m(D°K) — m(D°) = 0.53,
and perhaps at 0.58 as well. The bins around m(D°K) — m(D") = 0.65 are also slighlty higher than
the fitted background shape. This is region is the approximate area any enhancement due to D, (2536)*
or D,;(2573)* decays to D°K* would be expected. However, these enhancements are certainly not
significant enough to draw any inference regarding the presence of intermediate resonances.

The equivalent plot of m(D*K) — m(D*) in figure 6.10(b) is much the same. There is a slight excess
in some bins, but the total number of events is too small to make any definitive statement. It should be

noted that according to Colangelo and De Fazio’s work no enhancements due to hadronic resonances are to
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be expected in figure 6.10(b), since the strong transition in B° — D°D*~ K+ decays is predicted to occur

via DX — DK+,

6.3 Branching Fractions

The branching fraction for each B meson decay mode is calculated as

Ya¢

B:2><f00><N(BB)><€’

(6.3)

where Yy, is the signal yield, foo = 0.5 is the branching fraction of Y(45) — B°B°, and N(BB) =
84.97 x 109 is the number of BB events. The efficiency, €, is the weighted average of the reconstruction
efficiencies measured using the experiment dependent signal MC data.

The branching ratios, calculated using all nine D° ® D° submodes, are summarised in table 6.1. The

errors quoted are due to the statistical uncertainty in the determination of the signal yield in each case. If

Branching ratio

Mode K7 requirement
BY — D°D*~ K+ (1.66 +0.33) x 1073 | (2.08 +:0.33) x 1073
BY — D**D*~K* | (8.1740.80) x 1073 | (7.514+0.73) x 1073
Bt — D**D*~ KT | (1.06 4+ 0.45) x 1073

BY - D**D*~KY | (7.0542.03) x 1073

Table 6.1: Branching ratios.

only the five submodes containing a DY — K decay are used the results in the right column of table 6.1
are obtained. There are not enough events in the B+ — D**D*~ K+ and B — D*tD*~ K candidate

M, and AE spectra when the K7 requirement is imposed to warrant measuring a branching ratio.

6.4 Systematicerrors

Many of the parameters used to determine the branching ratios of table 6.1 are determined from a study
of Monte—Carlo events in which the behaviour of the detector is simulated. However, as good as the
GEANT based simulation software is, it is not perfect. Therefore it is necessary to identify the differences
between the behaviour of the Belle detector and the MC simulation of it. For instance, there is a well
known discrepancy in the resolution of invariant mass peaks when comparing MC events to data collected
from KEKB. The MC mass peaks are systematically narrower than those seen in on resonance data. Since
the same mass cuts are used in both analyses, more events will pass the cuts when studying MC than
when studying on resonance data. Hence systematically more events will be reconstructed in MC, and the

efficiency used in equation 6.3 will be overestimated. Some of these sorts of effects are greater than others,
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and it is not always possible to correct for them. However, it is possible to estimate the maximum impact
they are likely to make on the final result.

In any event, the dominant uncertainty in the reconstruction of B — D DK decays is the uncertainty
in the tracking efficiency of the Belle detector. As this uncertainty is so large, further understanding and
reduction of the other errors only has a marginal effect in reducing the combined error.

The systematic errors in the calculation of the branching fractions for B — D°D*~ K+ and B —
D*°D*~ K+ are summarised in table 6.2. These errors are added in quadrature to give a total error due to

systematic uncertainties of *53% in the first case, and *33% in the latter.

Source Error (%)

B - D°D*~ K+ | BO - DD~ K+
N(BB) +1 +1
Fitting parameters +3 +2f +3 +3f
Tracking +17 +17
79 reconstruction +3 +3
Particle identification +7 + 8f +7 +8f
Intermediate branching fractions +5 + 4f +5 +4f
Reconstruction efficiency +2 42
79 selection -3 -3
DO selection s 3
D* selection +5 +5
B(BT — D*tD*~Kt) n/a t
Total 2 e

Table 6.2: Systematic errors in the calculation of the branching fractions. Errors marked with a 1
denote those with the D° — K requirement.

The uncertainty in B(B* — D*~D** K*) is estimated in a similar manner as for B(B® — D°D*~ K ),
but an extra 3% is added to the tracking error to account for the second slow pion. The uncertainty in the
reconstruction efficiency is also larger, at 5%, due to lower statistics in the signal MC distributions of
figure 5.6(a). These additional uncertainties have very little effect on the overall uncertainty due to the
dominance of the tracking error. The uncertainty is “_“3?%. Similarly, the low signal yield for the recon-
struction of B® — D** D*~ K5 makes it impossible to study the error due to systematic uncertainties for
the calculation of B(BY — D** D*~K?°) in much detail. The errors assumed for both of these decays are
listed in table 6.3.

6.41 N(BB)

The total number of BB events in the 78.13 fb~! data set used in this analysis is summarised in table 4.1.
The branching ratios were calculated using N(BB) = 84,456,599. The statistical error of 0.6% is con-

sidered as a systematic error due to the uncertainty in N(BB).
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Source Error (%)
Bt - D*tD*~K*t | BY - D**D*~K°

N(BB) +1 +1
Fitting parameters +2 +1
Tracking +22 +24
K g reconstruction n/a +3
7Y reconstruction +3 +3
Particle identification +7 +7
Intermediate branching fractions +5 +5
Reconstruction efficiency +5 +7
70 selection -3 -3
DO selection i )
D* selection +5 +5
Total o e

Table 6.3: Systematic errors assumed in the calculation of the branching fractions for BT —
D**D*~ KT and B — D** D*~ K° decays.

6.4.2 Fitting

As described in §6.1.1 and §6.1.2 the shape of the ARGUS background and the width of the signal peak
are fixed when determining the signal yield in the M, distributions. To estimate the effect that this has,

each of these parameters were varied by +10.

B — D'D*~ K+

In the fit of figure 6.2(a) the peak width was fixed to 3.0 MeV /c? which was determined from the results
listed in table 5.2. The uncertainty of this width is 0.1 MeV /c2. Increasing the signal peak’s width by 1o
increased the yield by 1.6%. Decreasing the width by 1o reduced the yield by 1.7%. When the width was
allowed to float it was fitted to be 3.2 4+ 0.6 MeV /2, which is consistent with the result of the MC study.

Varying the shape of the ARGUS function by 410 affected the yield by +2.5%. When the shape
parameter, a, was allowed to float it was fitted to a value of —26.2+2.7, as compared with a = —25.14+0.7
from the two dimensional fit of figure 6.2(b).

Taking the largest of these effects, the systematic error due to uncertainties in the fit of figure 6.2(a) is
taken to be +2.5%.

The uncertainty in the fit of figure 6.5(a), where are least one D° meson was required to decay to the
K final state, is marginally smaller than the above. Varying the ARGUS shape parameter, a, by +1o
changes the branching ratio measurement by +0.9%. When a was allowed to float the fit was skewed
dramatically due to the low statistics in the left portion of figure 6.5(a). Since part of the methodology in
determining the shape of the ARGUS function from a sideband is to make use of the larger statistics which

are possibly available from a fit to a bigger area, this is not too concerning.



112

Results and Analysis

Modifying the fixed width of the M. peak in the fit of figure 6.5(a) only affected the branching
ratio measurement by +1.6%. When the width was released as a free parameter it was fitted to be
3.6 + 0.6 MeV/c?, which is a distortion due to the two bins just to the left of the peak in figure 6.5(a).
However, this fitted width is not inconsistent with the fixed value of 3.0 & 0.1 MeV /c? determined in the

experiment 15 MC study. The systematic error is taken to be +1.6%.

B® — DD K+

Variations in o 4 and o have very little effect on the estimation of the signal yield in the fit of figure 6.4.
The largest effect is due to varying o 4 by +10 which varies the yield by +2.2%. If the widths are left as
free parameters they are fitted tobe 04 = 6.1 + 1.5 MeV/c? and o5 = 3.0 + 0.3MeV /c?. If the ARGUS
shape was varied by 410 the yield varied by 4-2.8%. The systematic error is taken to be 2.8%.

Again, for the fit of figure 6.5(c) variations in oz made very little difference to the total yield, but
changing o 4 by +10 altered the branching ratio by +2.3%. Modifying the ARGUS shape parameter, a by
+10 changes the yield by T1-0%. The greater of these, due to variations in the width of the signal peak, is

taken as the systematic error for B® — D*?D*~ K+ reconstructions requiring a D° — K7 decay.

Bt — D**D* K+

Varying the width of the Gaussian function used to determine the signal yield for BT — D**D*~ K+
by 410 varied the estimation of the branching ratio by +2.2%. Due to the low number of events in
figure 6.1(c) it is difficult to cross check the fixed width in table 5.7. Allowing it to float resulted in a fit
with a width of ¢ = 1.7 £ 0.6 MeV /c?, and a yield of 7.9 + 3.4 events. The width is changed significantly
from the fixed value of 3.0 + 0.2 MeV/c2. This perhaps only serves to reinforce that this result is not

significant enough to claim a branching ratio measurement.

BO N D*+D*—KO

The signal yield of figure 6.7(c) is quite insensitive to variations in the width of the peak, varying by only
+0.3%. Changes in a also only affected the final branching ratio measurement by +0.4%, which is the

systematic error quoted for this fit.

6.4.3 Charged track detection efficiency

In the full reconstruction of BY — D%D*~ K+ decays at least 6 charged tracks must be detected, one of
which is a slow pion. In the case where both the D° and D decay to a Knrr final state there are 10
charged tracks. The uncertainty in the tracking efficiency is therefore 6 to 10 times larger than the single
track uncertainty. On average there are 6.6 tracks per event, which is calculated by taking a weighted

average of all the submodes which contribute to the inclusive yield. With the extra requirement that at least
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one D° decays to the K final state this average is lowered slightly to 6.3. The average number of tracks
per signal event is similar in B — D*0D*~ K+ decays, and is rounded up to 7 tracks per event so as not

to underestimate the uncertainty.

The reconstruction of Bt — D*TD*~ KT decays requires one more track per event, increasing the
average to 8 tracks per event. Reconstructions of B® — D**D*~ Kg events can require up to 12 com-
pletely reconstructed tracks. This is partly why the background level is so small in figure 6.7(c). These

events on average contain 9 tracks.

The single track reconstruction uncertainty is determined by studying n — 7t7— 7% and n — ~y
decays [100]. The branching ratios of these two decay channels are very precisely known and are im-
plemented well in the MC generator, QQ98. The photon detection efficiency is cancelled by taking the

ratio
tr ) eqata(mT ) (6.4)
Naata(n — 77)/Nmc(n — v7) eme(mtr™)’ '

Ndata(n — 77~ 7°) /Nyc(n —

where N is the signal yield of the relevant decay, and e is the two track reconstruction efficiency. The
single track reconstruction efficiency is determined by taking the square root of equation 6.4. Details of
the fitting procedure can be found in [100]. At this level no significant difference is found between the
tracking efficiency in data and MC. The square root of the fitting error is assigned as the tracking efficiency

systematic error.

The latest study of the single track reconstruction uncertainty [101] quotes an error of 2% for each
track with high transverse momentum. This estimate does not include CDC background events which are
included in the signal MC. Therefore, as in the study of the B — D** DT branching fraction made by
Iwasaki [102], the uncertainty is overestimated because the degradation of tracking quality due to CDC
background is taken into account in the signal MC. Estimating the uncertainty for the reconstruction with
the average number of tracks, 7, the uncertainty due to tracking efficiency error is 14% for the BY —
D'D*~K* and B® — D*9D*~ K+ reconstructions.

Following the B — D** D¥ measurement [101], the uncertainty for the low momentum pion is taken
to be 3%, from a study of B° — D*~x+ decays [103]. The total tracking efficiency uncertainty is 17%
for B — D°D*~K* and B — D*°D*~K*. The reconstruction of B — D*tD*~ K™ requires an
extra low momentum pion, which increases the tracking systematic error to 22%. The extra charged track
required in B® — D** D*~ K reconstructions brings the total error due to tracking uncertainties for these

decays to 24%.

6.4.4 Kg reconstruction

There is an additional uncertainty of 2.8% which is introduced in the reconstruction of the K s candidate

when employing the goodKS_1oose cuts of Fang [97].
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6.4.5 Neutral pion detection

The reconstruction of neutral pions has been extensively studied by the Belle collaboration [104]. The
dominant uncertainties in the 7° detection efficiency are due to cut selection, photon energy smearing, and
a modest nonlinear energy response correction for the ECL. The quadratic sum of these is 3%.

Some 65% of the the doubly charmed decays being examined contain at least one neutral pion in the
final state, and 17% contain two. When at least one D° — K decay is required in the reconstruction
at least 50% of the reconstructed events contain a 7 candidate. Applying the same reasoning as lwasaki

[102] the uncertainty is estimated as 3%.

6.4.6 Particle identification

The performance of the particle identification was studied using D** — D°(Kr)n decays [105]. An
uncertainty of 2% is assigned for each kaon, and 2% for each pion. All reconstructed events, except for
B° — D*TD*~Kg, contain three charged kaons. Some 30% of reconstructed events contain four or
more pion candidates to which particle identification is applied®. With the K7 requirement this fraction is

increased to 40%. There are only two charged pions in the other events.

The uncertainty due to kaon identification is then 2% x 3 = 6%, and for pion identification it is
2% x 4 = 8% or 2% x 2 = 4%. Taking the uncertainty due to pion identification to be 5.2% the total
uncertainty is 7%. The uncertainty due to pion identification is increased to 5.6% by the K= requirement,
and the total uncertainty is 8%. This error can also be used to estimate the error forthe BT — D*TD*~ K+
and B° — D** D*~ K° reconstructions, since neither the extra slow pion, nor the charged pions from the

K decay are subject to particle identification.

6.4.7 Intermediate branching fractions

Estimations of the contribution of each submode to the total yield are based on the determination of the re-
construction efficiency of each submode in signal MC, and on the relative branching ratio of each submode,
as shown in equation 5.3. The relative branching ratios are calculated using the measurements of the D°
and D** branching fractions in [7]. The uncertainty due to these measurements is 4.9% for all nine sub-
modes, and 4.0% when only the five containing a D° — K are used. For the B¥ — D**D*~ K+ and
B% — D*tD*~ K9 branching ratio calculations, the additional uncertainty from the second D* branch-
ing ratio measurements increases the error to 5.1%. Adding the uncertainty of the K s branching ratio in

quadrature does not change this result within the number of significant figures quoted.

INo particle identifi cation is performed on the slow pion from the D* decay.
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6.4.8 Efficiency calculation

The calculations of the reconstruction efficiencies in sections 5.1.1 and 5.1.2 have a statistical error of 2.2%.
For the calculation of the BT — D*+D*~ KT efficiency in §5.1.3 the statistical uncertainty is 4.4%. Due
to the much lower yield in the MC study the B® — D** D*~ K efficiency calculation in §5.1.4 has an

even higher uncertainty of 6.5%.

6.4.9 Mass resolution discrepancies between data and Monte-Carlo

As can be seen by comparing figures 4.9 and 4.10, and figures 4.11 and 4.12 respectively, the resolution
of mass peaks differs between data and MC for D° and D* candidates. This is also true of neutral pion

candidates.

To study any systematic error from these resolution differences the effects of varying the size of the
mass windows for all the intermediate states by +1o were examined. For the M (D*) — M (D) selection
window the cuts were varied by a larger amount, since similar studies found that the differences between
data and MC grew in the tail region of the M (D*) — M (D) distribution [102].

Unfortunately, there were not enough events in the signal regions of the B* — D**D*~ K™ or
B% — D*+D*~ K¢ reconstructions to perform a detailed study of these resolution differences. However,
the D°, D*, and 7° meson momentum distribution for all four of these doubly charmed B meson decay
modes are quite similar, so it is reasonable to assign the error from the B® — D*0D*~ K+ study to these

other two modes as well.

70 selection

Varying the 7 mass window by +1c¢ varies the branching ratio by —3% for B° — D°D*~ K™ and
B° — DD*~ K+,

DV selection

The branching fraction is relatively stable under changes to the D° meson selection criteria. The D° — Kn
seems to be well modelled in MC, as changes of +1¢ to the mass window only expose a difference of +1%
and —3.4%.

Variations in the selection of D° — K7x° candidates had a larger effect. The branching fraction varied
by as much as +3% and —7%. The D° — Knrmr decay also seems to be less well modelled by the MC

generator and GSIM — the branching fraction can vary by as much as —7% for tighter mass cuts.

Summing these in quadrature gives an error of +3% and —10.5%.
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D* selection

While varying the selection cuts for D* candidates by as much as 3o exposes a large discrepancy between
data and MC, under smaller, more reasonable, variations the branching fraction is relatively stable. By
decreasing the selection window by 1 the branching fraction is increased by as much as 5%. Widening
the selection window by 1o also increases the measurement by about 3%, indicating that the 6o region
chosen in §4.11 is something of a local (stable) minimum.

Examining narrower regions, such as 3 or 4¢ results in differences between the data and MC yield of
as much as 12%, indicating that many more events may be present in the tails of the M (D*) — M (D°) in
data than in MC.

The uncertainty is estimated as 5%.

6.4.10 Background events

The branching ratio of BY — D**D*~ K™ is used to estimate the background from these events in
the B — D*°D*~ K+ signal region. This branching ratio is measured in §6.3, however the statistical
error is large. Varying this branching ratio, and thus the expected background contribution in the B —

D*9D*= K+ signal region, by as much as 20 changes B(B® — D*9D*~ K+) by +7.1% and —5.3%.
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Conclusion

7.1 Conclusion

Doubly charmed B meson decays were investigated using a 78 fb~! data set of B5 decays collected
at the Y (45) resonance by the Belle detector. The branching ratios of B — D**D*~K° and B® —
D°D*~ K+ decays are measured using a full reconstruction technique, and the branching ratio of B® —

D*D*~ K+ is estimated using a partial technique. These branching ratios are measured to be:

B(B® — D'D*"K*) = (1.66+0.3340.35) x 1073,
B(B® — D*D*"K*) = (8.17+0.80+1.88) x 1072,
B(B* - D**D* K% = (7.0542.03+1.97)x 1072,

where the first error is statistical and the second error is systematic. Further, an upper limit of
B(BT — D**D*"K*) < 1.6 x 1072,

is determined at a 90% confidence level.
The first two branching ratios are also measured using a cleaner subsample, where the additional re-
quirement that at least one of the neutral D mesons decays to the K final state is imposed. When measured

using only these decays the branching ratios are found to be:

B(B® — D°D*"K*) = (2.08+0.3340.46) x 1072,

B(B* — D*D*"K*) = (7.51+0.73+1.73) x 1072,

which are consistent with the first result.

These measurements are in good agreement with very recent preliminary results from the BABAR
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collaboration [106], where they quote:
B(BY — D°D*~ K+ 31703 +0.4) x 1073,
11.84+1.0+£1.7) x 1073,

)
BB - D*D*"K*) =
B(B® — D**D*~ K"

)

(
(
= (8810 4+1.3)x1073,
B(BT — D**D*"K™* (0.94+0.4+0.2) x 1073,
using a full reconstruction technique for all modes. In addition, BABAR placed an upper limit of

B(BT - D**D*"KT) < 1.8 x 1073,

at a 90% confidence level.

The results of a preliminary Dalitz analysis of B — D°D*~ K candidates are inconclusive. The
available data sample is neither large, nor pure enough to draw any firm conclusions from the three body
final state analysis. With the addition of more data collected by the Belle detector in the future, enough
decay candidates should be amassed within the cleaner, K7 requirement subsample to enable a compre-
hensive search for intermediate hadronic resonances. A full reconstruction of B — D*9D*~ K+, where
the momentum of the D*° meson is calculated, would enable a Dalitz analysis of these decays as well, and
would extend the search area for these elusive broad charm resonances.

The first indications from an analysis of B — D**D*~ K¢ are promising. Candidate events can
be reconstructed with very little background, which could make this mode ideal for studying time depen-
dent CP asymmetries once enough events have been collected. This could feasibly occur within the next
twelve months, and would also provide further constraints on the parameters of the Unitarity Triangle by

measuring cos(2¢1 ).

7.2 Future developments

A full measurement of the B — D) D™ K inclusive branching fraction may go a long way towards
resolving the discrepancy between the number of charmed hadrons per B decay, n., and the inclusive
semileptonic branching ratio 5. There are 22 possible modes for doubly charmed B meson decays. The
BABAR collaboration has released preliminary branching ratios for all of them [106], and the addition of

results from the Belle should help to pin down this issue.

721 SVD20

One of the major advantages of the BABAR detector over Belle for this sort of analysis is the five layer

Silicon Vertex Tracker [107]. This micro vertex detector is not only used to measure vertex locations, but
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also to track particles as they travel through the BABAR detector, a feat which Belle’s three layer SVD
cannot replicate. For analyses such as this one, which contain a large number of low momentum final state
particles, the ability to track particles which do not travel far from the IP is invaluable.

Work is nearly complete on the construction of SVD 2.0, the Belle collaboration’s solution to this
problem. This replacement vertex detector is a four layer device, and will hopefully greatly increase the

low momentum track finding efficiency of Belle. It is currently scheduled to be installed in January 2003.

7.2.2 Partial reconstruction

The CLEO Collaboration successfully implemented a partial reconstruction technique which makes use of
the kinematic constraints upon the angles between the decay products in B — D* decays [108]. Such an
analysis could also be performed on B — D) D(*) K decays to increase the number of candidate events.

However, whether this would come at the cost of sample purity needs to be resolved.

7.2.3 Strong coupling constants

A concurrent measurement of B(B° — D*~D**+)and B(B® — D*~ D™*)° K+) will enable an experimen-
tal determination of the strong coupling constants g and h, by eliminating common systematic uncertainties
in the measurements [68].

With the addition of more data collected at the Y (4.5) the Dalitz analysis discussed in this thesis may

provide conclusive evidence for the existence of the D, and D, resonances.

7.2.4 CPviolation

Better low momentum tracking from SVD 2.0 and higher luminosity will allow for a measurement of
time dependent CP asymmetry in the decay B — D** D*~ K. Although the parameter sin(2¢1 ), which
constrains the Unitarity Triangle, has been measured precisely by both the Belle [40] and BABAR [41] col-
laborations, examining further decay modes will serve either to increase the precision of the measurement,
or to expose shortcomings in the KM mechanism for CP violation in the Standard Model. Furthermore, ob-
servation of time dependent CP asymmetry in these decay modes will enable a measurement of cos(2¢1),
hopefully removing some of the discrete ambiguities in the Unitarity Triangle, and will serve as a further

test of our understanding of this fundamental area of physics.
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Appendix A

Reconstr uction effi ciencies

BY — D*tDOK—

Efficiency, e;, x102

D*t — DOr}

Experiment 11 | Experiment 13 | Experiment 17

DY — Ktr— 8.434+0.29 8.23+0.29 8.10 4+ 0.29
DY — K—xt D — Ktg—nV 2.50 £ 0.16 2.40 £0.16 2.73+0.17
D’ - Ktentn~ 3.114+0.18 2.85+0.17 2.73+0.17
DY — Ktr— 2.86 +0.17 2.84 +0.17 2.37+0.16
DY — K—qty0 DY — Ktg— 70 0.96 = 0.10 0.85 4+ 0.09 0.91 £ 0.10
DY > Ktrntr 0.73 4+ 0.09 1.01 +0.10 0.58 £0.08
DY — Ktr— 3.214+0.18 3.35+0.18 3.114+0.18
DY - K—ntn—zt | DY — K+g— 70 0.95+0.10 0.98 +£0.10 0.98 £0.10
DY - Ktr—rntn 1.02+£0.10 1.214+0.11 0.9440.10

Table A.1: Reconstruction effi ciency forB° — D*+ D° K~ decays in experiment dependent signal

MC

B® - D*tD*0K—

Efficiency, e;, x102

D*t — DOr}

Experiment 11 | Experiment 13 | Experiment 17

DY — K+tr— 8.02+£0.29 8.27 +0.29 7.47+0.28
DY — K—xt D - Ktg—nb 2.40+0.17 2.85+0.17 2.52+0.17
DY Ktrrntr 3.00+0.18 3.27+0.19 2.97+0.19
DY - Ktr— 2.78 £ 0.17 2.51+0.17 2.59+0.17
DY — K—gtg0 DY — Ktg—n0 1.10+0.12 1.10 £0.10 0.96+0.11
D - Ktr—rntr 0.994+0.11 1.07 £0.11 0.67 £0.09
DY — Ktr— 3.01+0.18 3.284+0.19 3.07+0.18
D K—nte—nt | DO - Ktr—nd 1.124+0.11 1.00+0.11 0.92 £0.11
DY - Ktr—rntn 0.85+0.10 0.90 £0.10 0.814+0.10

Table A.2: Reconstruction effi ciency for B° — D**D**K~ decays in experiment dependent

signa MC




122

Reconstruction efficiencies

B~ — D**D*" K~ Efficiency, ef#ke, x 102
D*t — DOrt D*— — DO Experiment 11 | Experiment 13 | Experiment 17
DY — Ktg— 7.47 £ 0.28 6.66 4+ 0.26 6.71 +£0.27
DY - K—xt DY — Ktp— 70 2.234+0.16 2.20£0.16 2.1440.16
D Ktr—rntn 2.58 £0.17 2.294+0.16 2.23+0.16
DY — Ktg— 2.83+0.17 2.54+0.17 2.544+0.17
DY — K—ntn0 DY — K+tg— 70 0.85+0.10 0.81 +£0.11 0.66 = 0.09
DY - Ktr—ntn 0.79 +0.09 0.82+0.10 0.80 +0.10
DY — Ktg— 2.524+0.17 2.56 +0.16 2.50 £0.16
D> K—ata—nt | DY - Ktg— 70 0.86 +0.10 0.84 +£0.10 0.70 +£0.10
D Ktr—rntrn 0.79 +0.10 0.84 +£0.10 0.77 +£0.10

Table A.3: Fake rate for B — D*"D*°K~ from B~ — D*TD*~ K~ decays in experiment

dependent signal MC

B~ — D*TD*K~ Efficiency, €;, x1073
D*+ — DO D*~ — Dy Experiment 11 | Experiment 13 | Experiment 17
DY — Ktg— 21.05+1.45 16.50 = 1.29 20.30 +1.43
DY — K—nt DY — Ktr—x0 5.93 +£0.78 5.42+0.74 6.87 £0.83
DY Kte—gta— 6.95 4+ 0.84 5.42 +£0.74 6.77 £0.83
DY — Ktg— 5.04 £0.72 7.01 £0.84 7.39 £+ 0.87
DY — K—ntq0 DY — Ktax0 3.10 = 0.56 1.87+0.44 1.15+0.35
DY - Kte—ntn— 2.29 4+ 0.48 2.17 £ 047 1.26 £0.36
DY — Ktg— 5.76 = 0.76 7.58 £0.87 6.16 £0.79
D’ - K—rnta—nt | DY - Ktn— 70 2.10 4 0.46 1.79 £ 0.42 1.66 £ 0.41
DY — Ktr—ntrn 1.79 £0.42 3.09 4+ 0.56 2.20 4+ 0.47

Table A.4: Reconstruction effi ciency for B~ — D*TD*~ K~ decays in experiment dependent

signa MC
BY - D*t*D*"Kg Efficiency, €;, x1073
D*+ — DO D*~ — DO, Experiment 11 | Experiment 13 | Experiment 17
DY — Ktrn— 9.49 + 0.97 8.87+0.94 7.86 £+ 0.89
DY — K—nt DY — Ktg—n0 2.70 £ 0.52 2.87+£0.54 2.70 £ 0.52
DY - Ktr—gnta— 3.48 +0.59 3.78 +0.62 2.30 £0.48
DY — Ktn— 2.66 + 0.52 2.78 £0.53 2.58 £0.51
D — K—nt70 DY — K*tr— 70 0.50 +0.22 0.50 4+ 0.22 0.90 = 0.30
DY - Ktr—gnta— 0.60 £0.24 0.27 £0.17 0.39 +0.20
DY — Ktr— 2.854+0.54 2.85 +0.54 2.87+0.54
DY - K—ntp—zt | DY — K+tg— 70 1.00 4 0.32 1.30 4+ 0.36 1.64 + 0.38
D’ - Ktentn~ 0.80 £0.28 0.77 £0.28 9.00 £0.30

Table A.5: Reconstruction effi ciency for B — D*TD*~ K decays in experiment dependent

signa MC
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