Measurement of Time-Dependent C'P
Violation Asymmetries in BY — ¢K¢
Decay

Aleksey Chuvikov

A DISSERTATION
PRESENTED TO THE FACULTY
OF PRINCETON UNIVERSITY
IN CANDIDACY FOR THE DEGREE

OF DOCTOR OF PHILOSOPHY

RECOMMENDED FOR ACCEPTANCE

BY THE DEPARTMENT OF PHYSICS

NOVEMBER, 2006



UMI Number: 3236170

Copyright 2006 by
Chuvikov, Aleksey

All rights reserved.

®

UMI

UMI Microform 3236170

Copyright 2006 by ProQuest Information and Learning Company.

All rights reserved. This microform edition is protected against
unauthorized copying under Title 17, United States Code.

ProQuest Information and Learning Company
300 North Zeeb Road
P.O. Box 1346
Ann Arbor, Ml 48106-1346



© Copyright by Aleksey Chuvikov, 2006.

All rights reserved.



Abstract

We present measurements of time-dependent C'P asymmetry parameters in B° —
¢ K transitions. We reconstruct one neutral B meson decaying into a C'P eigenstate
and use the inclusive information of the remaining particles to determine the flavor of
the accompanying meson at its decay time. Using a data sample of 492 fb~* collected
at the Y (4S) resonance with the Belle detector at the asymmetric KEKB accelerator,
we reconstruct 202 B — ¢K, decay candidates with an estimated signal purity
of 81.2% after vertexing, flavor tagging and other good vertex selection. From an

unbinned maximum likelihood fit to the proper time interval distribution we obtain

S = 0.55 £ 0.31(statistical) £ 0.06(systematic)

A = 0.18 & 0.20(statistical) £ 0.05(systematic)

The A term shows the absence of direct C'P violation and the S term is consistent with
the current world average of sin 2¢, as predicted in the Standard Model, where ¢, is
one of the angles of the Unitarity Triangle corresponding to the Cabibbo-Kobayashi-

Maskawa matrix.
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Chapter 1

Introduction and Overview

In the first half of the last century particle physicists thought that all fundamental
interactions were symmetric under the three discrete operations: charge conjugation
(C), parity (P) and time reversal (T'). Later on, this assumption started to fall apart.
In 1957 Lee and Yang [1] posited that parity was not conserved in weak interactions.
This was done to resolve the 6 - 7 paradox, wherein two particles, the 6% and the
71, were observed to have the same mass and lifetime, but to decay into final states
with opposite parities. It was reasonable to speculate that they were in fact the same
particle (presently know as the K*) and that parity is not conserved in weak decays.
Soon after this paper, a collaboration led by C.S. Wu demonstrated parity violation in
an experiment involving -decay of polarized nuclei[2]. It was also shown that there
is no charge conjugation symmetry. Landau introduced a combined C'P symmetry as
the product of charge conjugation and parity transformation[3]. He pointed out that
although the C' and P symmetries were separately violated by the weak Lagrangian,
C'P symmetry was conserved.

But the era of “C'P conservation” did not last for long. In 1964 Christenson,
Cronin and Fitch [4] unexpectantly discovered C'P violation in neutral K¢ kaons.
In 1967 Sakharov increased interest in the topic by showing that C'P violation is a

necessary ingredient in the baryon-number asymmetry of the universe[5]. Since then



C'P violation has been one of the main subjects of interest in particle physics.

In 1963 before the existence of quarks was experimentally verified, Cabibbo inves-
tigated strangeness-changing decays. He found[6] that quarks did not interact weakly
as mass eigenstates, but instead the down quark interacted as a superposition of down
and strange flavor states, described by a mixing angle parameter. This phenomenon
is now known as Cabibbo mixing. Glashow, Iliopoulos, and Maiani proposed[7] in
1970 the existence of a fourth quark as a partner of the strange quark. Even though
the theory looked complete with two quark families and the Cabibbo mixing angle,
it could not accommodate C'P violation.

In 1972 Kobayashi and Maskawa extended Cabibbo’s theory and introduced a
third quark family[8]. This brought two more mixing angles and a phase in the
mixing matrix. This mechanism (later known as the KM mechanism) results in C'P
violation for a non-zero phase. Subsequent discoveries proved the existence of quarks
and their three-generation arrangement. The mixing matrix become know as the
Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix. The Standard Model says that
the CKM matrix must be unitary. The unitarity of the matrix can be visualized as
a closed triangle in the complex plane. Experimental measurements of the sides and
angles of the unitarity triangle can put constraints on the triangle and hence check
unitarity. The Standard Model and the unitarity triangle will be discussed in detail
in Chapter 2.

Carter, Sanda and Bigi showed that the KM mechanism predicts a large C'P
violation in certain B meson decays[9, 10]. This created a need for B-factories—
accelerators producing a large number of B mesons. Currently there are two such
operating factories, one at KEK and one at SLAC, hosting the Belle and BaBar
experiments, respectively. Both produce large numbers of B, and B, type of mesons
and have asymmetric beams to facilitate the measurement of time dependent C'P
asymmetry.

Soon after commencing operation, both experiments reported observation of C'P



violation for (c¢)K° states and the “gold-plated mode” B® — J/9Kg[11, 12]. The
latter got this name because it allows one to the extract the C'P asymmetry parameter
with a very high precision due to the large statistics and low level of background. This
measurement put a severe constraint on one angle of the unitarity triangle known as
¢1 and also (. Further measurements of B meson decays would put more constraints
on the triangle and check the Standard Model for consistency.

This thesis presents a study of the C'P asymmetry in the charmless B® — ¢(s3)Kg
decay mode. The relevant angle in this measurement is ¢, which is the same angle
as for the B® — J/1Kg mode. Although the smaller signal and higher background
associated with the B® — ¢(s5)Kg decay mode result in a less precise measurement
of sin 2¢; than what can be achieved in the charmonium mode, a consistency check
between the two modes is of considerable interest, since a difference in the value of
¢, obtained via these two different modes could be symptomatic of new physics, not

accounted for in the Standard Model.



Chapter 2

CP violation

2.1 Overview

The Standard Model(SM) captures much of our current knowledge of particle physics.
Itisa SU(3)c x SU(2), x SU(1)y gauge theory with color, weak isospin and hyper-
charge being the parameter spaces of the SU(3)¢, SU(2), and SU(1)y gauge groups
respectively[13]. It combines the theory of strong interactions, known as Quantum
Chromodynamics (QCD) with the unified theory of weak interactions.

The SM arranges the quarks and leptons into three generations, see Table 2.1.
There are three generations known at the moment, but there is the possibility to
have more. The up-type quarks u, ¢ and t have the electric charge of +2/3, and

down-type quarks d, s, b have the charge of —1/3. The families are ordered from the

lightest to heaviest.

‘ Charge ‘ Quarks H Charge ‘ Leptons

_|_

W= win

1
0

e

Ve

L

Vu

T

vy

Table 2.1: Three generations of quarks and leptons




QCD describes the strong interactions between colored quarks and gluons. There
are three color charges denoted red, green and blue, needing 8 gauge bosons to medi-
ate the transformations between these three colors. Quarks do not exist by themselves
in nature. Instead, they are always confined with the other quarks in a color-neutral
state. There is no analytic proof for that confinement, but it can be explained intu-
itively. When one tries to separate them, at some point it become more energetically
favorable to produce a quark/anti-quark pair instead of the bound gluon. There are
two typical known states: mesons, which are quark/anti-quark pairs; and baryons,
which are quark triplets.

The combined theory of electroweak interactions describes the weak and electro-
magnetic interactions. The symmetry is spontaneously broken through the Higgs
mechanism, which gives mass to the weak gauge bosons W* and Z°, while leaving
the electromagnetic gauge boson (photon) massless. The weak interactions distinguish

between left handed and right handed particles.

2.2 Discrete Symmetries

A symmetry is a transformation, which when applied to a system, may or may not
change some of its properties. If a system is unchanged after a certain transformation,
it is said to be invariant under that transformation. Symmetry plays a dramatic
role in physics. There is a well-known correspondence between invariance under
transformation and conservation laws (Noether’s theorem). For example, invariance
of a physical system under spatial translation leads to conservation of momentum,
invariance under rotation leads to conservation of angular momentum, invariance
under time evolution leads to conservation of energy.

All three symmetries mentioned above are continuous, meaning that they can be

characterized by a continuous parameter of the transformation. For example, we



Symmetry Action on
Position | Time | Velocity, Momentum |  Spin
Parity|P] Reversed | Unchanged Reversed Unchanged
Charge Conjugation|[C] || Unchanged | Unchanged Unchanged Unchanged
Time Reversal[T]] Unchanged | Reversed Reversed Reversed
CP Reversed | Unchanged Reversed Unchanged
CPT Reversed Reversed Unchanged Reversed

Table 2.2: Effects of discrete symmetry transformations

could shift the system coordinates by any distance. There are also discrete symme-
tries, which could simply flip a system from one state to another, such as reflecting
a coordinate system in a mirror. These symmetries do not have corresponding con-
servation laws, however, they are important in particle physics to determine which
particle interactions are possible.

There are three symmetries that are useful in particle physics:

e Charge conjugation (C') is the transformation that turns particles into their
corresponding antiparticles. It flips all charges of a particle such as electrical

charge, lepton number, baryon number and so on.

e Parity transformation (P) is the operator that reflects all three spatial coordi-

nates, leaving the time coordinate intact.

e Time inversion (7') is the transformation that reverses the direction of time.
Invariance under this operator means that the particle reaction could also go

from the final state back to the initial state.

There are also combinations of these operators, for example, C'P is the operator
where a parity transformation is followed by a charge conjugation, and a C'PT is
the combination of all three C; P and T operators. The results of the C', P and
T operators and their combinations on the physical parameters are summarized in

Table 2.2.



Obeyed by
Symmetry Strong | Electromagnetic | Weak | Gravitational
forces forces forces forces

Parity[P] yes yes no yes
Charge Conjugation|C] yes yes no yes
Time Reversal[T] yes yes almost yes
cpP yes yes almost yes
CPT yes yes yes yes

Table 2.3: Invariance of forces under the discrete symmetry transformations

Although the weak interaction violates C' and P separately, it was for some time
assumed to be invariant under a combined C'P transformation. The reason for that
is that the C'P transformation is almost conserved. A naive explanation is that the
large violation of C' and P almost cancel each other, making it difficult to observe
violation in C'P. Finally, although it is now clear that the laws of physics are not
invariant under C, P, or C'P, scientists are still optimistic that the ultimate discrete
symmetry C'PT is not broken. See the summary of invariance of physics laws under

different symmetry transformation in Table 2.3.

2.3 Cabibbo-Kobayashi-Maskawa Mechanism

Within the Standard Model the only possible source of C'P violation resides in the
weak decay of quarks. The weak (d’ s’ ') quark eigenstates are in general different
from the mass (d s b) eigenstates. The former could be presented as a linear

combination of latter via the unitarity matrix VCKM, or also know as the Cabibbo-

Kobayashi-Maskawa (CKM) matrix|8].

d d, Vud Vus Vub
s | =Vexu | ¢ |; Voxm = Vg Vs Vo |- (2.1)
b b Via Vis Vi

Specifically, the charged weak current mediating the weak interaction between quarks

7
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Figure 2.1: Hierarchy of transition amplitudes mediated by the charged weak current

is given by
d
Je=(@ ¢ DyVoxu | s (2.2)
b

The elements of the CKM matrix are in general complex and represent cou-
pling constants that describe the strength of weak transitions from down-type quarks
(charge —1/3e) to up-type quarks (charge +2/3e). Transitions between quarks with
the same charge (flavor changing neutral currents) are not allowed and are only pos-
sible through the loop diagrams. The values of the matrix elements have been mea-
sured precisely in a set of experiments[14]. This matrix is almost diagonal, as the
off-diagonal elements correspond to the transition between the quark in different fam-
ilies, which are much less favorable than transitions within a family. See the schematic
of the hierarchy of transition amplitudes shown in Fig. 2.1. The only firm constraint,
however, on the CKM matrix is that it should be unitary, meaning that the sum of
transition probabilities of any quark into the quarks in the other generations is one.

Violation of C'P symmetry in the SM comes from the structure of the CKM matrix.
Fig. 2.2 illustrates a weak transition of the b to u quark with the emission of a W~
boson. The transition amplitude is equal to V,;. If we take a look at this process under

the C'P conjugate transformation, the @ quark absorbs a W boson, transforming it



Figure 2.2: Charge current interaction in SM.

into a b quark. The corresponding transition amplitude in this case would be Vi —
the complex conjugate of V,;,. Therefore, in order to have C'P violation, at least one
element of the CKM matrix must be complex. In addition to that, there must be
interference between two or more diagrams. The decay rate goes as the square of the

transition amplitude, so one diagram by itself can not produce C'P violation.

2.4 CKM Matrix Parametrization

In the general case of N quark generations the complex mixing matrix N x N consists
of 2N? real parameters. This number can be dramatically reduced given the invariance
of quark fields with respect to an overall phase change and their unitarity.

The unitarity condition imposes several restriction on the matrix. First, the sum
of the squares of the elements in any column must add up to one. This gives us N
equations. Second, any two different columns should be orthogonal, which gives us
w X 2 = N(N — 1) additional equations. We multiply the number of columns
by 2 because each equation splits into parts, one real and the other imaginary. Thus,
unitarity gives N? constraints on the mixing matrix.

The CKM matrix describes the coupling of 2N quarks. We can choose the complex
phases of these quark states arbitrarily without affecting the laws of physics. But

the redefinition of the complex phase of the quark state changes the corresponding



coupling element in the CKM matrix. We can therefore remove 2N — 1 phases from
the mixing matrix through a convenient choice of quark phases. This brings us to
just N> — (2N — 1) = (N — 1)? independent elements in the CKM matrix.

In the case of two generations and a 2x2 mixing matrix, we get only one irreducible
parameter—a single mixing angle 6 and no mixing angles. The parametrization of

the matrix was given by N. Cabibbol[6]

. cos 6 sin @
Vo = ¢ ¢ (2.3)
—sinfc  cosbc

where sin ¢ ~ 0.22 is the Cabibbo angle, which can be measured in semileptonic K —
meT v, decays. The Cabibbo matrix is purely real, making C'P violation impossible.

In the case of three generations we get a total of four irreducible parameters—
three Euler angles and one complex phase. This led Kobayashi and Maskawa to
surmise the existence of a third generation of quarks to explain C'P violation observed
experimentally.

The CKM matrix is almost never used in the form of 2.1. There are several
representations that are more useful in particle physics. The “standard parametriza-

tion” utilizes the Euler angles 6,5, 693, #135 and 0 = 013, which is the C P-violating

phase[15, 16]
_‘6
C12C13 S12€13 S13€”"
% — is is
Vekm = —512C23 — C12523513€ C12C23 — 512523513€ 523C13 ) (2-4)
is is
512523 — C12€23513€ —C12523 — 512€23513€ C23C13

where ¢;; = cosf,; and s;; = sin 0;;

This interpretation has a very distinct advantage. It is achieved by consequent
rotations in planes (12), (13) and (23) and the rotation in plane (13) is accomplished
by a phase rotation. The rotation angles are defined in a way that relates to the
mixing of two specific generations. If one of these angles vanishes, so does the mixing

between those two generations. In the limit of 693 = 613 = 0 the third generation
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decouples and the situation reduces to the usual Cabibbo mixing of the first two
generations with 65 identified as the Cabibbo angle.
In practice, it is more convenient to use the CKM matrix in the form that reflects

the hierarchy of the transitional amplitudes
519> 0.22 > 595 = O(1072) > 5153 = O(107?) (2.5)

Wolfenstein[17] defined a set of parameters, A, A, p and 7 that captured the nearly

diagonal nature of the CKM matrix
S12 =N\, Sog = AN s13e708 = AN (p — i), (2.6)

then the CKM matrix could be approximated by neglecting terms of order \* as

1—1N A AX3(p —in)
Vekm = Y — Ly AN + O\, (2.7)
AN(1 = p—in) —AN2 1

Although the Wolfenstein parametrization is more intuitive the standard one, it is
an approximation. For some phenomenological applications the O(\*) accuracy may
not be sufficient for extension of the Wolfenstein parametrization beyond the leading

order in A see[18].

2.5 Unitarity Triangles

The unitarity of the CKM matrix VVT = VIV = 1 implies that all columns are

orthogonal. Orthogonality of the first and the third columns gives
VuaVy + VeaVy + ViaVy, = 0 (2.8)

This equation can be visualized as a closed triangle in the complex plane. There are
additional triangles involving the other columns, but this one is of particular interest,

since it has sides of similar length, resulting in three relatively large angles. Usually

11
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Figure 2.3: The CKM unitarity triangle.

it is referred to as the Unitarity Triangle. Fig. 2.3 shows the Unitarity Triangle scaled
such that the V.4V side equals one. It was obtained by choosing the phase convention
where V.4V is real, which sets the base of the triangle between the points (0,0) and

(1,0). The upper vertex has the coordinates (p, 77) given by

(=200 =05 (2.9

7
The internal angles correspond to the complex phase represented by the parameter
7. In the absence of C'P violation (7 = 0) the triangle would collapse to a straight
line. Thus, an observation of C'P violation can be considered as a measurement of

the parameters of the Unitarity Triangle.
The angles ¢1, ¢, ¢3 of the Unitarity Triangle are defined as

o1 =m— arg(%)
V *
¢y = arg(——2 Vi) (2.10)
Uqub
- vudvjb
p3 = arg(—VchgZ)

By making precise measurements of the sides and angles of the unitarity triangle
we can check for consistency of the SM. The measurement of just the angles (which

should, in principle, add up to ¢; + ¢ + ¢3 = 7) does not guarantee that we will

12



Figure 2.4: B® — BY mixing contribution to B° decay rate

get a consistent triangle. In addition, constraints on the sides of the triangle should
be imposed. It is also important to cross-check the parameters of the triangle using

different decay modes.

2.6 (CP Violation in B Meson Decays

Even before the b quark was discovered, theorists speculated that C'P violation has a
potentially large effect in decays of B mesons. In 1980 Carter and Sanda[9] proposed
a new method for studying C'P violation in B mesons. They suggested using the
decay of neutral B mesons into a final state f common to both B® and B°. The
decay amplitude of B — f is the sum of the direct B® — f decay amplitude and
the amplitude coming after a B — B, — f transition as illustrated in Fig. 2.4.
The same applies to the B — f decay amplitude. In the presence of a weak phase
difference the sum of these two amplitudes would be different for B® and B°.

Large BY — B mixing is essential to the study of C'P violation. If the mixing
were small, causing a low level of B® — B0 oscillation, B mesons would decay be-
fore a noticeable difference in decay rates could develop. Fortunately, the ARGUS
collaboration[19] observed B — B° mixing at a level large enough to indicate that
CP violation in B decays would be experimentally accessible. That triggered a lot
of interest in B physics and led to the building of a new generation of experiments

specifically dedicated to the study of C'P violation in B-meson decay.
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Figure 2.5: Dominant box diagrams for the B® — B transition.

2.6.1 Oscillations Of B° — BY Mesons. Indirect CP Violation

We define |B%) and |B9) as flavor eigenstates of the B°(bd) and B°(bd) mesons,
respectively. The oscillation from one state to the other can occur through the weak
interactions. The dominant box diagrams are shown in Fig. 2.5.

The evolution of the system is described by the Schrodinger equation.

)
ths W (t) = H () (2.11)

where H = M — %F is the Hamiltonian, M is the mass matrix and I' is the decay

matrix. Given that both M and I' are Hermitian we get

My = M7, I'yy =17, (2.12)
CPT invariance adds an additional constraint

My = Mag, Ty =T (2.13)

Thus, the Hamiltonian is given by

1 1
My — 5T Mg — 5T

H = (2.14)

My — 317 M — 3
Eigenstates of this Hamiltonian are the mass eigenstates B; and Bpy. In the

general case they are not the same as the flavor eigenstates, but can be expressed as

14



the superposition of the latter

|BL) = p|B) + q|B") (2.15)

|B) = p| B®) — q| B°) (2.16)

with the solution of the equation for the eigenvalues

¢ _ M=l (2.17)
p Mo — 512

defining Am = my —my and AI' = I'y — 'z, the evolution of a pure |B°) or |B°)

state at t = 0 is given by

[B°(t)) = g+(t)|B°) + %g-(t)lf?O) (2.18)

[BO(t)) = 9+(t)| B°) + gg—(t)\B(]) (2.19)

which means that the flavor remains the same (+) or oscillates into the opposite flavor
(—) with a time-dependent probability proportional to

e—Ft

lg= (O] = T[cosh(%t) + cos(Amt)], (2.20)

where I' = (I'y +1'1) /2

If |p/q| differs from unity we observe C'P violation. This type of C'P violation is
called indirect C' P violation. It results from the mass eigenstates being different from
the C'P eigenstates. It could be observed through the asymmetries in semileptonic

decays:

Asl =

RO _, J+ — 0 [~ - :
[(B° — I*vX) —T(B® - "vX) 1-|q/p| _%<ﬁ> (2.21)

[(BY — ItvX)+ (B — I-vX) 1+|g¢/p* = \ M

In the Standard Model indirect C'P violation in B® — B mixing is suppressed
by a factor of m?/m? and is expected to be of order O(1073). Other types of C'P
violation, to be explained further below, could be much larger. In the approximation

lg/p| =~ 1 the mixing parameter ¢/p can be approximated by a pure phase.
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2.6.2 (P Violation in Decay Rates

Since under C'P conjugation V;; — V%, the irreducible phase of the CKM matrix

ij
gives different decay amplitudes for weak transitions and their C'P conjugates. To
avoid the complications associated with the mixing, let us consider decays of the

charged BT and B~ mesons into the final states f and f. If the amplitude of a weak

transition is described by a single Feynman diagram, it can be written in the form

A(BY — f) = |Ale!0F9) (2.22)

A(B™ — f) = |Ale!09) (2.23)

where ¢ is a C'P-even strong phase and ¢ is a C'P-odd weak phase. Since the decay
rate is proportional to the square of the amplitude’s absolute value |A|?, there is no
difference in decay rates. We have a totally different situation if there is an interference
between decay amplitudes, meaning two (or more) Feynman diagrams contribute to

the BT (B~) — f(f) transition
A(BT — f) = AT 4 | Ay|ei2He2) (2.24)
AB™ = f) = [Ay]e" %) 4 | Ag|e/®2m92) (2.25)
defining Ad = 9, — §; and A¢p = ¢ — @1, we obtain

[(BY — f) o< |A(BY — f)|* = |AL]* + |Ag]® + 2| Ay||As] cos(AS + Ag)  (2.26)

[(B™ — f) o< |A(B™ — f)]* = |AL]* + |Ag|? + 2| A1|| Ag| cos(AS — Ag) (2.27)

In the general case I'(B* — f) # I'(B~ — f), the asymmetry in the decay rates
between a process and its C'P conjugate is called direct C'P wviolation. Substituting

these decay rates into the equation for Acp asymmetry we get

o _DBF ) -T(B =)
CTIBT - HAI(B )
—2| Ay || A sin(A0) sin(

A;b) (2.28)

|A2 +2|A1||A2|COS(A5)C (Agb + |A2|2
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Note that in order to obtain measurable C'P violation in decay rates there must be
at least two contributing diagrams and that they must have different weak and strong
phases. The extraction of the phase difference A¢ = ¢ — @1 from the experiment
requires the knowledge of the strong amplitudes A;, and strong phase difference
Ad. Direct C'P violation is expected to be fairly large in some B-meson decays.
For example, it could be as large as 30% in Bt — K*1tKO decay. Nevertheless,
in such decay modes there will be two contributing diagrams with amplitudes of a
similar magnitude. Since one is unlikely to find two large amplitudes contributing to
a single process, it is generally true that modes with large asymmetries have small
branching fractions. Therefore, it is very difficult to make a reliable measurement of

the asymmetry due to the small numbers of events for these decay modes.

2.6.3 Decay of Neutral B Mesons into C'P Eigenstate

Consider the decay of neutral B mesons into a common CP eigenstate fop. B — B0
oscillation provides an elegant mechanism for studying C'P violation. Define A and
A as the instantaneous amplitudes for processes B® — f and BY — f assuming no
mixing between B and BP. The interference of B® — fop and of B — B° — fop
gives the following time dependent decay rates assuming that the B meson is initially

in a pure flavor eigenstate

<1 + cos(Amt)

+|—| |—|2

ESEES

ﬂ sin Amt)) (2.29)

D(BO(t) — fop) = e THA|]* x (1 + COS(Amt

+
— cos( Amt [
_'_
A‘21 cos( Amt [

+12p } Amt)) (2.30)

In the neutral B meson system |¢/p| =1+ O(1072). Introducing A as



the decay rates can be written as

D(B°(t) — fop) = e T AP? x (1 AP cos(Amt) — L sin(Amt))

- AP - P (2.31)
_ 2_ S X °
[(BO(t) — fop) = e T AP? x (1 R;‘:—zﬁ cos(Amt) + ‘fﬂ—ﬁil sm(Amt))

we see that the signs in front of the sine and cosine terms are opposite for the B%(t) —

fop and BO(t) — fcp decay rates. By defining A and S as
_ P -1
AP+

23
S=—"""_
[Afl?+1
for the C'P violation asymmetry we obtain
F(f?o — fop) = T(B° — fop)
[(B° — fop) + (B — fcp)
= Acos(Amt) + S sin(Amt) (2.34)

A (2.32)

(2.33)

Cp —

We see that even in the absence of indirect C'P violation when |¢/p| = 1, we can still

get a C'P asymmetry in the following cases

e |A/A| # 1: CP violation in the decay amplitudes (direct C'P violation)

e J)\; # 0: mixing-induced C'P violation

The values of C P asymmetry parameters A and S are limited to a circle A%+ 8? <

1 by definition of the parameters.

2.7 CP Violation in B’ — ¢K{ Decay

The decay BY — ¢K§2 proceeds via the quark transition b — sss, dominated by
the QCD penguin transition[20] shown in Fig. 2.6. A small contribution from the
electro-weak penguin transition is also possible[21, 22].

For a b — s§s transition governed by a single decay amplitude, the ratio % is

expressed in CKM matrix elements as

VeV
Vi Ves

i
S=4 (2.35)
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Figure 2.6: QCD penguin contribution to the decay B® — ¢K°.
where £; is the C'P eigenvalue of the K2 state. In the calculation of ¢/p for B —

®KY one must also take into account K° — KO mixing. Thus, ¢ /p is composed of two

terms as

P/ B—oks P/ \P/) ks VVig ViVea
Finally, we find the following expression for A defined in Equation 2.6.3

VigVia Ves Vi Vo Vi _ Vis Vi Vi Ved
VisVig VesVea VaVes  VigVea VinVig

= e (2.37)

Ar=¢&;

Therefore the CP asymmetry parameters A and S for B — ¢K3 decay become

Agxc = 0 (2.38)

Spx >~ —&pk Sin2¢; = sin 2¢; (2.39)

we used the fact that ¢K§ is a C'P odd state, hence 55 = —1. The same angle could
be measured precisely in B® — J/9KS (the so-called gold-plated mode) and other
ceK? decays. The main difference is that B® — J/1 K2 occurs through a tree diagram
with a negligible contribution from penguin diagrams. Both diagrams are shown in

Fig. 2.7. Therefore, this decay has very small theoretical hadronic uncertainties and
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can be considered to be the primary measurement of the angle ¢;. On the other
hand, the decay B — ¢K9 could be used as a probe of the Standard Model. Any
deviation of the ¢; measured in the ¢K?2 channel could be clear evidence for new

physics beyond the SM.

Figure 2.7: BY — J/9KY decay via (a) b — cés tree and (b) b — séc penguin transitions.

2.8 Overview of the Measurement

In this thesis we present a measurement of the time-dependent C'P violation param-
eters in B® — ¢K?2 decays with data taken by the Belle experiment. In Belle, B
mesons are produced through the ete™ — Y(4S) — BB process. The Y (4S) is an
excited bb resonance with a mass of 10.58 GeV, which is just above the BB pro-
duction threshold. Y(4S) nearly always decays into B°B° or B* B~ with almost the
same branching fractions. These B mesons are produced with a very low momentum
p§MS ~ 300MeV/c in the T(4S) frame. To ensure that the vertices of the two B
mesons are separated, the KEKB accelerator works in the asymmetric mode. The
energies of the electron and positron beams are 8 GeV and 3.5 GeV respectively,
producing a Lorentz boost of 37y ~ 0.425 in the laboratory frame. This allows the
B mesons to travel about 200 pgm in the direction of the electron beam before they

decay.

20



[Decay Time Difference Measurement|
1 1
1, - . 1

| pio L AZ~200um ! K
¢ =0.425 !
Pr %K_ |¢Ks reconstruction

Flavor Tagging

Figure 2.8: Schematic of the time-dependent C'P asymmetry measurement in B® — ¢K2.

In Y(4S) decay, the B°BO pair is produced in a C-odd state. Despite the flavor
oscillations that occur during the time evolution of this state, the B® and the B°
must remain in opposite states until one of them decays. If we reconstruct one of
the B mesons in a flavor specific state, which we call By,,, we can conclude that
the other B meson had the opposite flavor at the decay time t;,, of the Bi,; meson.
We are interested in the case where the other meson decays into the C'P eigenstate
¢K2. Then, we can approximate the time difference between decays of Beop and Biag
mesons as

Az ZCP — *tag

At =top — by ~ _ 2.40
or e e VB¢ (2.40)

where zcp, 2g are the decay vertex positions of the mesons along the electron beam.

Vertices are reconstructed from the charged decay products. The Standard Model

predicts the following time-dependent decay rate
_lat
Ipoprs(At) x e 5 [1+ q(Acp cos AmAL + Scp sin AmAt)] (2.41)

where ¢ represents the flavor of the By,, meson; ¢ = 1 corresponds to Bi,e = BY and
q = —1 corresponds to Byi,s = BY. Although the explanation above was made assum-
ing At > 0, Equation 2.41 also holds for At < 0. A schematic of the experimental

measurement is shown in Fig. 2.8.
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The observed At distribution is affected by experimental effects such as back-
ground in the ¢ K¢ sample, errors in assigning the correct flavor to the By,, meson,
and finite vertex resolution. We construct the probability density function of the
At distribution taking into account these effects. Then, we perform a maximum
likelihood optimization to extract the Acp and Sgp parameters.

In keeping with the discussion above, the measurement of time-dependent C'P

violation requires the following from the experimental apparatus

e Asymmetric collider

Production of a large number of B mesons

Efficient BY — ¢K2 reconstruction

Good decay vertex reconstruction

Good flavor tagging system
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Chapter 3

Experimental Apparatus

3.1 Introduction

The Belle experiment was specifically designed to make a precise measurement of the
CP asymmetry in ByB; meson decays, yielding information on the CKM unitarity
triangle angles ¢1, ¢2 and ¢3. The branching fractions of the decays used to measure
these asymmetries are of order 107 — 107%. In order to reduce the statistical errors
and make measurements competitive with other experiments, a large number of B
mesons is required. A good source of B mesons is the T (4S) resonance, which is the
first T resonance with an energy above the B;B, production threshold. Cross sections
of all hadronic reactions of eTe™ collisions at the energy corresponding to the Y (4S)
resonance are listed in Table 3.1. In 76% of the annihilation collisions that lead to
an hadronic final state, jet-like ete™ — ¢g continuum background is produced, where
q one of the light u,d,c,s quarks. The remainder of the hadronic final state events
proceed through the production of an Y(4S) meson, which decays with almost 100%
probability to either a B°B% or a BT B~ pair. The efe™ — Y(4S) cross section is
~ 1.05 nb™! which gives roughly one million of pairs for each fb™* of data.
Measuring a time-dependent CP asymmetry requires that one be able to resolve

flight length differences between the mesons. B mesons are produced nearly at rest
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Channel o(nb)

T (4S) 1.05

ul 1.39

dd 0.35

S5 0.35

cc 1.30
hadronic total | 4.44

Table 3.1: Hadronic cross sections at the energy corresponding to the T(4S)

in the Y(4S) frame along with the short life of B mesons, making it practically
impossible to study the time evolution at symmetric colliders, where the lab and CM
frames are the same. To overcome this problem, an asymmetric ete™ collider was
constructed with a large Lorentz boost of 3+ ~ 0.42 along the beam line. The idea
of using asymmetric colliders to study the C'P violation was originally proposed by

Pier Oddone|[23]. Even so, a detector with excellent vertexing capability is required.

3.2 The KEKB accelerator and storage rings

The KEKB accelerator, shown schematically in Fig. 3.2, is located on the campus
of the High Energy Accelerator Research Organization (KEK) in Tsukuba, Japan.
KEKB consists of separate 3-km-long electron and positron rings built in the former
TRISTAN tunnel. Electrons produced by an electron gun are accelerated in a linear
accelerator (LINAC) to an energy of 7.996 GeV and then directly injected to the
High Energy Ring (HER). In the middle of the LINAC part of the electron beam is
diverted into a target to produce positrons, which are accelerated by the remaining
part of the LINAC to 3.500 GeV and then injected into the Low Energy Ring (LER).

Since Belle is the only experiment that utilizes the KEKB accelerator, there is
only one interaction point (IP) located underground in the Tsukuba experimental
hall. The electron and positron beams cross at a finite angle of +11 rad rather than

colliding head-on. This strategy was chosen to eliminate parasitic collisions near
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Figure 3.1: The hadronic cross section for eTe™ annihilation around 10GeV/c?. The
measurements are from the CLEO collaboration [24].

the IP due to the multi-bunch operation mode of KEKB. The center-of-mass energy
collision of 10.58 GeV corresponds to the peak of the Y(4S) resonance.

Full understanding of the ¢q background component is crucial for some measure-
ments. For that purpose, about 10% of the time KEKB operates in off-resonance mode
with the center of mass energy 60 MeV below the resonance energy to eliminate the
production of B°B° events. KEKB is capable of tuning the energy to 10.869 GeV
corresponding to the Y(5S) resonance. A luminosity of 1.86 fb™" has been collected
in June 2005 during a Y(5S) test run.

The major parameters of the KEKB accelerator are listed in Table 3.2. Additional

details can be found in [25]
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Figure 3.2: The KEKB accelerator configuration.
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Description Ring Units
LER | HER
Circumference, C 3016.26 m
Luminosity, £ 16.52(10) nb~'s!
Crossing angle 6, +11 mrad
Particles et e
Energy 3.5 8.0 GeV/c?
Beam Current, I 1.616(2.6) 1.210(1.1) A
Bunches, Np 1388(5000)
Bunch Current 1.16(0.52) | 0.871(0.22) | mA
Bunch spacing, s, 2.1 m
Emittance €, /e, 18(18) 24(18) nm
Beta [ 59(33) 56(33) cm
Beta 3; 0.65(1.0) 0.59(1.0) cm
Hor. size at IP 103(77) 116(77) pm
Ver. size at IP 1.7(1.9) 1.7(1.9) pm
Beam-beam, &, 0.106(0.039) 0.068(0.039)
Beam-beam, ¢, 0.105(0.052) 0.065(0.052)
Beam lifetime at collision 148 at 1616 mA | 204 at 1210 mA | min

Table 3.2: KEKB parameters corresponding to the best peak luminosity £

16.52 nb's™! recorded on June 30, 2006 with the design values in the parentheses.
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Figure 3.3: Side view of the Belle detector.

3.3 The Belle Detector

The Belle detector was specifically designed to study CP asymmetries in the de-
cays of B mesons produced by an asymmetric ete™ collider operating at the T (4S)
resonance. This requires good particle identification, vertex reconstruction of the
charged particles, and precise measurement of the momenta and energies of the final
state particles. In addition, the detector should provide good solid angle acceptance
to allow reconstruction of modes with many final state particles. To accommodate
the boost of the center-of-momentum (CM) frame of the Y (4S), the detector is made

backward /forward asymmetric, providing the coverage in polar angle 6 from 17° to

150°.
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Fig. 3.3 shows the configuration of the Belle detector. The inner part of the de-
tector is inside a constant magnetic field of 1.5 T. The field, which runs parallel to
the beam axis, is created by a superconducting solenoidal magnet. Surrounding the
cylindrical beryllium beam pipe is the silicon vertex detector (SVD), which provides
a very precise measurement of the vertex position of B mesons and other short-lived
particles. The central drift chamber (CDC) is used to do charged-particle tracking.
A momentum measurement is obtained by measuring the deflection of the particles
in the magnetic field and dF/dz information is obtained by measuring the collected
charge on the wires. The aerogel Cherenkov counter (ACC) and time of flight (TOF)
systems are used for K /7 separation for different momentum ranges. Fig. 3.4 shows
the contribution of each subsystem to the momentum coverage. The last subdetector
inside the solenoid coil is the electromagnetic calorimeter (ECL). The electromagnetic
showers produced by electrons and photons are detected in an array of CsI(T1) crys-
tals. Iron layers interspersed with resistive plate chambers (RPCs) form the KLM
system. The iron layers provide the magnet’s flux return and the K /u detection.
The purpose of the extreme forward calorimeter (EFC) is to improve the coverage in
the forward and backward directions. The EFC consists of a pair BGO crystal arrays
placed at the front and at the end of the detector.

The Belle coordinate system is defined as follows:

e the z axis points in the opposite direction of the positron (low energy) beam,

aligned with the magnetic field.
e the y axis points vertically up
e the x axis points outward from the ring to form a right-hand system

The following sections give a brief description of each system. A detailed descrip-

tion including electronic layout can be found in [26]
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Figure 3.4: Momentum range coverage for K/m separation provided by the CDC, ACC
and TOF systems.

3.3.1 Silicon Vertex Detector(SVD)

The silicon vertex detector plays a central role in the Belle experiment. It provides
a precise measurement of the vertex position of charged particles and improves the
tracking. In the measurement of time-dependent C'P asymmetries we need to know
the proper-time At difference, which is inferred from a measurement of the z-vertex
displacement of the neutral B mesons. In order to increase the separation of the
vertices the Y (4S) is boosted along the z axis with a Lorentz factor 5y ~ 0.425. Still,
due to the short lifetime of the B meson, the average displacement of the B mesons is
just around 200pm. This requires the SVD resolution to be around 100 gm or better.

The SVD detector is based on double-sided silicon strip detectors (DSSDs) fab-
ricated by Hamamatsu Photonics. Each DSSD consists of 1280 sense strips and 640
readout pads on opposite sides. The strips on one side make a measurement in the
z direction, while those on the other side are oriented in the ¢ direction. The z-strip
pitch is 42 um and the ¢-strip pitch is 25 um. The induced current on the strips is
readout using a hybrid card.

Two different designs were employed during the course of data taking: SVD1 and
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Figure 3.5: SVD1 layout

SVD2. The original design configuration is shown in Fig. 3.5. Either one or two
DSSDs connected to a hybrid unit form a short or long half ladder, respectively. A
hybrid unit is produced by gluing two hybrids back-to-back to read both sides of
the DSSD. Two electrically independent half ladders are then mechanically joined
together to form a full ladder. Full ladders are arranged in three cylindrical layers
placed around the beam pipe at 30 mm, 45.5 mm and 60.5mm from the center.
There are 8, 10, 14 ladders in the inner, middle and outer layers respectively. The
SVD covers the polar angle range 23° < 6 < 139°, which corresponds to 86% of the
full solid angle.

In the summer of 2004 the three-layer SVD was replaced with a newly designed
four-layer SVD, referred to as SVD2. Several improvements were made. SVD2 has a
larger angular acceptance of 17° < # < 150°. In addition, the first layer was moved
closer to the primary interaction point at a distance of 20 mm instead of 30 mm as

before. This was made possible by a significantly smaller beam pipe. The four layers
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Figure 3.6: SVD2 layout

consist of 6, 12, 18 and 18 full ladders. The SVD2 geometry is shown in Fig. 3.6.
More information on SVD1 can be found in references|27, 28] and on SVD2 in

29, 30].

3.3.2 Central Drift Chamber(CDC)

The central drift chamber(CDC) is the core part of the tracking system. It provides
reconstruction of charged particles, measurements of their momenta and also helps
with particle identification by providing the ionization energy loss dF/dzx.

The structure of the CDC is shown in Figure. 3.7. It is a cylindrical drift chamber
filled with a mixture of 50% helium and 50% ethane gas, chosen to minimize multiple
scattering and to provide good dE /dx resolution. The length of the CDC is 2,400 mm,
and the inner and outer radii are 103.5 mm and 874 mm, respectively. It is asymmetric
in the z direction and provides an angular coverage 17° < 6 < 150°.

The CDC consists of 50 anode sense wire layers and three cathode strip layers.
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Figure 3.7: Overview of CDC

The 50 anode layers consist of 32 axial wire layers and 18 small-angle stereo wire
layers. The axial wires are parallel to the z-direction and the crossing angles between
stereo wires and z-direction reach from 42.5 mrad to 72.1 mrad. Axial layers measure
the r-¢ position. Stereo layers work in conjunction with axial layers to measure the
z position. The spatial resolution in 7-¢ is 130 pm, and is better than 2 mm in the 2
direction. There are 8400 drift cells made of one sense wire surrounded by field wires.
Reference[31] provides additional information on CDC.

The CDC is situated in a 1.5 T magnetic field supplied by a solenoid magnet.
The field is nearly uniform and is parallel to the z direction. The charged particles
moving in the magnetic field follow a helical path: circular motion in the r-¢ plane
and motion in a straight line along the z axis. There are five independent parameters
characterizing the helix[32]. Initially, they are fitted from CDC information, then
each track is matched with SVD information to improve the determination of these
parameters.

In addition to track reconstruction, the CDC provides information on the energy
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deposited in the gas by the charged particles. This measurement is taken from the
ionization charge picked up by the sense wires along the particle’s trajectory. Since
dE /dz mainly depends on the velocity of the particle (3 = v/c = p/E), particles of
different mass with the same momentum have a different ionization loss. The value of
dE/dz is obtained using a truncated-mean method in order to remove Landau tails

in the dE/dz distribution.

3.3.3 Aerogel Cherenkov Counter(ACC)

The aerogel Cherenkov counter system is designed for separation of K* and 7% with
momentum between 1.2 and 3.5 GeV/c. It uses the Cherenkov light that is emitted
when a charged particle travels through a medium faster than the speed of light in
that medium. Specifically, for a medium of refractive index n, Cherenkov light is

emitted if the velocity of the particle satisfies:

n>1/8=/1+ (m/p)? (3.1)

where m is the mass of the particle and p its momentum. The emitted light forms a
cone with a half angle equal to:

1
- 2
cos b, e (3.2)

Since kaons are heavier than pions, a kaon of a given momentum travels more
slowly than a pion of the same momentum. So there is a momentum range for which
pions will emit light in the aerogel and kaons will not.

An ACC module(see Fig. 3.8) is a threshold device which just determines the
presence of Cherenkov light. It is made of five aerogel tiles stacked in a thin alu-
minum box. The Cherenkov light is detected by one or two fine mesh photomultiplier
tubes(FM-PMTs) attached directly to the aerogel at the side of the box. If the index
of refraction of the Cherenkov device is chosen appropriately, then at a given momen-

tum, the lighter particles will trigger the ACC module, while heavier particles will
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Figure 3.8: Barrel and endcap ACC modules
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Figure 3.9: The aerogel Cherenkov counter system (ACC).

not. One of the advantages of aerogel is that its index of refraction can be varied in

the production process.

The ACC system consists of a barrel part comprising 960 counter modules (around

the CDC) and a forward endcap comprising 228 modules, as shown in Fig. 3.9. Due

to the asymmetric KEKB beams, final state particles emitted at a small polar angle

tend to have larger momenta than those at large polar angles. To compensate for

that and to allow the optimum separation aerogel modules with different refraction

indices are used.

Additional details on the ACC system can be found in [33].

3.3.4 Time of Flight System(TOF)

The time-of-flight (TOF) system provides additional information for K /7 separation

of charged particles in the low momentum range p < 1.2 GeV/c. In addition to

particle identification, it provides the fast timing signals for the trigger system.
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A TOF module (see Fig. 3.10) consists of two adjacent TOF counters separated
by a 1.5 cm gap from a trigger scintillation counter (TSC). The signal from a particle
crossing the T'SC is used in coincidence with the two adjacent TOF counters to create
a trigger signal. In total, there are 64 TOF modules located at a radius of 1.2 m from
the interaction point covering a polar angle range from 34° to 120°.

Bicron BC408 is used as scintillator material for the TOF system. BC408 is a fast
plastic scintillator with a large attenuation length to meet the design goal of 100 ps
time resolution. Since the TOF system is placed in a magnetic field of 1.5 T fine-
mesh-dynode photo-multiplier tubes (FM-PMT) are used to collect the scintillation
light from the counters. FM-PMTs are mounted directly to the TOF counters to
avoid the use of light guides. This strategy was chosen to minimize the the time
dispersion of scintillation photons propagating in the counters.

The TOF measures the time of flight between a particle originating at the IP and
passing through the scintillator. The mass of a particle of momentum p traveling a

distance L in time 7' is given by:

/1 | T
M=p @—1217 (%)2_1

Fig. 3.11(a) shows the distribution of the calculated mass using the momentum
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Figure 3.11: K* /7% separation performance of TOF system for hadronic particles.

as measured by the CDC and time measured by the TOF for tracks with momentum
below 1.2 GeV/c. The solid histogram represents a Monte Carlo prediction obtained
assuming a time resolution of 100 ps. The three peaks correspond to pions, kaons
and protons. The data points are in good agreement with the expected distribution.
The level of K* /7% separation as a function of particle momentum is plotted on
Fig. 3.11(b). ok and o, are the time resolutions of kaons and pions respectively,
i and p, are the average flight time. The TOF system provides better than 20
separation for particles with momenta up to 1.25 GeV/ec.

More details on the TOF system can be found in [34].

3.3.5 Electromagnetic Calorimeter(ECL)

The main purpose of the electromagnetic calorimeter (ECL) is the detection of pho-
tons and electrons with good energy resolution and position. Most of the photons
produced in the Belle experiment are the end products of cascade decays, and have

energies below 500 GeV. Important two-body decay modes such as B — K*vy and
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B — 7%7° produce photons with energies up to 4 GeV. In order to reduce background
for these decay modes, high resolution is needed. Electron identification in Belle is
mainly done by comparison of the particle momentum and deposited energy in the
calorimeter. Reconstruction of 7%’s involves the separation of two nearby photons,
separated by a small opening angle. Good performance of the ECL over a wide range
of angles and energies is therefore important.

Calorimeters detect the electromagnetic showers produced by electrons and pho-
tons passing through dense media. Electromagnetic showers are the product of re-
peated cascades of pair production and brehmstrahlung. As the shower propagates,
the number of particles produced increases exponentially, with a corresponding re-
duction in the energies of the particles in each succeeding generation. The cascade
continues until ionization losses eventually terminate the shower. In a crystal scin-
tillator such as Csl, electrons and positrons excite the bands in the crystal lattice,
resulting in the subsequent emission of scintillation light in the visible spectrum.

In order to meet the resolution requirement, Belle employs a highly segmented
array of CsI(T1) crystals in its ECL system. The configuration of the ECL is shown
in Fig. 3.12. It consists of a barrel section combined with two end caps, covering the
azimuthal angle range 17° < 0 < 150°, corresponding to a total solid-angle coverage
of 91%. There are 1152, 6624 and 960 crystals in the forward end cap, barrel and
backward end cap sections respectively. The individual crystals are oriented so that
they point almost toward the interaction point. The crystals are tilted slightly to
prevent photons from escaping through the gaps between the crystals.

Each CsI(Tl) crystal has a tower-like shape as shown in Fig. 3.13. The cross-
sectional dimensions of the crystals vary with polar angle 6, but the length of all
crystals is the same and equal to 30 cm. This corresponds to 16.2 radiation lengths
for electrons and 0.8 nuclear interaction lengths for K’s. Each crystal is wrapped

in a 200 pum-thick porous goretex teflon diffusion material for better light collection.
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Figure 3.13: ECL counter module.
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Figure 3.14: ECL energy resolution measured with Bhabha and v+ events.

The crystals are then covered by 25 pm-thick aluminum layers and 25 pm-thick my-
lar sheets for light and electrical shielding. A pair of independently read Hamamatsu
S2744-08 photodiodes is glued at the center of crystal rear end surface via an 1 mm-
thick acrylic plate.

The energy calibration of the ECL is based mainly on using ete™ — efe”
(Bhabha) and ete™ — 4~ events, for which the energy is known as function of
the detection angle. The resulting energy resolution is plotted in Fig. 3.14. See [35]

for more details.
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Figure 3.15: Extreme Forward Calorimeter (EFC).

3.3.6 Extreme Forward Calorimeter(EFC)

The extreme forward calorimeter (EFC) is designed to extend the polar angle coverage
for the Belle detector. Photons and electrons are measured by the EFC in the extreme
forward 6.4° < 6§ < 11.5° and extreme backward angular ranges 163.3° < 6 < 171.2°
can not be detected by the ECL. This additional angular coverage is useful for some
physics processes such as B — 7 and for two-photon analyses.

The EFC is placed around the beam pipe very close to the IP as shown in Fig. 3.15.
Since the radiation level there is very high, bismuth germanate BiyGe3O15 was chosen
as a scintillating material. It sustains high radiation doses and still provides good
energy resolution. Both crystal arrays are made of 160 bismuth germanate crystals
arranged in 32 azimuthal segments and 5 polar segments. The forward and backward
crystals correspond to 12 and 11 radiation lengths. The energy resolution of the
forward EFC was measured to be 7.3% at 8 GeV, while the backward EFC has 5.8%

resolution at 3.5 GeV.
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Figure 3.16: Cross section of an RPC superlayer.

In addition, the EFC is used for the protection of the CDC chamber from back-
ground and online luminosity monitoring based on the well known Bhabha scattering

rate. See [36] for more details.

3.3.7 Kj/Muon Detector (KLM)

Muons and neutral long-lived kaons deposit only a small amount of their energy
in the ECL. Therefore an additional massive detection sub-system was built as the
outermost part of Belle detector.

The KLM detection system was designed to identify K ’s and muons with high
efficiency in the momentum range 0.6 — 5.0 GeV/c. It consists of barrel, forward
endcap and backward endcap sections. The barrel section covers an angular range
from 45° to 125° in polar angle. The endcaps extend this range to 20° < 6 < 155°.
The basic detector element of the KLM is the Resistive Plate Counter (RPC). RPC

modules are interspersed with 4.7 cm thick iron plates. There are 15 detector layers
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Figure 3.17: Schematic diagram of KLM RPCs.

and 14 iron layers in each octagonal barrel section and 14 detector layers and 14
iron layers in each endcap. The iron plates provide a total of 3.9 hadron interaction
lengths of material. In addition to that, 0.8 interaction lengths are provided by the
ECL.

Each RPC module consists of two independent RPCs arranged back to back as
depicted in Fig. 3.16. Each layer is made of two glass plates coated with conductive
Koh-i-noor 3080F ink separated by extruded noryl spacers (Fig. 3.17). A 1.9 mm gap
between the plates is filled with a mixture of the hydrofluorocarbon (HFC) gas R134a,
argon and butane. This non-combustible and environmentally friendly mixture pro-
vides high detection efficiency and stable RPC operation. Each RPC is electrically
insulated with a layer of 0.125 mm thick mylar. A high voltage 8000 V is applied to
the conducting ink layers, which charge the glass plates. Two RPCs are sandwiched
together between orthogonal # and ¢ pickup-strips with ground planes for signal ref-
erence and proper impedance. The whole structure is placed into an aluminum box
less than 3.7 cm thick.

Charged particles crossing the RPC leave a trail of ionization in the gas. This
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results in a discharge between the plates along the ionization trail. Since glass is
a poor electrical conductor, only the charge stored on the plates in the immediate
vicinity of the track is available to the discharge, resulting in rapid quenching. The
orthogonal strips sense the position of the discharge in two dimensions, giving a three-
dimensional hit position. Since the total charge in the pulse depends on the amount
of charge stored on the plates and is largely independent of the amount of primary
ionization, there is no useful information on the energy deposition.

For momenta above 1.5 GeV /¢, the muon identification efficiency is greater than
90%. The K, detection efficiency has been studied using eTe™ — y¢(KsKp) events
and was found to be 50% for K’s detected only in the KLM and 65% when KLM
and ECL information were combined. The KLM angular resolution measured taking
the IP as one end of the neutral track is better than 10 mrad. For more information

on the KLM detector see [37, 38, 39].
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Chapter 4

Reconstruction of B! — ¢Kg

In this chapter we describe the experimental procedure for the reconstruction of
B° — ¢Kg events from the data sample collected by the Belle experiment. We start
with a description of the selection criteria used in the initial eTe™ — ByB, skim.
We then explain the reconstruction of long lived particles like K* and 7. Later we
proceed to reconstruction of the composite particles Kg, ¢ and subsequently to the
reconstruction of the B meson. Finally, we discuss the combinatorial background

contamination and describe techniques for its suppression.

4.1 Hadronic BB Selection

There are a number of other hadronic final state processes besides ete™ — BB at
an energy of 10.58 GeV, some with cross sections comparable to or even large than
that for BB production. The main processes are g7, QED processes like Bhabha or
radiative Bhabha events, ete™ — ptu~ and ete™ — 7777 pair production, two-
photon events. There are also beam-gas backgrounds. The hadronic event skim
“HadronB”[40] is used as a starting point for B — ¢ K reconstruction.The HadronB

selection criteria can be summarized as:

o At least three good charged tracks, satisfying |r| < 2.0 cm and |z| < 4.0 cm
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‘ Process ‘ BB ‘ qq ‘7'—"_7'_‘ QED ‘ ¥y ‘Beam Gas‘
O (@b) | 1.1 | 3.3 | 093 | 37.8 | 1L.1 N/A

e(%) 0.991 | 0.795 | 0.049 | 0.00002 | 0.004 0.09¢ 4
o(nb) 1.09 | 2.62 | 0.05 | 0.001 | 0.04 0.11

Table 4.1: Cross sections and efficiencies of HadronB skim for various processes

at the closest approach to the beam axis and having transverse momentum

pe > 0.1 GeV/e.

There are at least two good ECL clusters within the volume of —0.7 < cosf <

0.9, where “good” means an energy deposition greater than 0.1 GeV.

The total energy of the good ECL clusters in the T (4S) rest frame is required
to be between 10% and 80% of the total energy /s.

The total momenta of good charged tracks and good ECL clusters not associated
with any track in CDC measured in the Y(4S) rest frame has z component

smaller than 50% of the total energy /s

The total visible energy in the Y(4S) rest frame ESMS is greater than 20% of
the total energy /s. Visible energy is defined as the sum of energies of good

ECL clusters and good tracks under the pion mass assumption.

The primary vertex formed by all good tracks must be within 1.5 cm and 3.5 cm

of the interaction point in r and z directions respectively.

The invariant mass of particles found in the hemispheres perpendicular to the

event thrust axis is required to be greater than 1.8 GeV /c%

The average energy deposition of good ECL clusters in the T(4S) rest frame
ESMS /Ngqy, is smaller than 1 GeV.

sum
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ECMS

e The ratio of the heavy-jet mass to the visible energy My;/FE;)"> is greater than

0.25 or the heavy-jet mass is greater than 1.8 GeV/c2.

e The total energy deposition of good ECL clusters (with no polar angle require-
ment) in the T (4S) rest frame is greater than 18% of the total energy /s or the

heavy-jet mass My is greater than 1.8 GeV/c?.

The heavy-jet mass is calculated in the following way. The event is split into
two hemispheres by the plane perpendicular to the thrust axis forming two jets from
the tracks in the same hemisphere. The invariant mass then is calculated for both
jets using good tracks under a pion mass assumption. The larger invariant mass is
considered to be the heavy-jet mass of the event. The heavy-jet mass is essentially
a 7 invariant mass. Thus, the last two conditions pass continuum events if they are
not consistent with a 7-pair event.

Approximate cross sections and efficiencies for the HadronB hadronic skim are
given in Table 4.1. ¢ denotes the continuum production of ee™ — ¢ quark pairs,
where ¢ is one of the four lightest quarks u, d, s or ¢. QED denotes Bhabha (ete™ —
ete™) and radiative Bhabha scattering. The latter includes extra photons and leptons
in the final state. The beam gas background results from imperfect vacuum in the
beam pipe. Beam electrons and positrons interact with molecules of the gas in the
beam pipe, producing charged tracks in the drift chamber. Despite a very large
cross section for Bhabha type events, they are efficiently suppressed by the above
criteria. HadronB skim retains 99% of BB events, while keeping the contamination

from non-hadronic processes smaller than 5%.

4.2 Event Reconstruction

We reconstruct BY — ¢Kg candidates using the following decay sub-channels ¢ —

K+*K~ and Kg — w7~. This requires us to be able to identify charged kaons and
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pions. All good charged tracks are considered to be pion and kaon candidates and go

through the PID algorithm identification.

4.2.1 Identification of Electrons and Muons

Electron and muon candidates are selected from the sample of reconstructed charged
tracks through the imposition of selection criteria. In order to distinguish electrons
from muons and hadrons we exploit the differences in the magnetic shower induced
in the ECL calorimeter, energy loss dE/dz measured in the central drift chamber,
light yield in the Aerogel Cherenkov counters (ACC), and the hit pattern in the
KLM detector. Information is then combined into a single variable using a likelihood
method. We construct different likelihoods for electrons and muons, called EID and
MulD, respectively. We identify the charged tracks as electrons or muons by requiring
that the corresponding likelihood be above a certain threshold.

We use the following five discriminants in the EID likelihood

e Matching between the position of the charged track extrapolated to the ECL

and the measured position of the energy cluster.

e Ratio of the energy measured by the ECL and the momentum measured by the
CDC.

e F9/E25 transverse shower shape parameter: the ratio of the energy in the 3 x 3

and the 5 x 5 arrays of crystals surrounding the central crystal.
e energy loss dE /dz measured in the CDC.
e light yield in the ACC.

Muons pass through the ECL with almost no interaction but leave a track in the

KLM detector. Two discriminants are used for the MulD likelihood:
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e AR, which is the difference between the measured and expected penetration
depth range of the track in the KLM, based on the momentum measured by
the CDC

e X2, which corresponds to the difference between the extrapolated position of
the CDC track into the KLM and the actual position of the associated RPC
hits in the transverse direction. x? is normalized according to the number of

hits associated with the charged track.

See detailed discussion of electron and muon identification in references [41] and

[42] respectively.

4.2.2 Particle Identification of Charged Hadrons

Charged hadron identification in Belle is based on dE/dx measurements in the central
drift chamber, time-of-flight measurements and the response of the aerogel Cherenkov
counters. These three nearly independent measurements provide good separation
between particle species in different momentum and angular regions. Therefore, it
is necessary to combine the sub-detector information in some way, to allow efficient
particle identification for different charge track candidates. As is the case for electron
and muon identification, we use a likelihood method to combine these measurements

into a single cut variable
L(h) = LAC(h) x LTOF(h) x L°PC(h) (4.1)

where h denotes the hadron type K, m or p. To identify kaons and pions we impose

a cut on the corresponding likelihood ratio PID

PID(K) = % (4.2)
L)

PID(r) = S EYC 1— PID(K) (4.3)
_ L(p)

PIDG) = 57 + 20 (4.4)
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In our analysis we impose only a very loose cut on kaons PID(K) > 0.1 to retain
a good efficiency. In addition to the kaon-pion separation requirement, kaon track
candidates must satisfy a proton veto: the proton likelihood ratio PID(p) should be
smaller than 0.95. We also reject charged tracks identified as electrons with corre-
sponding likelihoods greater than 0.99.

We do not impose any PID requirement on pions used to reconstruct Kg. There
the kinematic fit and vertex constraints are more efficient than generic particle iden-

tification. Refer to [43, 44] for more detailed information about PID in Belle.

4.2.3 Kg Reconstruction

The main branching fractions of K¢ meson are

B(Kg — nt77) = (68.95 £ 0.14)% (4.5)

B(Ks — 7°7°) = (31.05 + 0.14)% (4.6)

We only use Kg mesons reconstructed from Kg — 77w~ decay. Neutral pions are
reconstructed from pairs of photons 7% — ~, resulting in four relatively low-energy

photons in the final state. There is also more than one 7°

meson on average coming
from the other B meson. This makes the use of Kg reconstructed from 7%’s to be
technically difficult due to a high level of combinatorial background.

In the reconstruction of Kg we take advantage of its relatively large lifetime. In
general, a Kg travels several cm before it decays (¢7 &~ 2.7 ¢cm). Since the majority of
the charge tracks originate close to the IP, we can easily suppress them by requiring
K children to have a large distance from the IP. In addition to that, the reconstructed
vertex of the Kg decay should be displaced in the direction of the measured momen-
tum of the Kg. These requirements turn out to be much more efficient in separation
of the signal from background than PID, so we do not apply additional PID selection

and take all charged tracks as 7% candidates.

We use the following four variables to select Kg candidates[45]:
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Momentum (GeV/c?) | dr(em) | dp(rad) | z_dist(cm) | fl(cm) |

< 0.5 > 0.05 < 0.3 < 0.8 —
0.5—-1.5 > 0.03 < 0.1 <138 > 0.08
> 1.5 >0.02 | <0.03 <24 > 0.22

Table 4.2: Kg selection criteria.

e dr: the smaller of dr; and dry, which are the closest approach of the charged

tracks to the IP in the x-y plane.

e d¢: the azimuthal angle between the momentum of the Kg and the vector from

IP to decay vertex.

® Zys: the mismatch in the z direction between two daughter tracks at the re-

constructed vertex.

fl: the flight length of the K¢ candidate in the z-y plane.

We split Kg candidates into three categories depending on the momentum in the lab
frame. The selection criteria for each momentum range < 0.5, 0.5-1.5 and > 1.5 are
listed in Table 4.2. We define the mass of the Kg candidate as the invariant mass of

the two charge tracks using the pion mass assumption:

2
M, = ( M2, + | P2 + \/Mg, + |137T|2> —|P + P2 (4.7)

Fig. 4.1 illustrates the invariant mass distribution of Kg candidates after the vertex
constraint. These selections reduce the background in the Kg sample to almost zero.
We require My, to be within 12 MeV/c? of the Kg mass, which corresponds to around

2.50.

4.2.4 B" Candidate Reconstruction

Given reconstructed K, K~ and Kg candidates, we can proceed to the reconstruction

of B — ¢Kg decays. We first reconstruct a ¢ meson from two charged kaons by
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Figure 4.1: Invariant mass distribution of oppositely charged tracks after the K g selection
criteria are applied. The dashed and solid lines represent the fitted curves of signal and
signal plus background events respectively.

requiring the invariant mass of the K and K~ to be within 10 MeV of the ¢ mass:

2
M = (\/M?ﬁ PP+ M2+ |13K|2> —| P+ + PP (48)

Fig. 4.2 shows the invariant mass distribution of the ¢ — KTK~ candidates. At
this point, there is still a large level of combinatorial background. This background
component is dramatically reduced after requiring the event to be consistent with
B — ¢Kg decay. A relatively aggressive cut on My is used to reduce the contribution
of B - KTK~Kg and B® — f°Kg decays, which have the opposite sign of C'P
asymmetry.

B candidates are reconstructed by combining ¢ and K¢ candidates. We use two vari-
ables to select signal candidates: the energy difference AE and the beam constraint

mass My, defined as:

AE = Ej™ — Epos (4.9)
Mye = 1/ (Bgn, )2 = (05)? (4.10)
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cms

where E™ = ,/s/2 is the beam energy in the center-of-mass frame, and E{™ and

cms

pE™ are the cms energy and momentum respectively of the reconstructed B candidate.

Since the B meson pair is created by a beam collision, AF =~ 0 for signal events.
The M, distribution peaks around the real mass of B meson Mp = 5.279 GeV/c?. We
use the beam-constrained mass quantity because it takes into account the correction
due to run-dependent beam energy. Fig. 4.3 shows the distributions of M. and AE
for the signal MC sample. We define the signal region as |[AE| < 0.045 GeV and
5.274 < My < 5.286 GeV/c2.

If there are multiple candidates found in a single event, we select the candidate
with the smallest vertex quality x? for the reconstructed B, meson. If there are
still two or more candidates remaining with the same y? (combination of the same ¢
meson candidate and different K candidates), we use the most probable candidate
based on the information on AE, My, and the invariant mass of the ¢ candidate M.

The secondary x? is calculated as

AEN? My — ME\? | My — MJ\°
X2 = (—) +<7‘“ B) +<7¢ ¢) (4.11)
OAE O My, OMy
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Figure 4.3: AE and M, distributions of reconstructed B — ¢Kg events for signal MC
sample.

where M} and M are the masses of B and ¢ mesons, oag, Ou,, Ou, are the errors

on AE, My, and M, respectively.

4.3 Background Study

The dominant background in the reconstruction of the B® — ¢Kg comes from con-
tinuum e*te~ — ¢ events, where ¢q is the one of the light quark-antiquark pairs with
q = u, d, ¢, s. This type of process occurs in roughly three fourths of all hadronic
events. There are several ways to distinguish signal BB from ¢g events, which take
into account the event topology. Since both B mesons are almost at rest in the Y (4S)
rest frame, there is no preferred direction and their decay products are isotropically
distributed. By contrast, in the case of continuum events, quarks are produced back
to back generating hadronic jets along a single axis. Fig. 4.4 illustrates the topolog-
ical difference between BB and ¢ events. Several variables could be constructed to

quantify the event topology - 67, S| and Fox-Wolfram moments. We investigated
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Figure 4.4: A schematic of the topological difference between e*e~ — T(4S) — BB and
ete™ — gq continuum events. ¢ denotes one of the light u, d, ¢ or s quarks.

them in turn and tried to combine them together to achieve the best separation.

4.3.1 Thrust Angle 0 and Sphericity S|

For a given set of particles with momenta p;, the thrust is defined as the largest

projected momentum along the axis referred as thrust axis:

T = max 2127 (4.12)

where 77 is a unit vector characterizing the thrust axis. The thrust angle 6 is defined
as the angle between the thrust axis of the reconstructed B,.. meson daughters and
the thrust axis of the rest of the particles in the event. For the rest of the particles
in the event we take the remaining charged tracks using a pion mass assumption and

photons with energy greater than 50 MeV. In the case of a jet-like event topology
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Figure 4.5: Distributions of (a) | cos(f7)| and (b) S, for MC signal and MC ¢g background.

the distribution of | cos(f7)| tends to peak near | cos(6r)| = 1, while for a spherical
topology the distribution is flat as shown in Fig. 4.5 (a).

The sphericity S, is calculated as the scalar sum of the transverse momenta of
all remaining particles outside of the 45° cone around the B, thrust axis divided by

the scalar sum of the momenta of all particles, including those outside of the cone

SJ_ = 7Zg:ptl >45O (4.13)

il
Jet-like continuum events are likely to have a large percentage of particles within a

45° cone around the thrust axis of the reconstructed candidate and therefore tend
to have lower values for S, than the signal BB events. Fig. 4.5 (b) illustrates the

difference in S .

57



4.3.2 Fox-Wolfram Moments

The original Fox-Wolfram moments are defined as[46]
Hy =Y |pil[55] Pi(cos 0;5) (4.14)
i,J
where p; and pj are the momentum vectors of particles ¢ and j respectively, 6;; is
the angle between the momentum vectors of particles ¢ and j, P, is the Legendre
polynomial of the order [ defined as

1 d I

Fox-Wolfram moments are usually normalized by dividing the normal Fox-Wolfram

moments by the zeroth moment as
Rl = Hl/H()

We divide all particles in the event into two categories: particles used in the recon-
struction of the B, meson (signal group) and the remaining particles in the event
(other group). Given these two groups we can calculate three sets of modified Fox-

Wolfram parameters with different list of particles used in Eq. 4.14 as

s5 _ 2y [PillP5| Pn(cos i)
n

= piziiial
RSO — > i 1Dl [Pk Po(cos Oi) )
' A .
ROO — > et |Pkl[Di] P (cos Oxr)
! >k k|21

where i, j iterate through the signal particles and k, [ iterate through the other parti-
cles. The momenta used in calculating the RS moments are the same as those used
in calculating the AE and M, variables. We found that R%? is strongly correlated
with AF and My, and therefore is not used for the background separation. Fig. 4.6
shows the distribution of the R5¢ and ROY for n = 1 — 4 for signal BB and back-
ground ¢ Monte Carlo samples. RY9, R§9 and RYY were found to be somewhat

correlated with My, and were also excluded from the separation analysis.
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The R5° moment is particularly useful since it provides the best separation power
among all other moments. For a perfectly spherical event R59 should be equal to 0
and for an event completely collimated around the jet axis should be equal to 1. We
combine the remaining modified moments into a linear Fisher discriminant[47]. We
also exclude R{? from consideration since it does not provide a noticeable mean sep-
aration, in fact, we found it even slightly dilutes the Fisher discriminant. The Fisher
discriminant constructed from Fox-Wolfram moments is called Super Fox Wolfram

(SFW) and defined as
SEFW = a1 RSC 4+ auR% + as RSP + oy, RY° (4.16)

where Fisher coefficients a; are obtained by optimizing the separation between the
signal and background training samples. The distributions of the SFW for MC signal
and continuum background samples are shown in Fig. 4.7 (a). SFW is found to give
better separation between signal and continuum background than using the original
Fox-Wolfram moments. The Fisher discriminant combines the moments in an efficient
way by taking into account the correlation between them. Fig. 4.7 (b) shows the
power separation of the SFW parameter compared to R5°. Each point on this plot
represents the acceptance of the signal and background depending on the parameter
threshold.

In some analyses the SFW is used in combination with | cos(67)| and the sphericity

S| to construct the Fisher discriminant F
F = SFW + as| cos(07)| + agS1

The motivation for this is that using the additional variables in principle should
improve the separation power. We found an extremely strong correlation between the
R5° moment and both |cos(67)| and S| parameters, which is illustrated in Fig. 4.8
and Fig. 4.9. We compared the separation power in the same way as the comparison

between the R5° and SFW and did not notice any improvement. Therefore, we
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Figure 4.7: Super Fox Wolfram separation power.

decided to discard the |cos(fr)| and S, variables in our analysis and use only the

SFW defined in Eq. 4.16 to characterize the event shape.

4.3.3 B Flight Direction and Helicity Angle of ¢ Meson

When a vector J© = 17 Y (4S) meson decays into two pseudo-scalar 0~ B mesons,
the BB pairs are produced as a P-wave state. This results in a differential production
cross section that is proportional to 1 — cos?§z = sin® 0, where 5 is the angle of
either B-meson momentum with respect to the beam axis in the Y (4S) rest frame. The
combinatorial background does not depend on fg and is practically flat. Therefore,
cosfp can be used to further suppress the background. The distribution of | cosp|
is shown in Fig. 4.10 (a) for signal and continuum background MC samples.
Similarly, we can use the helicity angle 05 of the ¢ meson, which is defined as
the angle between the B meson momentum and the momentum of either charged K

daughter in the ¢ meson rest frame. Since the vector ¢ meson decays into the kaons,
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Figure 4.10: Distributions of the B flight direction angle fp and the helicity of the ¢
meson for signal and continuum background MC samples.

which are pseudo-scalars, the angular distribution goes as cos? . The distribution

of | cos@y| is shown in Fig. 4.10 (b).

4.3.4 Likelihood Analysis

We have three uncorrelated variables: SEW, | cos 6| and | cos 0| which have different
distributions for signal and background events. Instead of applying hard cuts on each
one, we combine them to a single variable using a likelihood ratio technique. In this
way, the level of suppression is controlled by only one parameter. In addition, the
background suppression is done in a more efficient way than is the case for separate
hard cuts.

Let us assume that we have an uncorrelated set of variables ¥ = v? with a given set
of probability density functions (normalized distributions) p’(v¢). The N-dimensional

probability density distribution is the product of all pdf’s. For a certain event, the
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probability to have a certain set of values is proportional to
P@) =]r' () (4.17)

Assuming that we have two categories of events—signal and background, we define

likelihood functions in the similar way as the product of normalized distributions
Lsig = Hpéig(vi)
Liig = [ [ Phis(v")

there p;g and p]iOkg are the pdf’s for signal and background events respectively. The
likelihood ratio defined as

LR = = . . . .
Lgg + Lykg Hp;ig(vl) + Hp%kg(vl)

(4.18)

is then the probability that a certain event belongs to the signal category. In the
general case, where there is some correlation between the variables, the likelihood
ratio is not strictly the probability to be a signal event, but it behaves in the same
way and can be used to classify events. The likelihood ratio has another advantage.
If we have two different likelihood ratios LR; and LR, which are constructed from
different sets of variables, a common likelihood ratio LR can be constructed using the

following equation
B LR,LR,
" LRLRy + (1 —LRy)(1— LRy)

LR (4.19)

giving only one variable to control the yield. This equation can be easily extended to
three and more underlying likelihood ratios. Combining SEFW, |cos@g| and | cos 6|
variables gives us the following expression for signal and background likelihood func-

tions

__ SFW |cosOp| | cos 0|
LSig_psig X sig X sig

_ SFW |cosOp| | cos 0|
Lykg = Poxg X Pokg X Phkg
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Figure 4.11: Likelihood ratio distribution made with SEW, | cos§ 5| and | cos | variables.
The solid line shows the distribution of the signal B® — ¢Kg MC and the dotted line shows
the continuum background MC sample.

The combined likelihood ratio distribution for signal and continuum MC samples is
shown in Fig. 4.11. It peaks around LR = 1 for signal and around LR = 0 for
background. We accept events with a likelihood ratio above a certain threshold.
We determine the likelihood ratio threshold from a figure of merit study, where we

maximize the significance value

S
vVS+ B

where S and B are the numbers of signal and background events respectively after all

FOM =

selection criteria. That includes vertexing and flavor tagging selections used in the
C'P fitting procedure described in Chapter 5. We use different LR cuts depending on
the flavor tagging quality of the associated B meson characterized by the r variable.
The values of r range from 0 for a completely ambiguous assignment to 1 when
the assignment is certain to be correct. Events are divided into 6 intervals in the
r variable: 0.0-0.25, 0.25-0.5, 0.5-0.625, 0.625-0.75, 0.75-0.875, 0.875-1.0. There are

different signal-to-background ratios in various r bins. For bins with larger values of
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rbin | 0.0-0.25 0.25-0.5 [ 0.5-0.625 | 0.625-0.75 [ 0.75-0.875 [ 0.875-1.0 | combined
LRcut | >0.48 > 0.37 > 0.37 > 0.44 > 0.36 > 0.17 —
events 78 35 25 23 17 24 202
purity 0.78 0.77 0.79 0.86 0.86 0.92 0.81
fs 1 0.08+£0.01 | 0.0840.02 | 0.09 +0.02 | 0.13pm0.03 | 0.137005 | 0.23 +0.04 | 0.10 £ 0.01

Table 4.3: Event feeds and correspondent purities for optimized LR cuts and different r
intervals

r we are more confident in our flavor assignment. Since the flavor tagging algorithm
was trained on the products of decays of B® and B° mesons, there is a higher chance

that events with large r come from Y(4S) — B°BY decay and not from continuum

qq.

We seek the largest significance S/+/S + B in each r interval by varying the likeli-
hood ratio cut. Fig. 4.12 shows the distributions of the significance depending on the
LR cut for different r bins. The combined purity is obtained from two-dimensional
M, - AF fits for each bin separately by integrating through the signal region. The
functional forms of signal and background distributions are described in Section 5.9.
The result of the fits and full summary are presented in Fig. 4.14, 4.15 and Table 4.3
respectively. The combined purity is calculated as

Z?:l Si
> it (Si+ By)

where S; and B; are the expected numbers of signal and background events in the

p:

correspondent bin. The M. and AFE distributions of the total yield are shown in
Fig. 4.13.

In addition to providing a better yield for the same combined purity, usage of the
r dependent likelihood ratio cut has an another advantage in C'P fitting. It improves
the event yield in intervals with higher r intervals, which are more important in the

calculation of C'P violation parameters.
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Chapter 5

Measurement of the C'P

Asymmetry

In this chapter we describe the analysis procedure for the measurement of the C'P
violation parameters S and A. We use one of the B mesons reconstructed in the C'P
eigenstate ¢Kg (which we will call By..). We identify the flavor of the accompanying
B meson, B, from its decay products. We determine the proper-time interval At
between the decay of the two B mesons from the z displacement of their decay vertices.
Finally, we extract S and the parameters A from the distribution of the proper-time
interval between B,.. and B,s. mesons decays using an unbinned maximum likelihood
fit. We will use a modified theoretical At distribution, which takes into account
the finite resolution of the B meson vertex measurements, possible wrong B, flavor

assignments, and the existence of the background in the data sample.

5.1 Unbinned Maximum Likelihood Fit

Suppose that we have an experiment that has collected N independent events, con-
sisting of a measurement of the quantity z, which may be multidimensional. Assume

that we also know the probability density function (p.d.f) P(z;a) to observe x, where
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a is an unknown parameter and could be also multidimensional. P(z;«) is the same
for all x; from the {z;} set and is normalized to unity. We define the likelihood

function as N
L(a) =[] Plaiia) (5.1)
i=1

The likelihood function can be considered a joint probability density function to
observe this {z;} set of measurements as a function of the parameter «. In the
maximum likelihood method we obtain the estimator & , which maximizes the £(«)
likelihood function with respect to . In practice, it is better to work with In £ instead
of L, to avoid computational problems. Maximization of In £(«) is equivalent to the
maximization of £(«). The usage of In £ has another advantage: in the limit of large
numbers the likelihood becomes Gaussian, and the confidence interval for o’ can be

determined from

—InL()=—-InL(a)+1/2 (5.2)

We use the MINUIT fitting package[48] in order to minimize —In £(«) and obtain

the maximum likelihood estimator .

5.2 Probability Density Function

To use the maximum likelihood method in our measurement, we need to construct a
probability density function for the proper-time interval At. We know the theoretical
PDF given by Eq. 2.41, but we can not use it directly in Eq. 5.1. The observed PDF
will be smeared with experimental uncertainties. The combined PDF can be written

as
P = (1 - f01>(fsigpsig + (1 - fsig>Pbkg) + folPol (5‘3>

where f, is the signal fraction, P is the signal PDF smeared by wrong flavor tagging
and the At resolution, and P, is the PDF of the background. The small number of

signal and background events that have a very large At are described by an outlier
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component with outlier fraction of f, and P, At distribution. The observed signal
probability function is described as the convolution of the theoretical PDF Pg, with
the resolution function Rygg:

Pag(At) = / T (A Py (A) Ry (At — AF) (5.4)

— 00

5.3 Flavor Tagging Algorithm

To measure the oscillation frequency Amy and other C'P violation parameters we
need to know the flavor of the associated B meson at its decay time. The procedure
to determine the flavor of the associated meson is called flavor tagging.

The flavor tagging algorithm is based on the analysis of the particles not belonging
to the reconstructed B, meson, under the assumption that we observe ete™ —
T (4S) — BiecBase event. In order to get a good efficiency, we consider many possible
decay channels of the B mesons. For some flavor-specific decay channels the associated
meson could be exclusively reconstructed, but in the majority of situations we have
only inclusive information about the decay.

We determine the flavor of the B,, meson mainly based on the charge infor-
mation of its final state particles. For example, the charge of the high-momentum
leptons coming from semileptonic BY — XITv or B — XI~v decays provides a
clean B, flavor assignment. Similarly, the charge of the resulting kaons can be
also used, since the majority of them come from BY — X K™ through the cascade
transition b — ¢ — 5. In addition, we can use other discriminant information like
the charge of the medium-range momentum leptons coming from ¢ — sl™v decays,
high-momentum pions produced in B® — D™= (x+, p*, af,etc.) decays, slow pions
coming from D*~ — D°r~ decays and flavor of A baryons from the cascade decays
b—c—s.

Fig. 5.1 illustrates the principle of the flavor tagging algorithm. The process is

essentially a look-up table for the combination of several likelihood quantities, which
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( Information on charged tracks )

Track-level
look-up tables
I Slow pion Lambda I | Kaon Lepton |
Select track Calculate Select track
with combined "q.r" with
largest "r" largest "r"
q.r \(q.r)K/A l q.r

Event-level look-up table

|—> Flavor information "q" and "'r"

Figure 5.1: Schematic overview of the flavor tagging algorithm.

was tuned on a large Monte Carlo sample. The algorithm returns two parameters to
characterize the flavor of the B, meson: ¢ and r. The value ¢ represents the assigned
flavor of the B, meson, ¢ = +1 corresponds to B® and ¢ = —1 corresponds to 5B°
meson. The parameter r represents the reliability of the flavor assignment estimated
from MC. It ranges from 0 for a completely ambiguous assignment to 1 when the
assignment is certain to be correct. For each entry in the table the product of ¢ and

r is defined as

N(B°) — N(B°)
N(B°) + N(BY)
where N(B°) and N(B°) are the number of B® and B° decays respectively in MC

(5.5)

qgxXr=

with this assignment.

Since we use inclusive information for tagging, sometimes we incorrectly assign
the flavor of the B, meson. As a result of wrong tagging assignments, the At time-
dependent distribution is diluted. To avoid systematic bias in the measurement of
the C'P violation parameters one must correctly estimate the wrong-tag probability
w. For this reason we should estimate w using experimental data. If our MC were

perfect, the wrong tag probability would be related to r as

r=1-2w (5.6)
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r range ‘ w; SVD1 ‘ w; SVD2 ‘
0.000 — 0.250 | 0.464 + 0.006 | 0.467 £ 0.005
0.250 — 0.500 | 0.331 + 0.008 | 0.324 £ 0.007
0.500 — 0.625 | 0.231 +0.009 | 0.223 £ 0.009
0.625 — 0.750 | 0.163 + 0.008 | 0.160 £ 0.009
0.750 — 0.875 | 0.109 + 0.007 | 0.101 £ 0.008
0.875 — 1.000 | 0.020 = 0.005 | 0.020 £ 0.005

S UL W N |~

Table 5.1: Wrong tag fractions w; for different tagging = bins. The errors on w; include
both statistical and systematic errors.

First, we distribute events into six bins in r. Then, we determine the wrong tag
fraction w for each r bin directly from experimental data. We use a fully reconstructed
data sample, where one of the B mesons is reconstructed in the flavor-specific final
state DTy, D®*Ex¥ and D**pT. Then, we use our tagging algorithm to assign the
flavor of the other B meson. Due to the oscillations between B? and B° mesons, the
probabilities to observe the same flavor (SF) and the opposite flavor (OF) mesons for

a given At are given by

Psp(At) ~ 1 — (1 — 2w) cos(AmgAt) (5.7)

Porp(At) ~ 1+ (1 — 2w) cos(AmgAt) (5.8)

This results in the following expression for the time-dependent mixing asymmetry

Por — Psr
AAL) = —— =(1-2 AmgA :
(At) Pop  Por ( w) cos(AmgAt) (5.9)

By measuring the amplitude of this asymmetry we can estimate the wrong tag
fraction for each r bin. The result of the fits for all six r bins is shown in Fig. 5.2.
The resulting wrong tag fractions w; are listed in Table 5.1. We have different sets of
w; for SVD1 and SVD2 data samples.

Using w obtained this way, the C'P analysis is not systematically biased due to
the difference between MC simulation and real data. We use the errors on the wrong
tag fractions to estimate the systematic uncertainties on measurement of the C'P

violation parameters A and S.
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0<r<0.25 - 0.25<r<0.5
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Figure 5.2: Measured time-dependent A(At) asymmetries between the SF and OF events
for six tagging r bins. Obtained using a sample there the flavor one of the B mesons is
known and the flavor of the other is determined by flavor tagging algorithm[49].

75



IP profile ‘s - _L

Figure 5.3: Reconstruction of B decay vertices.

5.4 Proper-Time Difference Reconstruction

Since the momenta of the B mesons in the T(4S) rest frame are very small, we can
use the difference of the decay vertex positions in the beam direction to extract the
proper-time interval At. Disregarding the center-of-mass frame momenta of the B
mesons, we can approximate the interval between fully reconstructed and associated
mesons decays At = trec — tase a8

Az _ Azmr

At = =
c(By)r c pr

(5.10)

where Az = Ziec — Zase 18 the vertex displacement in the beam direction.

Fig. 5.3 illustrates the procedure for the reconstruction of decay vertices. We
use the K and K~ charged tracks to reconstruct the vertex position of the Biec
meson. We require tracks to have at least one associated SVD r-¢ hit and at least
two z hits. We impose an IP profile[50] constraint to improve the vertex resolution
and vertex reconstruction efficiency. The IP constraint also allows us to reconstruct
a vertex position for an event with only one good charged track. The IP profile is
run-dependent and calculated using hadronic events for each run. The typical size
of the IP profile is 100 gm in z, 5 pgm in y and 3 mm in z. To take into account
the transverse B° flight length in the r-¢ plane, the IP profile is smeared out by a
Gaussian with ¢ = 21 um when it is used in the constraint vertex fit.

We use all remaining charged tracks with the same SVD hit requirement that was
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used for the B, side in the reconstruction of the vertex position of the associated
B.s. meson. We eliminate track pairs that are consistent with being a K¢ meson
(within +15 MeV/c?) since they do not originate from the primary B, vertex. We
exclude poorly reconstructed tracks which have a position-measurement accuracy in
the beam direction that is worse than 500 ym. We also exclude tracks that are more
than 500 pm away from the fully reconstructed B, vertex in the r — ¢ plane.

Next, we do a iterative IP constraint fit to determine the vertex position of the
associated meson. We repeat the procedure by removing the track that gives the
largest contribution to the reduced x? until the resulting y?/n.d.f. is less than 20
or only one track is left. However, we do not remove the charged tracks associated
with leptons having momentum greater than 1.1 GeV/c in the center of mass frame,
because they most likely come from primary semileptonic B decays. In this case,
we remove a track with the second largest contribution to y?/n.d.f. This procedure
can not completely avoid including tracks coming from the secondary decay vertices,
causing a possible shift of the reconstructed vertex in the flight direction of the parent
particle.

We reject a small fraction ~ 0.2% of the events by requiring that |At| < 70 ps,
which corresponds to ~ 4575. This affects the PDF normalization. In the likelihood

we use the normalized versions of all PDF's defined as:

P(Ar) = — 1A
/ P(AH)A(AL)
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(5.11)

5.5 Resolution Functions

We use an event-by-event resolution function that depends on the errors and good-
ness of fit of the reconstructed vertices. The resolution function is constructed as a

convolution of four different components

Rsig = Rrec & Rasc & Rnp ® Rk (512)
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where R,.. and R, are the detector resolution functions for the determination of the
Zrec aNd Zagc, Rnp additional non-symmetrical smearing of z,s. due to the secondary
tracks not coming not from the associated vertex of the B, meson, Ry is the reso-
lution function corresponding to the kinematic approximation of resulting from the
non-zero momentum of the B mesons in the Y (4S) frame. The overall resolution

Ry (At) is then expressed as

Rug(At) = / / /_ T A AAYAAE") R (A — AY)

% Ruso(AF — A" Ry (AL — A")Ry(A") (5.13)

We use a MC simulation to understand the resolution functions and to determine
their forms. Almost all final parameters of the resolution functions are then fitted

using experimental data.

5.5.1 Detector Resolution Functions

In order to separate the detector-resolution smearing from the smearing due to non-
primary tracks, we use a Monte Carlo sample in which all secondary particles from
B, are generated with zero lifetime at the B, decay vertex. The effects from non-
primary smearing will be discussed in the next section. Fig. 5.4 shows the residual

distributions of z,e. and z,e defined as

02 = 2,70 — 2587 (5.14)

where rec superscript represents the measurement obtained by the vertex reconstruc-
tion and gen represents the position generated by MC, ¢ denotes fully reconstructed
(rec) or associated (asc) B mesons. Solid lines represent the fits to the sum of two
Gaussians. The fitted curves only model residual distributions in the central region
and fail completely for the tails. We also found that the sum of three or more Gaus-

sians does not dramatically improve the picture.
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Figure 5.4: Distribution of §z, for (a) fully reconstructed and (b) associated B mesons.
Superimposed are the fits to the sum of two Gaussians.

We therefore considered more elaborate resolution functions that take into account

the event-by-event z-coordinate error ¢® of the reconstructed vertex. The value of

O.Z

is calculated from the error matrix of the tracks used in the vertex fit and the
size of the IP profile. To construct the functional forms for R,.. and R, we studied
the 6z,/07 pull distributions. In particular, if the o estimation were correct, the
distribution of the ratio of dz,/07 would be characterized by a single Gaussian with
a variance equal to one.

Because of the IP constraint, we can reconstruct a decay vertex position even with

a single track. We considered the single-track and multiple-track cases separately and

came up with different forms of resolution functions.

5.5.2 Quality of Vertex Fit

From a MC study it was found that the residual distributions of z,.. and z,, are
highly depends on the y? of the vertex reconstruction. However, the normal x? of
a vertex fit is found to be highly correlated with the z position of the vertex due
to a very tight constraint in the transverse IP plane. To avoid bias in the lifetime
measurement we introuduce the reduced assessment of the quality projected on the z

direction. We define a new parameter £ to characterize the fit quality as:
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Figure 5.5: The average of (a) nominal x?/n.d.f. and (b) newly defined goodness ¢ de-
pending on the flight length. £ shows no dependence on the distance.

1 ¢ Zhtter — P ’
— arter i elrore 5.15
O (5.15)

i
i=1 <C:boforo

i

where n is the number of tracks used in the fit, 2{ ;. and 2%

are the z positions of
the i-th track at the closest approach to the origin before and after the fit, and e} .
is the error on z{ .. The Monte Carlo simulation in Fig. 5.5 shows that & does not
depend on the B flight length. The goodness of vertex reconstruction parameter, &, is
defined only when two or more charged tracks are used in the fit. If only one charged
track is used, then the vertex position is just the crossing point of the track and IP
profile.

To eliminate badly reconstructed vertices, we accept tracks with & < 100 for both

reconstructed and associated vertex positions zye. and Zagc.

5.5.3 Multiple-Track Vertex Reconstruction

To study the detector resolution functions for multiple-track vertices, we studied the
024/0; pull distributions with similar £ values defined in Eq.5.15. We found that for
each goodness &, 0z,/07 could be represented as a single Gaussian distribution. In
addition, the standard deviation of each distribution has a linear dependence on &.

Fig. 5.6 shows the pull distributions divided by the associated £ with superimposed
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fits to a single Gaussian. The last histogram with £ > 6.0 seems not to be fitted well
to a single Gaussian. The reason is that the last histogram contains vertices with a
very large &, which produces a long tail. Fig. 5.7 shows the standard deviation of the
fitted Gaussian as a function of £.

Based on that finding, we introduce the detector resolution functions for multiple

tracks ROt and RMUIC a5

leﬂt((szrec) = G(ézroc; Srecaroc) (516)

rec

RmU1t(5Zasc) = G(ézasc; Sascgasc) (517)

asc

where S.o. and s,s are first-order polynomials in vertex quality &

Srcc == S?CC _'_ Siccgroc (518)

Sasc = Sgsc + Séscgasc (519)

The scale factors 52 and sé are determined from the lifetime fit to the experimental
data. Fig. 5.8 shows the residual distributions of dz,.. and 0z, with event-by-event
resolution functions R™W and R™W superimposed.

In summary, we use event-by-event resolution functions with dependence on the
vertex quality reconstruction o, and, for the case of multiple tracks, the goodness of
fit £. The resolution functions REW(§2,0.) and R (§z,.) can easily be converted

rec rec

into the At resolution by replacing o} with o, = o7 /(c(87)r).

5.5.4 Single-Track Vertex Reconstruction

The 0z,/0; distribution for single-track vertices is well represented by a sum of two
Gaussians. So we express the resolution Rflgl(ézq) function as the main and tail

Gaussian components

Rzgl(ézq) = (1 = fuait)G(62¢; Smain0y) + frait G(02g; Stait0;) (5.20)
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Figure 5.6: The pull distributions of dz,/0; divided by the goodness of vertex fit &.
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Figure 5.7: Standard deviations of the pull distributions as a function of ¢ for (a) fully
reconstructed and (b) associated B meson vertices.
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Figure 5.8: Distributions of (a) dzyec and (b) dzasc for multiple-track vertices with super-
imposed event-by-event resolution functions.
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Figure 5.9: Residual distributions of (a) d2yec and (b) dzasc for single-track vertices with
Rel and R%8! resolution functions imposed.

where sp.in and s,y are the global scale coefficients common to both reconstructed
and associated B vertices with a single track, and fi,; is the fractional tail compo-
nent. The parameters Span, Stal and fiag are determined from a lifetime fit to the

experimental data. G(x,0) is a Gaussian with zero mean defined as

! ( v ) (5.21)
= exp | —— .
V2mo P\ 20
Fig. 5.9 illustrates the residual distributions of dz, for single-track vertices and the

corresponding resolution functions B8 (§z.) and R:8L(§z.sc)

rec

5.5.5 Smearing due to Non-Primary Tracks

Since we use all charged tracks in the reconstruction of the B,y decay vertex, there
is a bias due to charged tracks not coming from the primary vertex. These charged
tracks are mainly produced in the decays of relatively long-lived charmed mesons.
The vertex reconstruction algorithm rejects some of the non-primary tracks and the
remaining tracks are taken into account by the resolution function.

To study the effects of non-primary-track smearing, we used two Monte Carlo
samples. The first is a standard MC sample. The second sample has the non-primary-
track smearing removed by generating secondary particles from the B,s. meson with

zero lifetime at the B,y decay vertex. We studied the difference between the standard
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Figure 5.10: Distribution of z.. — 22°NP for multiple-track vertex, where 2z2°NP is the
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reconstructed vertex obtained in a MC sample in which non-primary-track smearing is
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Figure 5.11: Non-primary tracks shift z,e. —229NF versus (a) 07, and (b) €ase for multiple-
track vertices.

reconstructed vertex position z,.. and the reconstructed vertex with the effect of non-
primary tracks removed z2NP. The distribution of 6280 = z.. — 22N is shown
in Fig. 5.10. The histogram can be considered as a representation of the resolution
function R,p.

Since non-primary tracks mainly come from the finite lifetime of charm mesons, it

is natural to introduce R, as the sum of the prompt component with no non-primary
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Figure 5.12: Distribution of §2z,s for multiple-track vertices of (a) neutral and (b) charged
B mesons with superimposed Rasc ® Rup-

track smearing and two lifetime components as

Rnp(5Za5c> = fé(s(ézasc) + (1 - f5> [prp(azasc; C(ﬁV)TTfp)_'_

+(1—=fp) En( 2ase; c(ﬁy)wﬁp) (5.22)

where §(0z,sc) is the Dirac d-function corresponding to the prompt component, fs is
the fraction of the prompt component, f, is the fraction of the FE, component, 77

and 7, are parameters of the lifetime components. E, and E, are defined as follows

1
E,(x;1) = — exp <—§> for x > 0, otherwise 0 (5.23)

1
E,(xz;7) = —exp <+£) for x < 0, otherwise 0 (5.24)
T T

As in the case of the detector resolution functions, we studied the vertex position

shift 6zNF

ase associated with non-primary tracks as a function of o7, and .. Fig. 5.11

asc

NP

shows that there is also a linear dependence of 0z

on vertex error and goodness of

fit. Consequently, we define 77 and 7,7, as

P _ 3 0 1 2
7—np - Sasc‘Tp + 7-10 (10 - Sascgasc)o-asc| (525)
no_ 3 .0 1 2
Tnp - Sasc|7—n + Tn(lo + SascgaSC)O_aSC| (526)
010 1 et 2 3 :
where 7,,7,,7, and 7, are lifetime parameters, s;.. and s, are scaling factors. All of

noNP
asc

these parameters are obtained from the fit of 0 zasc to the R,sc @ Ryp. First, we fit 02
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The events where z,q. < zSS%NP are excluded.
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Figure 5.14: Distribution of §zas. for single-track vertices of (a) neutral and (b) charged
B mesons with superimposed Rasc ® Rnp.

to the event-dependent R, detector resolution to obtain the s2.. and s2,. parameters.
Then, we fix the parameters of R, and fit dz,. to the convolved resolution function
Rysc ® Ryp, to determine the parameters of R,,. The result of the fit and the residual
distribution of z, are shown in Fig. 5.12 for neutral B° and charged B~ mesons. We
use different R,,, parameters for neutral and charged B mesons because the yields of
each charmed meson D°, DT and D] are different. This produces the difference in
the effective resolution shape R,p.

For single-track vertices the goodness of fit £, is not defined. We checked the
correlation between the non-primary track displacement §z\F

. and o7 . and also found
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BY/BO BY /B~
Parameters single multiple single multiple
fs 0.69270055  0.557 70010 1°0.7127008T  0.49270050
f 0.79170:000  0.940%3:992 | 0.80375:011  0.94670-502
7! 0.4581391% 00507595 | 0.30275:049  0.047+5-963
7l 1.32670:068  0.704+0914 | 113979961 0.609+3913
70 0.29370:057  0.044759% 1 001370052 —0.051 13932
7l 1.49870-12 9 9g7+0071 | 1 78070193 1 35140072
Sasc 0.060 0116
Shsc 0.930%567

Table 5.2: The list of fitted parameters of Ry, determined from SVD1 Monte Carlo.

BY/BY BT /B~
Parameters single multiple single multiple
fs 0.77770030  0.393750% 1 0.71070%9%  0.327° 015
f 0.774502  0.7747590% 1 0.76910022  0.76275-00¢
7 1.31970030  0.13210052 | 0.934150%  0.12240008
7l 0.0005:9%  0.68079:912 | 0.000+39%9  0.572+0:018
70 0.638700%2  0.151790%% | 0.51970110  0.10870:013
7l 0.00075:99  0.67379:913 | 0.000+39%0  0.62975:020
Sase 0.0980:005
Shse 0.9505, 154

Table 5.3: The list of fitted parameters of Ry, determined from SVD2 Monte Carlo.

the linear dependence as illustrated in Fig. 5.13. We define 77 and 7 for the case

of single-track vertex as

Th = bl Ty 4 T Oascel (5.27)
Thy = Sase| T — T Oascl (5.28)

The residual distribution of z,s. and the fitted distribution of R, ® Ras for single-
track vertices are shown for B and B~ mesons in Fig. 5.14. The fitted parameters
of R, resolution function for SVD1 and SVD2 samples are listed in Table 5.2 and

Table 5.3 respectively.
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5.6 Kinematic Approximation

In the measurement of the proper-time difference At we use a kinematic approxima-

tion, that does not take into account the non-zero momentum of B mesons in the

T(4S) frame

Zrec T Rasc
At ~ ——

c(By)r

The resolution function Ry associated with this approximation can be calculated
analytically as a function of '™ and cos 03" from the kinematics of the two-body de-
cay, where E3™ and cos 03" are the energy and polar angle of the fully reconstructed

Brec meson in the T(4S) rest frame. The difference between the approximation given

above and the true proper-time interval At ue = trec — tase Can be expressed as

Zrec — Rasc

r = At — Attrue = W - (trec - tasc)
o C(ﬁV)rocth - C(ﬂV)asctasc
- C(ﬁfy)T - (trec - tasc)
_ (B7)rec _ } _ [(ﬁV)aSC _ }
- { Gor T (G (5.29)

where (07)reec and (37)asc are Lorentz boost factors of Bye. and By respectively given

by

B E%ms pCBmS cos QCBmS

(B7)rec = (B7)x (mBCQ + mpchy (5.30)
B E%ms pCBmS cos QCBmS

(B7)ase = (67)x (chz — (5.31)

cms

Defining a = E$™/(mpc?) ~ 1 and ¢, = p3™ cos 05" /(mpcBy), x can be written in

terms of a; and ¢, as
x = (ar + cp — Ditvee — (g — ¢t — Dtase (5.32)
The probability density function to observe t,.. and .. is given by

1 troc tasc
Ptrue(trewtasc) = P(trec)P(taSC) = 5 €Xp (_L) (533)

t2B B
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Figure 5.15: Distribution of x = At — Atue with Ri(z) superimposed.

Then the probability of a proper-time interval At is
+oo +oo
F(Attrue) - / dtrec/ dtascptrue (treca tasc)é(Attrue - (trec - tasc)) (534)
0 0
The simultaneous probability of getting x and At is

+oo +o0o
F(SL’, Attruo) = / dtrec/ dtascR:ruc (trocv tasc>5(Attruc - (trcc - tasc)) X
0 0

X5(l’ — [(ak + Cp — 1>trcc — ((Zk — Cr — 1>tasc]) (535)

Next, Ri(z) can be analytically calculated as Ri(z) = F(z, Atyue)/F(Atirue), which

gives the following expression

E,(x — [(ar — 1) Atirue + | Atpel]: lck|m8) (e > 0)
Ri(r) = § 6(z — (ap — 1)Atirue) (cy =0) (5.36)

E,(x — [(ar — 1) Atirue + k| Atgel]; |cklm) (1 < 0)
Fig. 5.15 shows the distribution of the difference between the approximate and true
values of the proper-time interval At — At with Ry(x) superimposed. In practice,
we deal with the convolution of the Ry (z) resolution function and the theoretical

distribution Pgg(Atirue). For example, in the decay of two B mesons observed the
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P(At) distribution is given by

—L_exp __ A At >0
P — Pa o iy — T (i) (820

— ) (At < 0)

(5.37)
1
2a,TB exp <_ (ap—ck)TB

More generaly, when the probability to observe t,.. and t.. is given by

1

Ptrue(trew tasc) = 5 €&Xp <_

. tI‘OC _'_ tasc
th

) g(trec - tasc) (538)
B

we get the same expression for Ry(z) as given by Eq. 5.36. Therefore, the Ry reso-
lution function thus obtained can be applied to B® — BY mixing and C'P asymmetry

distributions.

5.7 Outliers

Even after adding resolution smearing to the theoretical At distribution, there still
remains a very long tail that can not be described by the resolution functions dis-
cussed above. We introduce an additional outlier term to the observed probability
distribution function P(At). An outlier term is represented by a single Gaussian with

zero mean and a very large standard deviation
Py (At) = G(At, 04) (5.39)

Since this Gaussian outlier has a width of about 40 ps, we neglect the lifetime con-
volution and other resolution components. This long tail is thought to be caused by
the mis-reconstruction of the tracks and attributed to both signal and background
events. Therefore we introduce the outlier term as a third component of the P(At)
in the Eq. 5.3. We use different outlier fractions f, for events where both z,. and
Zasc are reconstructed using two or more tracks, and events where at least one of the

vertices is reconstructed using a single track.

91



5.8 Background Shape

For the B® — ¢Kg decay mode, the background is dominated by the ¢g continuum
process and the contribution from feed across modes is negligible. We model the
background PDF P, (At) distribution in a way similar to the signal. The background
distribution is the convolution of the physical distribution Py, and the background

resolution function Ry,
Porg(At) = / d(At") Pokg(At") Rpkg (At — At') (5.40)
The physical distribution consists of a prompt component with non-zero mean and a
shifted lifetime component
1 At — i,
Poke(A) = fI90(AL — p5) + (1 — f7*¥) —— exp (-M) (5.41)
2Thkg Thkg
where f5 is the fraction of prompt component, us and ., are the offsets of the prompt
and lifetime components, respectively. We use a double-Gaussian for the background

resolution function

Ring (At) = (1 — fEB)G (AL 50 0v) + FUEG (At spfo) (5.42)

) “main

where fi.; is the fraction of the Gaussian with a larger standard deviation, o is

a common vertex error defined as oy = /0%, + 0%.. We used different values for
bkg bkg bkg bkg . . .
S Stails Jeails fs  depending on whether both vertices are reconstructed with two

or more tracks. The parameters of the background distribution Py, are determined
from the unbinned maximum likelihood fit of the At distribution of the events in the
sideband region of real data. For this fit we used a modified background distribution

with added outlier component
Fg(At) = (1 = f5) P (A) + fo1Po(At) (5.43)

We use different sets of the parameters for SVD1 and SVD2 data. The result of the
separate fits are listed in Table 5.4. Fig. 5.16 shows the background distribution At

with the fitted curves superimposed.
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Figure 5.16: Background At distribution for B — ¢K¢ mode

‘ Parameter ‘ SVD1 ‘ SVD2 ‘
(S )mute | 0865057 [ 1.38%00¢
(Stai%)mult 1861—82(2) 3381—8%3
(Foitmae | 0.80%088 | 0117605
(f5 e | 07750 | 0552000
(Sme)sgt | 11370734 1077510
(spui)ss | 2407055 | 455038
(foit)sa | 017205 | 0.23%501
(£2%) a1 0.78t(8)é§ 0.42t§;%
T}élf{gg(ps) 1.27J_r08%28 0.75 010
1ty 2(ps) | —0.04875 0o —0.032*0 017
pe(ps) | —0.048¥5:055 | —0.03250:5;7

Table 5.4:

Background shape parameters for the BY — ¢K, mode.
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5.9 Signal Probability

We introduce a signal fraction in the proper-time At distribution given by Eq. 5.3.
We use the event-dependent signal probability fraction fg(AE, My.) based on the
AE — M, distribution of signal and background and the measured values of AFE
and M. in the event. To maximize the sensitivity of the C'P analysis, different
fractions of signal distribution are used for each of the six r bins, while the signal
and background AFE — M, shapes are assumed to be the same for all bins. In total,
there are six parameters to represent the signal and two to represent the background
shape distributions.
The two-dimensional probability density distribution in terms of AE and M, is
given by
PAE, My) = fupsg( A Mic) + (1= £)prig (AE, M) (5.44)

where f; is the signal pdf amplitude and pg, and puke are normalized probability
density functions of signal and background distributions respectively. We model the
signal probability density distribution as a double Gaussian in AE with the same

non-zero mean and a single Gaussian in M,

Psig(AE, Myo) = | fPG(AE; p5F o™ ) +(1 — fMMG(AE; ps?, o) | x

% G(Muc; py", 03") (5.45)

main and O.tail are

where fm is the fraction of the main Gaussian component, o@ .

the standard deviations of the main and tail components, respectively and p2F is the
common mean. The background distribution is modeled with a first-order polynomial

in AE and the ARGUS function in M,
pbkg(AE, Mbc) = (1 + (ZoAE> X AI'(MbC) (546)

The ARGUS function Ar(M,.) is defined as[51]

a—o Mpe )2 Mc 2
AI‘((MbC)) = Mbce (Ebcam) \/1 — ( b ) (547)

Ebeam
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| Parameter | B’ — ¢K, | BT — ¢K~ |
fs 0.098£0.008 | 0.068 & 0.005
[l 0.004 £0.001 | 0.001 = 0.001
opain 0.013£0.001 | 0.015+ 0.001
ot 0.041£0.001 | 0.049 +0.002
main 0.830 £ 0.003 | 0.917 £ 0.001
i 5278 £0.001 | 5.27940.001
oMo 10.0024 £ 0.0002 | 0.0024 £ 0.0001
ag 1.12 4+ 0.22 1.07+0.13
o —28.3+2.8 —29.94+ 18

Table 5.5: Signal probability parameters for B — ¢K, and B* — ¢K* decay modes.

where Epeam is the energy of the beams in the T (4S) center of mass frame, « is
a floating parameter obtained from the fit. FEye.n is also a cut-off of the ARGUS
distribution, which extends as Ar(M,.) = 0 for all Mp. > Epeam- We perform a
two-dimensional My,.-AE unbinned maximum likelihood fit to determine parameters
of the signal and background shapes. Then, we fix all parameters except the signal
amplitude f; and repeat the fit for six bins to determine all corresponding signal
amplitudes.

Given the shapes of the signal and background distributions the sample purity

can be calculated using the integrals over the signal region as

b I Josgnar fPsial AE, Myo)dAEdM,
f fsignalp(AEv Mbc)dAEdec

(5.48)

The event-by-event signal fraction fgg is then calculated as a function of AE and M,

as

_ fspsig(AEyMbc) o
fSlg(AE7 Mbc) - p(AE, Mbc) -

o Ppélg(AE7 Mbc)
Ppéig(AE7 Mbc) + (1 - P)p{)kg(AEa Mbc)

(5.49)

where pl,(AE, My.) and py,, (AE, My.) are signal and background density functions
which are normalized in the signal region. The result of the 2D fit for B® — ¢K,

is shown on Fig. 5.17. We use a different set of parameters for B — ¢K, and
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(a) Probability density distribution. (b) 2D AE, My, distribution.

Figure 5.17: Fitted 2D probability density distribution.

B* — ¢K* decay modes. The fitted signal probability parameters are presented in
Table 5.5.

5.10 Validity Check

To avoid human bias in the measurement of the C'P asymmetry we used a blind
analysis technique. The idea is to hide some part of the data on which the result
is based. The final measurement of the C'P parameters is done as the last step of
the analysis after determination of all procedures and parameters. No changes are
allowed after opening the box. In our analysis we initially set the tag of the B
meson at random. The C'P fitting of the data sample was done after performing of
several consistency cross-checks of the proper time At reconstruction and the C'P

fitting algorithm.
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Parameter ‘ SVD1 ‘ SVD2 ‘
0 0.702752%2 0.652F020
sl 0.13210:027 0.125+3:031
9. 0.698$§;§§ 0.760£§;§§§
Sasc 0.0507¢ 025 0.0457 ) 021
Smain 1111—831 1021—83?
Stail 10.073:3 419758
Frai 0.03550:008 | 0.08710:03
Ool 44-5J—r(159§9 35.5%%
mlt 0.0003570:0%04 | 0.0003610-9902
£ 0.012°000; | 0.01870003

Table 5.6: Detector resolution parameters for SVD1 and SVD2 data samples.

5.10.1 Lifetime Fit

The detector resolution function is as broad as the lifetime distribution being fitted.
Therefore, the uncertainty in the detector resolution parameters can be the dominant
part of the systematic error. To reduce the dependence on the MC sample, we deter-
mine these parameters from a B meson lifetime fit to real data. In this fit we fix the
parameters of the R, resolution determined from the fit of the MC sample. Since we
use the common resolution parameters for neutral and charged B mesons we perform
a simultaneous lifetime fit. The detector resolution parameters resulting from the fit
to the B® — DW=x%, D*=p* DW=I*y J/pK,, J/K*° and BY — D+, J/pK+
decays are presented in Table 5.6.

The parametrization of the resolution functions and background shapes are checked
by the lifetime fit of the B — ¢K, and B* — ¢K* candidates. The reconstructed
At distributions with the fits imposed are shown in Fig. 5.18. The measured B° and

B* lifetimes are
Tpo = (1.637013) ps
Tp+ = (1.53%017) ps
where the errors are statistical only. Both lifetimes are consistent with the world
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Figure 5.18: The reconstructed At distribution of B® — ¢K, and B* — ¢K* candidates.
Solid lines show the result of the fit.

average values|[14] and suggests that the At reconstruction is correct.

5.10.2 Linearity Check

To check the determination of the C'P violation parameters, we generated twenty
one GEANT Monte Carlo samples with generated values of the & parameter ranging
from —1.0 to 1.0 in steps of 0.1. We examined the consistency between the input
Sgen and the fitted Sgy values of the C'P asymmetry. In this test the corresponding
MC detector resolution parameters were used. Fig. 5.19 illustrates the dependence
of the fitted versus generated values for the S parameter. The result of the linear
fit gives 1.01 4+ 0.02 for the slope term. We conclude that there is no noticeable
bias in the C'P fitting procedure. Fig 5.20 illustrates the asymmetry plots for the
sample with generated value Sge,, = 0.7. The raw symmetry in each At bin is defined
as (Ny=41 — Ny=—1)/(Ny=s1 + Ny=—_1), where N,—; and N,__; are the number of

observed candidates with ¢ = +1 and ¢ = —1 respectively. The data points are in a
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n 1 x2/ ndf 19.5/19
Offset -0.000938 + 0.005502
Slope 1.02+0.01

0.5

gen

Figure 5.19: Linearity check plot using signal GEANT MC for B® — ¢K, decay. The
data points show the generated (horizontal) and fitted (vertical) values of the S parameter.
The solid line is the result of a fit of the straight line to the data points.

complete agreement with the expected distributions.

5.10.3 Asymmetry of the B* — ¢/K* Control Sample

We performed a C'P fit on the accompanying control sample for charged B — ¢K*.
The asymmetry term S vanishes for this decay mode, but a non-zero value for the
direct C' P asymmetry term A is allowed. The same analysis procedure was applied for
this decay mode with the set of parameters corresponding to the charged B mesons.

The measured C'P asymmetry found to be consistent with zero

Spr+ =0.02£0.24

Agcs =024 +0.17

Fig. 5.21 shows the corresponding asymmetry plots with results of the fits superim-
posed. Setting the tag of the associated B, meson in B° — ¢K, decay at random

effectively produces a sample with no C'P asymmetry. The blinded ¢ K, sample shows
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Figure 5.20: Asymmetry plots for B — ¢ K, GEANT MC sample with generated S = 0.7.

an absence of a C'P asymmetry as well.

5.11 Correction Due To The B' — KTK K, and
B" — f,K, Contribution

So far we have considered B® — ¢ K as the only peaking source. In actuality, there is
some contribution from non-resonant B — Kt K~ K, and B® — f,K, events, which
has the opposite C'P eigenvalue of £ = +1. This effectively offsets the observed C'P
parameters

S =(1—-2f41)S

AP =(1—2f11)A
where S and A are the actual C' P parameters corresponding to the BY — ¢K decay
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Figure 5.21: Asymmetry plots for B¥ — ¢K* decay.

and f.; is the fraction of the £ = +1 component. To estimate the non-¢ contribution
to the signal PDF we studied an extended region of invariant mass of the charged
kaons. Fig. 5.22 shows the M (K™ K~) distribution after all selections except the ¢
mass cut. We estimated B yields from the My.-AFE fits of the regions just below
the ¢ mass M(KTK~) — M, < —20 MeV/c* and above a ¢ mass 20 MeV/c¢* <
M(KTK™) — M, < 60 MeV/c?2. We found 2.9 + 2.6 and 35.0 & 8.0 events after
B® — ¢K, subtraction in the lower and upper ¢ mass regions respectively.

Events in the region above the ¢ mass are dominated by non-resonant B° —
K*K~ K, decays. The contribution from the f; in general is small and concentrated
mainly in the low K™K~ and ¢ regions. To first order its contribution to the upper ¢
mass region is negligible. We assume that the yield in the upper region is accounted
for only by the KK~ K, events. After the subtraction of the projected contribution

of the KT K~ K events in the low ¢ region we calculated the feed across of the fo K to
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Figure 5.22: Distribution of the invariant mass of charged kaons after all selections.

be equal to 0.30t§;§, consistent with zero. This confirms that our assumption that the
contribution of fy events in the upper mass region is negligible. Finally, the estimated
yields of B® — K™K~ K, and B — fyK, events in the ¢ mass region are 8.4 4= 1.9

and 0.4fg:2, respectively. The corresponding fractions are

frxr, =51+£12%
Frox, = 0.2153%
Since the contribution from fy K decays is consistent with zero, we treated it as just

an additional source of the systematic error. The errors of the obtained fractions were

used for the systematic error study.

5.12 Fit Result

After determining all parameters and completing the cross-check studies we performed
the final maximum likelihood fit of the B® — ¢K data sample. In this fit we fixed

the BY lifetime to its world average value 750 = 1.532 £ 0.009 ps. The resulting C'P
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asymmetry parameters S°* and A4°* before K+ K~ K, correction are

S°P% = (.50 + 0.31

AP = (.18 & 0.20

The quoted errors are statistical only. We found that those errors are consistent
with errors estimated by the toy MC study. In these pseudo MC experiments we
generated At and flavor tag values for the B,,. meson according to the measured
values of the C'P asymmetry and then smeared them with the detector resolution
and flavor assignment errors. We did not notice the effects discussed in Appendix A
mainly due to the fairly large statistics and the input C'P parameters being far from
the physical boundary.

Fig. 5.23 shows the —2In(L/L,,.x) distribution as a function of the & and A
around the fitted values. Fig. 5.24 (a) illustrates the difference in At distribution for
events tagged as ¢ = +1 (B°) and ¢ = —1 (B°). The raw asymmetry between B°
and B° tagged mesons is shown in Fig. 5.24 (b) with the fitted curve superimposed.

The observed term A is consistent with zero and indicates the absence of a direct

CP asymmetry in the current data set.

5.13 Systematic Uncertainties

The uncertainty in the parameters and shapes of distributions such as the signal
fraction, the vertex resolution and the background results in a systematic error in the
measurement of the C'P parameters. The effects of all parameters included in the
fit are studied by varying their central values and repeating the C'P analysis. Below
is the description of all sources of systematic error we considered and the procedure
used to determine their contributions.

Vertex Reconstruction

Systematic uncertainties corresponding to the vertex reconstruction are studied
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Figure 5.24: Asymmetry plots for B — ¢K.
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by varying the track and vertex selection criteria. The following components were

considered:

e We use an IP constrained fit in the determination of the position of both B
mesons. The IP profile is smeared due to the finite B meson lifetime. We varied
the transverse x-y smearing by +10 um to determine the change in measured

C'P parameters.

e Only tracks with |dr| < 0.05 cm and o, < 0.05 cm are used by the tag side

vertex algorithm. We varied these two parameters by £0.01 cm.

e The vertex quality parameter £ depends on the track reconstruction errors.
The measured errors are corrected by a tracking error matrix determined from

cosmic muon data. The C'P fit is repeated with this correction removed.

e Small biases in the Az measurement of the reconstructed ete™ — ptpu~ have
been observed. The contribution to the systematic error is determined by re-
peating the C'P analysis after applying a special correction to the reconstructed

charged tracks.

e We select events with vertex quality parameter & < 100 for reconstructed and

tagging sides in the C'P fit. This requirement is varied from £ < 50 to £ < 200.

e The reconstructed proper time At is required to satisfy |At| < 70 ps. This
selection also affects the PDF normalization. We varied it by 30 ps to determine

its systematic error.

Flavor Tagging

The systematic uncertainty in the flavor tagging is determined by varying the
wrong-tag fraction of each r bin by its error, given in Table 5.1. The combined
deviations are added in quadrature.

Resolution Function
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The resolution function plays an important role in the time-dependent C'P anal-
ysis. All parameters of the resolution function are in turn varied by +o from their
nominal value except for the parameters of R,, component, which are determined
from Monte Carlo. They are varied by +20 to take into account the difference in MC
and real data.

Physics Parameters

In the nominal C'P fit physics parameters such as the B lifetime 750 and Amyg are
fixed to the world average values 750 = 1.532 & 0.009 ps, Amg = 0.505 £ 0.005 ps~!.
Each parameter is varied by its error.

Possible Fit Bias

Large statistics MC samples were generated to check if there is any possible bias
in the C'P analysis procedure. We found that reconstructed C'P parameters are
distributed around their input values. Some bias can occur if the measured C'P
asymmetry is close to the physical boundary.

Background Fraction

The signal probability fraction depends not only on the uncertainty in the deter-
mination of the signal PDF fraction, but also on the uncertainty in the signal and
background My.-AFE shapes. All parameters are varied by their statistical errors ob-
tained from simultaneous M.-AFE 2D fit which are summarized in Table 5.5. The
effects of contributions from B° — K+*K~K, and B’ — f°K, decays have been
discussed in Section 5.11. The errors in fractions of these decay modes affect the
correction coefficient.

Background At Distribution

The PDF of At distribution has been discussed in Section 5.8. The systematic
error due its uncertainty is estimated the same way: all parameters are individually
varied by their errors.

Tag-side Interference

The effect of the interference between CKM-favored and CKM-suppressed B — D
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‘ ‘ ) ‘ 0A ‘
Vertex Reconstruction +0.01 | +0.02

Flavor Tagging 4+0.01 | £0.01
Resolution Function +0.05 | £0.02
Physics Parameters +0.01 | £0.01

Possible Fit Bias 4+0.01 | £0.01

Background Fraction 40.03 | £0.01
Background At Distribution | 40.01 | £0.02
Tag Side Interference +0.01 | £0.03
total +0.06 | £0.05

Table 5.7: Summary of the systematic uncertainties contributions on the time-dependent
parameters S and A. Each entry represents the cumulative uncertainity by adding each
contribution in quadrature.

transitions in the tag side final state[52] has been studied. There is a small correction
to the signal At distribution from the interference term. The size of the correction is
estimated using the B — D*~[*v sample. The systematic biases in the C'P asym-
metry are analyzed from the MC sample with the corrected PDFs. The systematic

shift in S is found to be negligibly small but sizable in the A term.

The result of the systematic study for each source of the systematic error is sum-
marized in Table 5.7. By adding all components in quadrature we obtain the following

combined systematic errors:

o™ =0.06
o™ = 0.05
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Chapter 6

Conclusions

Using the data sample of 492 fb™! (which corresponds to 535 million BB pairs)
collected with the Belle detector at the asymmetric KEKB accelerator working at the
Y (4S) production energy, we reconstruct 202 good B — ¢K, decay candidates used
in the C'P fit with an estimated purity of 81.2%. The time-dependent asymmetry
parameters S and A are extracted from a maximum likelihood fit to the proper-time
interval between the two B candidates. The observed C'P asymmetry after correction

due to the B® — K+K~ K, contribution is:

S = 0.55 £ 0.31(statistical) £ 0.06(systematic) (6.1)

A = 0.18 £ 0.20(statistical) 4 0.05(systematic) (6.2)

In the Standard Model the & parameter is expected to be equal to the sin 2¢; pa-
rameter of the Unitarity Triangle corresponding to the Cabibbo-Kobayashi-Maskawa
matrix. This parameter has been measured precisely in B® — J/¢K, and other
ccK™0 transitions and is considered to be the primary measurement of the sin 2¢,
parameter. Our result is consistent with its current average of all charmonium modes
sin2¢; = 0.685 £ 0.032[53]. Fig. 6.1 illustrates the averaged results of the sin 2¢,
measurements with various b — ¢gs modes. For each of these modes the expected Sy

is given by —&; x sin 2¢, where £ is the C'P eigenvalue of the final state f. Averaging
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Figure 6.1: Comparisons of averages in different b — ¢gs modes.

over all b — s-penguin modes is done assuming that there are no contributions to
the decay amplitudes with non-zero weak phases. Although this assumption is valid
to a very good approximation for B® — ¢K, decay, it may be severely violated in
some other modes, especially in non-ss-resonant states, such as B® — 7°K,, wK, and
K+*K~ K, decays.

The parameter A corresponds to (|A|> —1)/(J]A|>+ 1) in the SM and is consistent
with zero. This shows that there is no observed direct C'P violation in B° — ¢K,
decay mode in the current data sample.

There are other measurements of Unitarity Triangle parameters beside sin 2¢q,
which allow us to check the consistency of the KM mechanism. This is done by
the CKM fitter group[54]. Fig. 6.2 shows the rescaled version of the triangle under
constraints f rom the current measurements. The apex of this triangle is located at
(p+17) in a p-17 complex plane. The other constraints are obtained from the following

measurements:

109



e ¢, is measured using time-dependent C'P analyses in b — wu transitions like

B —7tr, %% ptpm.

e (3 can be measured using time-dependent C'P analyses in b — cud transitions
like B — D*nT, which provides the measurement of sin(2¢; + ¢3). It can
be directly obtained from the rate and asymmetry measurements of B~ —
DS}),K(*)_, where the D™ meson decays to CP even (Dg}),+) and CP odd (DS}ZQ
eigenstates[55, 56.

o |V,p| is measured using inclusive and exclusive semileptonic B decays, involving

b — wu transition.

e |V.,| is measured using inclusive and exclusive semileptonic B decays, involving

b — ¢ transition.

e |Vi4] can be obtained from the measurement of B meson mixing. For example,
BY mixing is governed through the box diagram and Amy oc |ViViq|. The
uncertainty in Amyg can be translated into an uncertainty in Viq. The recent
measurement of the mixing in B? mesons dramatically improves the uncertainty
in Viq. Fig 6.2 shows the constraint of the V4 based on the measurement of the
Amy alone together with the combined constraint using both Amg and Am,

measurements.

e Another constraint can be obtained from the measurement of indirect C'P vio-
lation in the neutral K meson system. The € constrains the apex of the Unitary
triangle to lie on a hyperbola. The width of this hyperbola comes mainly from

the uncertainty of the hadronic matrix elements.

At this point there seems to be no clear evidence of discrepancies between the
experimental measurements and the Standard Model. Our measurement of sin 2¢,

lies only 0.440 away from the average from the charmonium modes[57, 58]. It is
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Figure 6.2: p-ij plane with constraints from different measurements.

also in a good agreement with the result obtained in BaBar experiment[59]. Due
to the low branching fraction of the B® — ¢K, decay mode, the uncertainty of our
measurement is dominated by its statistical error. To reduce it to the level of the
systematic error a significant increase in the integrated luminosity is needed, which
requires a major upgrade of the accelerator. Such an upgrade is planned in the near
future. A data set corresponding to an integrated luminosity of 5 ab™' is expected to
be collected within one year by the Super KEKB, which should bring the statistical
error down by the factor of 3, assuming that the statistical error scales as 1/+v/Liy; of

the integrated luminosity.
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Appendix A

The Special Properties of the UML
Fit Applied To C'P Fitting

In this appendix we discuss some special features of the unbinned maximum likelihood
fit applied to the C'P fitting procedure. Recent studies of low-statistics C'P samples
have exhibited sample-to-sample variations larger than what one would naively expect
from simple by statistical fluctuations. This leads to the question of whether the
quoted statistical errors obtained the in the usual way are underestimated.
The CP violation parameters S and A are extracted from the proper time differ-
ence At fit to the decay rate given by
Lpfop(At) —_— [1+ g(Acp cos AmAL + Sep sin AmAt)] (A1)
where ¢ is the flavor of the tagging B. For a given data set of independent mea-
surements At;, ¢; characterized by the probability density function P(At, ¢, S,.A) the

likelihood function is constructed as
L(S, A) =[] P(Ati, a1, S. A) (A.2)

To estimate the C'P fit parameters S and A we need to maximize the likelihood

function L. In practice, it is easier to deal with In £ instead of the likelihood function
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itself. Since the logarithm is a monotonic function, maximization of In £ is equivalent
to the maximization of £. Using the logarithm also solves the problem of reaching
the computer limit for a very small likelihood £. There is an additional advantage of
using logarithm: in the limit of large number of events in the sample —21n £ behaves
like a x? and the standard deviation errors s can be determined from the contour
given by

—2InL(S", A) = -2 L(S, A) + s° (A.3)

The minimization software most commonly used by high energy physicists is MINUIT.
It carries out the minimization (MIGRAD method) of a given function using a stable
variation of the Davidson-Fletcher-Powell variable-metric algorithm. This algorithm
converges to the correct error matrix as it converges to the function minimum. In
practice, MIGRAD usually yields good estimates of the error matrix, but it is not
always reliable. MINUIT can also estimate the standard deviation errors given by
Eq. A.3 by calling the MINOS method. Let us emphasize that the errors returned
by MINUIT are only approximate errors. It is worthwhile to perform independent
calculations to cross check them.

We have examined the C'P-fit algorithm for systematic consistency. To do that
we generated twenty one samples with generated values of the & parameter ranging
from —1.0 to 1.0 in steps of 0.1. Each sample consisted of 10000 experiments with
50 events in each experiment. These experiments were generated assuming an ideal
situation with no background and without experimental errors in the measurement of
the proper time difference and flavor of the tagging B. Instead of plotting the more
common linearity plot of the fitted value Sy versus Sgen, We plot Shy — Seen Versus
Sgen to magnify the difference. Each point represents an average of all 10000 psuedo

experiments.
1= o
St = — Si A4
fit n; fit ( )

We introduce x?/n to characterize the difference of the estimated errors in MINUIT
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with the actual spreads of the fitted values. x?/n is defined as
1 = (SE — Suen)?

=3 (A9)
where n = 10000 is the number of experiments and og is the error estimated by MI-
NUIT. For these cases we use the symmetric error returned by the MIGRAD method.
If the estimated errors are correct the x2/n should be consistent with unity. The up-
per plots in Fig. A.1 show the average values of Si; — Sgen and x?/n. In the actual
experiment, the physical distribution is diluted by incorrect flavor assignments, fi-
nite detector resolution and the presence of background. To determine the impact
of these physical effects on the C'P fit, we generate samples with proper-time values
smeared by Gaussian resolution functions and a Gaussian background. The number
of events in each experiment, which represents the total number of signal and back-
ground events, is kept the same. The values of Sg; — Sgen and x2/n for these samples
are shown in the lower plots of Fig. A.1.

As one can see, there is a bias in the determination of the § value which increases
as the absolute value of the generated parameter S increases. Adding resolution and
background effects makes the situation noticeably worse. x?/n has a similar tendency.
For small S, the estimated errors describe the spread of fitted values quite well, but
for large values of S, the difference can be substantial. Adding the experimental
smearing and background increases the estimated errors and the difference becomes
less apparent.

The existence of a non-vanishing bias with the increasing of the number of experi-
ments used for averaging does not mean the absence of convergence of the algorithm.
The term convergence here should not be confused with the convergence in the limit
of the infinite number of the events in the sample. C'P fitting is not a linear operation
and increasing the statistics by averaging over more experiments can not remove this
bias. Figures A.2-A.5 show that with increasing numbers of events not only do the

fitted values of Sg¢ converge to the generated values, but also the errors estimated in
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MINUIT converge to the observed statistical errors.

Since in the case of small statistics the observed errors are much larger than
the errors returned by MINUIT, the question arises if the estimated errors have any
meaning and whether we should use them at all or estimate them differently. To study
that, we generated two high statistics MC samples with Sgen = 0.9 and 50 events per
experiment. The first sample consists of idealized experiments and the second takes
into account the physical smearing described above. Later in the discussion we will
do side-by-side comparison of these two samples to check if the discrepancies get
magnified or smeared due to the experimental dilutions. We chose this extreme value
for Sgen to maximize the discrepancy effects and still be relatively far from the physical
boundary.

Fig. A.6 shows the distribution of the MINUIT errors. The distribution of the
smeared sample is wider due to the larger uncertainty in the measurements of the
parameters. We found that the MINUIT errors are highly correlated with the sta-
tistical spread of the fitted Sg; values. See Fig. A.7 for details. This means that
errors returned by MINUIT carry some information about the fit and should not be
simply discarded. We split our experiments into different MINUIT error bins and
checked the distribution of the 08 = Sy — Sgen, Which in the general case happened
not to be Gaussian. The 0§ distribution for the slice in MINUIT error around the
most probable value is shown in Fig. A.9. For each bin we calculate the mean uss
and the standard deviation oss of the 4S distribution. As one can see from Fig. A.8,
the errors obtained by the MINUIT routine should be corrected depending on the
estimated errors themselves.

Another thing that should be kept in mind is the difference between the mean
and the most probable value (mode) of the distribution. An unbinned maximum
likelihood algorithm finds the most probable value with estimated asymmetric errors.
Assuming that the distribution can be described as an asymmetric Gaussian, the

expectation would be biased by the value \/g (0, — 01), where o, and o, are the right
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and left errors respectively. For positive § the left errors are systematically larger
than the right errors as shown on Fig. A.10. Still, this correction is too small to
account for the positive bias of the mean in 0S. The mode of the distributions also
shows a dependence on the MINUIT error but does not have such a large bias.
Given these findings, we conclude that the best way to estimate the statistical
errors is by using a toy Monte Carlo with a generated value of S, that is equal to the
measured value of S from the experimental data. In this MC sample the generated At
values should be smeared with the same experimental resolution functions to correctly
model the experiment. Then, using pseudo experiments with the MINUIT errors
close to the MINUIT error obtained by fitting the data sample, we can determine the
expected profile S of the statistical errors. Finally, the statistical asymmetric errors
can be estimated from this distribution based on a desired confidence interval. If the

statistics are very small, a correction of the measured value might also be required.
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