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Abstract

We present a measurement on the branching fraction and time-dependent C'P violation
parameters of B — K97% decays. These results are obtained from a data sample that
contains 657 x 10° BB pairs collected near the Y (4S5) resonance with the Belle detector at
the KEKB asymmetric ete™ collider.

We obtain the branching fraction,

B(B" — K°n%) = [8.72 153 (stat) Tgig (syst)] x 107°,
which is in agreement with the current world average.
We measure the C'P parameters,

Acp = +0.14 £ 0.13 (stat) £ 0.06 (syst),
S, = 4+0.67 £0.31 (stat) =4 0.08 (syst),

where no evidence for direct C'P violation is found and the mixing-induced component is
consistent with the expectation from the Kobayashi-Maskawa theory of C'P violation. We
find the measurement of Acp to deviate from the K — 7 sum rule expectation by 1.90.
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Chapter 1

Introduction

1.1 Motivation

One of the most important discoveries in cosmology and particle physics is that the universe
started with the Big Bang (Fig. [T [1]). It is supported by the discovery of 3K microwave
background radiation, the abundance of light nuclei and the observation of distant galaxies
receding from us. At present, there is no theory that can account for the origins of the
universe, but from 1071 s onwards after the Big Bang, the universe can be described by cos-
mology and particle physics. These predict that as the universe cools, particle-antiparticle
pairs are converted to photons, and therein lies the paradox. Either the particles and antipar-
ticles annihilate one another ultimately creating a sea of photons in which matter could not
exist, otherwise an anti-universe must exist. However, there is no evidence for the universal
antimatter counterpart.

In 1967, Sakharov postulated a mechanism to generate this cosmological charge asymmetry
based on three conditions [2],
non-conservation of baryonic number,
breaking of symmetry between particles and anti-particles, both C' and C'P, and
deviation from thermal equilibrium.
Parity, P, charge conjugation, C', and time reversal, T', are discrete transformation operators.
The P operator sends a particle from (¢,z) — (¢, —x), C interchanges a particle with its anti-
particle and T transforms a particle from (¢,2) — (—t,z). These three discrete operators

form, in combination, a single operator called the C'PT operator which is conserved for any
Lorentz invariant quantum field theory.

The high energy particle physics community was particularly concerned with Sakharov’s sec-
ond condition, the essential difference between matter and antimatter, called C'P violation.
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Interestingly enough, before the proposal of the Sakharov conditions, C'P violation was al-
ready discovered in 1964 completely by accident. While investigating an anomaly in neutral
kaon regeneration, the C'P violating decay, K — 7% 7=, was found [3].

Then in 1973, Kobayashi and Maskawa incorporated into the Glashow-Weinberg-Salam
(GWS) framework [ B, 6] a mechanism that allowed C'P violation for three quark fam-
ilies [7]. In their model, C'P violation arises from a single irreducible complex phase in
the Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix. Though the group of GWS,
CKM and Quantum Chromodynamics (QCD) theories, which we call the Standard Model
(SM), was very successful, C'P violation had only been observed in neutral kaons.

In 1980, Bigi, Carter and Sanda pointed out that BYB° mixing may induce a large time-
dependent C'P asymmetry [8, 9. Two B factories, Belle and BaBar, were commissioned in
Japan and USA respectively, and C'P violation in the B meson sector was confirmed by 2001
in BY — J/v¢ K9 decays [10, [T1].

However, the amount of C'P violation in the Standard Model is not enough to generate our
matter-dominated universe [I2]. In the future, we must look for physics beyond the Standard
Model to find new sources of C'P violation besides the single KM phase of the Standard
Model. Theories such as Supersymmetry and Grand Unified Theories, which expect more
than one source of C'P violation, may provide the breakthrough that is needed to explain
our matter-dominated universe.

In this chapter, we introduce C'P violation in the Standard Model, phenomenologies of C'P
violation in the B meson system. After that, we discuss the special cases of C'P violation in
b — ccs and b — qgs transitions. The B® — J/¢ K9 decay is the most typical mode that
contains the b — c¢s transitions, while the b — ¢gs transitions can be studied with several
decay modes such as B® — K% B% — ¢K° B — 1K° and B — wK". Among these,
B — K%Y decays are the subject of this thesis. As is discussed later in detail, decays
proceeding through b — ¢gs transitions are expected to be sensitive to possible sources
of C'P violation beyond the Standard Model, since additional contributions to their decay
amplitudes in the loop diagrams (penguin diagrams) can be large.

1.2 CP Violation in the Standard Model

C'P violation arises from the GWS SU(2) x U(1) model for weak and electromagnetic inter-
actions. twelve fields are needed to describe the quarks. Following Ref. [I3], we assign the
left-handed quarks to SU(2) doublets and the right-handed quarks to SU(2) singlets.

SU(2) doublets, Q% :



SU(2) singlets, uly, di:
Up = Up, Uk =Cr, Uh=tg
d}% = dR, d% = SR, d% = bR.
The gauge invariant Lagrangian is given by

_ o | 1

El :QLZDQZL/‘}‘H%’L@U%‘}‘CZRZ@C%%— ZFSVFC?V_ ZB BMV (11)
where [ = ~#D,,. The symbol, D, represents the gauge covariant derivative and takes the
form,

D, =0, —igAyT" —ig'Y By, (1.2)

where g is the SU(2) coupling constant, A%, (a = 1,2, 3) are the vector gauge fields associated
with SU(2), T* (a = 1,2, 3) are the generators of SU(2) in the fundamental representation,
g' is the U(1) coupling constant, B, is the vector gauge field associated with U(1) and Y is
the generator of U(1).

The SU(2) field strength is given by

B = 0, Ay, — 6VAZ + geanc AL AC (1.3)

s

and the U(1) field strength is given by
B, = 0,8, — 0,B,. (1.4)

Now, we generate mass terms for the quarks. This requires an SU(2) x U(1) multiplet of
spin-less fields, ¢, that can couple Q% to u’ and Q% to dj using a Yukawa coupling, A;;. The
mass terms are given by

— QL - odly — NQY - duly + e, (1.5)
where h.c. denotes the Hermitian conjugate.

In accordance with the Nambu-Goldstone theorem, gauge bosons are massless in a gauge
theory where spontaneous breaking of global symmetry has occurred. At this point, there
are 4 massless vector gauge bosons, but only one in nature is observed to be massless, that is,
the photon. So, we introduce the Higgs mechanism and spontaneously break local symmetry
to generate masses for three of the four gauge fields. By choosing the appropriate vacuum
expectation value, (¢), local SU(2) x U(1) symmetry is broken and results in just local U(1)
symmetry. Thus, the electromagnetic gauge invariance is not broken by the vacuum state
and as a result, the vector boson associated with U(1), identified as the photon, remains
massless.

In the “unitarity gauge”, which is chosen to make ¢ locally invariant, we rewrite Ly as

i i 1 0 j w { =i T 1 r+ h(x ;
o= X ( dL)E@M(x))dg_muL dL)E< O())uﬂR+h.C.,
(1.6)



where h(zx) is called the Higgs field.

As we have introduced the Higgs mechanism, it is also necessary to include the Higgs La-
grangian. From the Higgs Lagrangian, we can define the three massive vector bosons whose
mass we have only just generated,

W;:%(A;—iAi), (1.7)

W, = %(AL —iA%), (1.8)

Zi= sl g B, (1.9
and the massless vector boson,

A, = L(g’Ai +gB,). (1.10)

Using these definitions, one can introduce the weak mixing angle, 8y, and rewrite the gauge
covariant derivative, putting £, into the new form,

: T _ 1 1
Ly =wipu'+dipd +g(W, I +W, Tl +Z3Jg)+€AHJgM—ZF5VFSV——BHVBW,, (1.11)

4
where
i = ia"ﬂ“dg (1.12)
V2
T = g (1.13)

V2

1 i 1 2 . i - 2 : )
Jg - COS QW {“LW (5 - g Sln2 QW) e - “R'YM <_§ Sln2 HW) o

—i 1 1 . — 1 )
+d; " (—5 + 3 sin? QW) dy 4+ dgy" (5 sin? QW) d}l] (1.14)

. 2 . 1 )
Jpy =0 <+§)ul+d7“ (—g)dl. (1.15)

JiF and Jii; are called the charged weak currents, J%, the neutral weal current and Jk,,,
the Electromagnetic Current.

It is possible to diagonalise the mass matrices of £, through use of unitary matrices. This
diagonalisation performs a change of basis from the weak eigenstates to the physical mass
eigenstates, denoted by the primed fields, by the following transformations:

u

i 15 i u, 'J
Uy = Uz‘juLa Up = Wz’juR

L= U, dy = Widj, (1.16)
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We can now write the Lagrangian in the mass eigenstate basis. In particular, we are especially
interested in the Charged Weak Currents as they are the only pieces of the Lagrangian whose
terms do not maintain their form under transformation to the mass eigenstate basis. Under
this transformation,

1 .

Ty =Tyt = ﬁu’m (UUa)i} (1.17)
1 =i ;

T = = —=d " (U (1.18)

V2

We define V;; = (UlUy,)i;, where Vj; is a unitary matrix known as the Cabibbo-Kobayashi-
Maskawa (CKM) matrix, which allows for mixing between the quark families. It is possible
for this SU(2) x U(1) gauge theory to violate C'P conservation. The full electroweak La-
grangian transforms into itself under C'P except for those terms describing charged current
weak interactions for quarks,

Ll = 2\/_[VZJW+u”7 (1-— )d”—i—V W, d’ 7 m1— 4P ). (1.19)

Under C'P, these two terms transform as

Wy (1= S W'y (1 =) (1.20)
W, a9 (1=t S Wiy (1= 7)Y, (1.21)
and thus,
L1 — CPLY,
N 2%/5“/”%_3”7”(1 =)+ VW, (1 = 77)d"]. (1.22)

After acting on the Lagrangian with the C'P operator, we can see by comparison with
Eq. (CI9), that C'P is only conserved if, V;: = Vj;, that is, there is no C'P violation if V;;
is real. However, we know from the unitarity of V;;, that the CKM matrix can be complex
for three families of quarks. Therefore, this SU(2) x U(1) gauge theory has the potential to
violate C'P.

1.3 The CKM Matrix

The CKM quark mixing matrix, Vi; = Viokw, arises from the transformation of the full
electroweak GWS Lagrangian from the weak eigenstate into the physical mass eigenstate,

d d Via Vs Vi d
S = VCKM S = ‘/cd ‘/cs ‘/cb S . (123)
weak b mass ‘/td VZS Wb b mass



The CKM matrix is required to be unitary to conserve probability, and for three or more
families of quarks, it can be shown that Voky may be complex in general. The Lagrangian
does not maintain its form under C'P transformation if Voky is indeed complex, so the
electroweak gauge theory has the potential to violate C'P symmetry.

The CKM matrix contains information on the strength of flavour changing weak decays,
so it is natural to parametrise Voxy in a way that conveys their relative strengths more
intuitively. This is usually realised with the Wolfenstein parametrisation [14],

— 1N A AN} (p — i + En)?)
Vokm = - 1= 222 —inA2Mt AN(1 +1in)?) + 0O\,  (1.24)
AN (1 — p —in) —AN? 1

which expands Vexy in powers of A = sinfo = 0.22, where 0 is the Cabibbo angle [15].
The real parameters, A, p and 7, are of order unity. From unitarity of the CKM matrix,
VCKM\/gKM =1, we may obtain nine relations. One of them is

VudVigy, + VeV + VVy = 0,

U IS (1.25)

which is relevant to B decays. Note that since the relation is the sum of three complex
terms, it may be represented graphically as a triangle in the complex plane and is known as
the CKM Unitarity Triangle. It is interesting to see that the lengths of each side are of the
same order, O(A?). This means that all the internal angles are naturally large which implies
that sizable C'P violation can be observed in the B meson sector.

It is convenient to normalise Eq. (CZH) by |V.4V|, so that one side becomes aligned to
the real axis with length of order unity. The rescaled CKM Unitarity Triangle is shown in

Fig. L2 where
A2 22
s=(1-2 =(1-2 1.26
D ( 2)/), n ( 2)77 (1.26)

—ViaVy, ViaVi, VuaViy
_ _ = arg [ —2d¥ub 1.27
pr=7 arg(_vcdvcz ., ¢ = arg V) ¢3 = arg s (1.27)

and

1.4 Phenomenology of Time-Dependent C P Violation
in B Meson Decays

1.4.1 Time Evolution of Neutral B Mesons

The neutral pseudo-scalar meson, B(bd), and its C'P conjugate, B°(bd), produced in the
strong interaction is a pure flavour eigenstate. In the Standard Model, time-dependent
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Figure 1.2: Rescaled CKM Unitarity Triangle.
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Figure 1.3: Box diagrams of B°B° mixing.

oscillation, or neutral meson mixing, may occur if its mass and flavour eigenstates differ.
B°B°% mixing dominantly proceeds via the second order weak interaction where d and b
quarks couple to W bosons and ¢ quarks as shown in Fig. [[3

The time evolytion of the neutral B meson state can be written as a linear combination of
pure B? and B° flavour eigenstates,

|B(t)) = a(t)|B”) + b(t)| B°), (1.28)

and is governed by the Schrédinger equation,

i% ( Zgg ) —H ( Z((f)) ) . (1.29)

The weak effective Hamiltonian in the flavour basis, H, is a 2 x 2 matrix which takes the

form, ‘ '
i My — 5Ty Mg — 501
H-M-.T= 2 2 , 1.30
2 ( My — 5191 Map — 519 ) (1.30)

where M and I' are the mass and decay matrices, respectively. From hermiticity of the
Hamiltonian, Hy; = Hj, holds. The off-diagonal elements are associated with flavour chang-
ing transitions, B® «» B°, so C'P violation occurs if Hyy # H},. The diagonal elements are
associated with the flavour conserving transitions, B® — B°® and B° — B°. Assuming CPT
invariance, or in other words, the B° couples to itself in the same way a B° couples to itself,
the equality Hy; = Hys = M —i/2T holds. Thus, from diagonalising H, the eigenvalues, p,



are

We now acquire the corresponding eigenstates of this Hamiltonian for each eigenvalue,

|BL) = p|B°) +¢|B%) forp_,

|Ba) = p|B°) —q|B%) for py, (1.32)
where
q_ | My — %FB
- =4/——=— and pP+q>=1. 1.33
p Mo — %Flz ( )

|Br, 1) represent the physical mass eigenstates, where L and H denote the light and heavy
states, respectively. The mass and decay rates of | B, i) are
i, = R(u), Ty = —23(),
mu = R(py), Tn=—23(uy). (1.34)
For convenience, the mass and lifetime differences and the mass and lifetime averages are
introduced as
'g+T
mutmL e _lHVIL_p (1.35)
2 2
The mass eigenstates have exponential evolution as a function of time,
|BL(t)) = e™+!|By) = e~ "™t 2 (p| BY) + | BY)),
| Bu(t)) = ¢#+'|Bu) = e~ "™te T2 (p| BY) — q| BY)), (1.36)

AdemH—mL, AFEFL—FH,

using Eq. (L34) and Eq. (L32). The time evolution of the mass eigenstates can also be
expressed with the time-dependent form of Eq. (L32),

|Bu(t) = pIB"(t)) + 4| B°(1)),
[ Bu(t)) = p|B°(t)) — a| B°(t)). (1.37)
With Eq. (C36), Eq. (L31) and Eq. (C3H), we solve for the time evolution of B® and B°,

B(1)) = 9. ()| B®) + gg_a)\B%,
1B°(t)) = g, (1)|B%) - §g_<t>\B°>7 (1.38)

where

' (t) = e’the—Ft/2 (eiAmdt/26—AFt/4 + e—iAmdt/QeAFt/4) ] (139)

N —

Since AT'/T" ~ O(1073) in the B° system, the lifetime difference between the light and heavy
mass eigenstates can be ignored, i.e. AI' = 0. The decay rate is redefined as I', = I'y =T,
and therefore, Eq. (L39) becomes

iAmgt/2 :t —iAmgt/2
¢ ¢ ) : (1.40)

galt) = /( :



Mt s removed by a phase convention. Thus, the time evolution of the B® and B's

Amgt Amgt
|BO(t)) = T2 (COS%\B% + i% sin =4 |B°>),

where e

2
) Amgt A
BO(¢)) = T2 (cos%dt\Bo) - ig sin%dt\B%). (1.41)

1.4.2 Time-Dependent C'P Violation

Consider the case where both BY and B decay into the same final state, otherwise known
as a C'P eigenstate, fop. The decay amplitudes are written as

Acp = (fcr|H|BY),
Acp = (fop|H|B®). (1.42)

With the time evolution of the B mesons determined in the previous section as Eq. (L),
the time-dependent decay amplitudes are

Amygt Amygt
Acp(t) = Acpe_rt/Q (COS # + i)\cp sin ?d ) N
_ _ Amgt ’ Amygt
Acp(t) = Acpe T2 (cos T;d - Aép sin 2“ ) (1.43)
where _
A

Recall the box diagram for the B°B° mixing in Fig. The b and d quarks couple to
W bosons and u, ¢,t quarks. However, the intermediate mixing state is dominated by the
virtual ¢ quark because of Vi, > V, > V,;, and Glashow, Iliopoulos, and Maiani (GIM)
cancellations. Theory indicates that [16, 17, 18, 19],

My o (Vi Vi)?m,

g o (Vi MR (1.45)

where my, is the mass of the ¢ and b quark. If we expand Eq. (L33),

q ME <F12)
b M, M,
q ViaViy, (mi) 2/, 2
= |2 = +0O| — ), butm;/m; <1,
'p' Vv T Oz b/
:>'g' ~ 1. (1.46)
p

This allows the relation from Eq. (44 to also be written as

Aepl? = [zl (1.47)
|Acp[?
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and so the time-dependent decay rates are,

LB(t) — ferl = |{for| B (1))
= %H\ACPP

D[B(t) — forl = (ferlB°(1))
- %H\ACPF -(‘)\CPP + 1)+ (|Aep|? = 1) cos Amgt + 23(Acp) sin Amdt_ ,

(|Aep* +1) = (|Acp|* — 1) cos Amgt — 23 (Aop) sin Amygt |

2

(1.48)
The time-dependent C'P rate asymmetry is defined as,

D(B(t) = fer) = D(B°(t) — fcp)
D(B(t) — fep) +T(B(t) — fer)
(‘)‘CPP — 1) COS Amdt + 2%()\013) sin Amdt
|)\cp|2 +1
= Acpcos Amgt + Scp sin Amgt, (1.49)

acp (t) =

where the C'P parameters are defined as,

Nepl? — 1 23 (Acp)
Acp = 2P~ gop = S20CP)

(1.50)
The interpretation of Acp and Scgp is as follows. Recall that the deﬁnitign of A\cp in
Eq. (CZ) contains two distinct parts. The ¢/p part describes mixing while Acp/Acp de-
scribes the decay amplitudes. This implies that A\cp can be written as

—ipm ‘ACP‘ —i¢p __ |ACP|€—Z'(¢M+¢D)

_ , 1.51
|Acp| |Acp| (1-51)

)\CP xX e
where ¢y represents a weak phase difference in the B°B° mixing and ¢p represents a weak
phase difference in the decay amplitudes.

Consider the case where there is a difference in the decay rates, that is, I'(BY — f) #
['(B° — f). Then, |Acp|?/|Acp|* # 1= Acp # 0. This is called direct C'P violation.

Now consider the case where there is interference between the mixing and decay phase
differences, ¢y + ¢p # 0. Thus, S(Acp) # 0 = Scp # 0. This is called mixing-induced C'P
violation.

1.4.3 Coherent B°B° Mixing

So far, the time-dependent decay rate asymmetry in Eq. (C49) requires that the flavour of
the B meson is known at the time of production. For a C'P ecigenstate where both B® and
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B° may decay to the same final state, and may also have mixed in the decay time, ¢, after
production, flavour identification is not possible experimentally.

Now, B mesons produced in the decay, Y(4S) — B° B, inherit the quantum numbers,
JPC = 177, because they are conserved in the strong interaction. Since B° is a pseudo-
scalar particle, the BB system should have an orbital angular momentum of L = 1, also
known as a p-wave configuration. The state must also be antisymmetric. Therefore, by
Bose-Einstein statistics, the states B — B® or B — BY are forbidden and thus the B°B°
pair must oscillate coherently,

Bi(t), B(ta) = —= (IB?(tl)HBS(tz)) - IB?(tl)HBS(tz)))- (1.52)

V2
By substitution of Eq. ([CZT), the time evolution of the B°B° system becomes,

1 AmyAt = -
Lt fon 781 oy 5ty 5y

NG
AmgAt (%\Bf)|§8> - §|B?>\BS>)}  (1.53)

|By(t1), Ba(t2)) =

+1 sin

where At = ty — t;. Let t; be the decay time of each B meson. If we can measure At
and determine the flavour of one B meson, then the flavour and time evolution of the
accompanying B meson is known. Take again the specific case where one B decays to a C'P
eigenstate, Bop, and the other B meson decays to a flavour specific state from which the
flavour can be determined, Br,e. A schematic of this scenario is shown in Fig. [[4l Then,
the time-dependent decay rates become

L(fop, frag) = |{fop, fragl Bop(ter), BTag(tTag)>‘2

F(tCP""tTag A2 A%‘
ag

L,
4
|:(‘)\CP‘2 + 1 (‘)\Cp‘2 - 1) COS AmdAt - 2%()\013) sin AmdAt] s

F(fCPa TTag)

(for, fragl Bep(top), By (trag))

2
F(tCP"FtTag A2 PAT p
ag

1

4

{ (|Aep? + 1) + (JAcp* — 1) cos AmgAt + 23 (Aep) sin AmdAt] :
(1.54)

where the decay amplitude, Aty = (frag|B®) = (frug|B°) and Acp retain their usual defini-
tions. It is interesting to see that the resulting time-dependent C'P asymmetry,

F(fC’Pa TTag) - F(fC’P; fTag)

F(fCP7 ?Tag) + F(fCP? fTag)
= Acpcos AmgAt + Scop sin AmgAt, (1.55)

CLCP(At) =
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Figure 1.4: Scenario in which two B mesons are produced in a coherent state from the T(45)
decay. One B meson decays to a C'P eigenstate, Bop, while the other B meson decays to a
flavour specific state, Bryg.

retains its form in A¢, when compared to Eq. (LA9). Thus, C'P violation parameters can be
extracted as a physical observable if At and the flavour of B, can be determined. Notice
how the right hand of Eq. (LBH) resembles the equation for a circle while the asymmetry
of left hand side may only take on values between —1 < acp(At) < +1 by definition. So,
(Acp, Scp) is physically restricted to lie within the unit circle in C'P violation space.

Now, if Eq. (C34) is integrated over the unmeasurable top + tr,, direction and normalised
in the region, —oo < At < 400, we obtain the probability of finding fop at time, At, for a
given flavour tag, q,

—|At|/TR0
A [1 +q (Acp cos AmgAt + Scp sin AmdAt)} , (1.56)

4TBO

P(At, q) =

where ¢ = +1(—1) for Br,, = B°(B°). Using this probability density function, Fig.
demonstrates the manifestation of different types of C'P violation in At.

1.5 CP Violation in b — cc¢s Transitions

CP violation has already been confirmed in the B meson sector and was first observed in
b — ces transitions such as B — J/vK$ [0, [[1]. The Feynman diagrams of the leading
order processes that contribute to the amplitude are shown in Fig. [L8l The first order tree
process proceeds by internal emission of a spectator W boson. The internal vertex cancels
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Figure 1.5: C'P violation effects on At in units of the B lifetime on an arbitrary scale. The
left plot shows (Acp, Scp) = (1,0) and the right shows (Acp, Sop) = (0,1). The solid curve
represents ¢ = +1 (Brag = B°) and the dashed curve represents ¢ = —1 (Brag = B°).
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d d d d

Figure 1.6: Feynman diagram for tree (left) and penguin (right) amplitudes in the B® —
J/YKY decay.
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the colour of the spectator and so the decay is colour suppressed which has the effect of
reducing the branching fraction.

The second order penguin process contains loops with virtual ¢ and ¢ quarks that have the
CKM elements of the same order (Eq. (LZJ)) as the tree diagram, so are not suppressed
relative to the tree. The suppression in this process relative to the tree diagram arises from
generating the massive c¢¢ colour singlet from a gluon to produce a charmonium. Loops
containing the virtual u quark would receive an O(A\?) (Eq. (L24))) suppression. Very little
penguin pollution is thus expected for b — c¢s transitions. This means that only one weak
phase will contribute to C'P violation, also implying that no direct C'P violation is expected.
For b — ccs eigenstates, we obtain the C'P violating parameter,

- ()0,

where Eq. (L)) has been adapted to include the phase from neutral kaon mixing as there is
a KY in the final state. Neglecting the penguin contribution, Eq. (CZH) and the box diagram

analogous to Fig. for KO — K" mixing, can be used to express Agp in terms of CKM
elements,

ViaVip VaVis VesVea

ViaVio ViVes ViVea

= nope 7, (1.58)

Aop =

where nep is the C'P eigenvalue of the b — cés transition and ¢; (Eq. (C27)) is an internal
angle in the CKM unitarity triangle. Therefore, we obtain

Scp = —ncp sin 2¢y, (1.59)

if the penguin contribution is ignored. The current world average for sin 2¢, from all b — ccs
transitions is,

sin 26, = 0.672 = 0.024 [0, (1.60)

which provides a tight constraint on other C'P violating parameters as can be seen in
Fig. [ 21]. There is a two-fold (¢; < 7/2 — ¢1) ambiguity associated with sin 2¢;. The
solution preferred from other measurements [22), 23], 24, 25, 26, 27] is shown in Fig. [0

1.6 CP Violation in b — ggs Transitions

In contrast to b — ccs transitions that are induced by the charged current, the neutral
current is flavour-conserving, which is ensured by the unitarity of the CKM matrix. Thus,
Flavor Changing Neutral Currents (FCNC), such as those found in b — ¢gs transitions,
proceed via second order decay processes that can be represented by a loop diagram.

The total amplitude for second order processes is

Acp = ) (ViVas)Plp, (1.61)

q=u,c,t
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Figure 1.7: Current experimental constraints to the CKM unitarity triangle [19]. Previously
unmentioned parameters contained in this figure include the C'P violation parameter in the
neutral kaon system, €x, and the mass difference between the B, mass eigenstates, Am.

where P2, are the penguin amplitudes for the decay. Using the unitary constraint,
> guct(VayVas) = 0, we obtain

Acp = (VaVes)(Pep — Pep) + (VayVus) (Pep — FPep). (1.62)
Since V,V,,s < V; Ve, the ratio of amplitudes for penguin decays is given by

Acp ViV
ACP ‘/gl;‘/cs ,

(1.63)

which is the same as that of b — c¢s induced decays ignoring higher-order effects.

Considering the smaller effects, the C'P asymmetries in b — ¢ggs transitions are expected in
the SM to be slightly higher than those observed in b — cés transitions [28, 29, 30, 31, B2, 33,
341 35, B6]. However, current experimental measurements shown in Fig. tend to be lower
than those for b — ccs transitions motivating more precise experimental determinations.

Within the loop diagram, a heavy particle unknown in the SM may appear due to the
uncertainty principle. This amplitude may interfere with the SM amplitude. If the C'P
phases of these decay amplitudes are different, the measured C'P asymmetry may contain
a sizable contribution from the new weak phase. In some models, the value of sin 2¢; may
differ from the SM expectation by more than ten percent and thus, b — s modes are an
excellent probe for New Physics (NP). Taking into account NP effects, the C'P phase is
sometimes written as ¢$T. Figure [Cd shows the loop diagram for b — ¢gs transitions and
where NP may enter the loop.
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Figure 1.8: Summary of S, for all b — s modes at the end of 2007.
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phase (right).

1.7 CP Violation in B? — K%r? Decays

A recent unexpected result was that direct C'P violation in the flavour-specific, B® — K+7n~
differs from direct C'P violation in BT — K7 [37, B8]. The result is against the naive
expectation from the spectator model that they should be equal. There were several proposals
that suggested this was due to new physics effects. However, such arguments suffered from
hadronic uncertainties. Recently authors in Ref. [39] proposed to test the following sum rule
that is held more precisely within the SM,

B(K°7)7p0
B(K+7T_)TB+

2B(K 7% 750

2B(K°7Y)
B(K+7T_)TB+

A(K 7))+ A(K 7T B )

= A(K*7?) +A(K7?) , (1.64)
where 750 and 75+ are the B® and B lifetimes, respectively, and B represents the branching
fraction. Leading terms are identical in the isospin symmetry limit, while sub-leading terms

are equal in the flavour SU(3) and heavy quark limits.

As A(K°7Y) is experimentally the least known quantity, the sum rule can give a precise
prediction of its expected value, A(K°7%) = —0.148 + 0.044 [A0]. The SM expectation of
A(K°7%) can be expressed graphically (Fig. [LT0) as a function of A(K*t7~) — A(K*7?)
since the experimental value of A(K°7™) is consistent with zero. A violation of the sum
rule would be clear evidence for new physics in b — ¢gs transitions. Therefore, a precise
measurement of A(K%7%) is a powerful method to address the K —m puzzle mentioned above,
using the sum rule.

The measurement of S(K%7°) is also as useful as other S measurements in b — s penguin
modes. The shift in S(K°7°) can be evaluated in the 1/m, expansion and/or using SU(3)
flavour symmetry to deviate upwards from the SM expectation by a few percent [41], B2].
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A(Ktn™) — A(K* 7). The resulting overlapping region shown in purple gives the expected
range for A(K°m?).

1.8 Previous Measurements

The decay mode, B® — K%7°, has previously been studied by the BaBar and Belle Collab-
orations. BaBar measures the branching fraction,

B(B® — K°% = (10.1 £ 0.6 (stat) & 0.4 (syst)) x 1079, (1.65)
from 467 million BB pairs [43] while Belle measures the branching fraction,
B(B® — K°7% = (9.2 £ 0.7 (stat) 70 (syst)) x 107°, (1.66)

from 449 million BB pairs [44]. With their same sample, BaBar measures the C'P parame-
ters [45],
Acp = —0.13 £0.13 (stat) = 0.03 (syst),

S, = +0.55 £ 0.20 (stat) 4= 0.03 (syst). (1.67)
while Belle measures,
Acp = —0.05 £0.14 (stat) £ 0.05 (syst), (1.68)

S, = 40.33 £ 0.35 (stat) % 0.08 (syst),

with an increased data sample of 535 million BB pairs [46].
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1.9 Thesis Outline

The goal of this thesis is to present a measurement of C'P asymmetries in the B® — K979
decay.

We have introduced the theoretical framework and physics motivation in this chapter. In
Chapter 2, we describe the experimental apparatus of the KEK B-factory including the
accelerator and each component of the Belle detector. The event selection procedure is
explained in Chapter 3. The measurement of the branching fraction of B® — K%r% decays
are described in Chapter 4. In Chapter 5, we explain in detail the method of extracting the
C'P asymmetries and show the results. Chapter 6 is devoted to the discussion of our results.
Finally, the conclusion of this thesis is given in Chapter 7.
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Chapter 2

The Belle Experiment

2.1 Overview

The Belle experiment is one of two dedicated B physics experiments in the world and is
located at the High Energy Accelerator Research Organization (KEK), Tsukuba, Japan.
The BaBar experiment is performed at the Stanford Linear Accelerator Center (SLAC),
California, USA. The B-factory at KEK consists of two separate entities, the KEKB eTe™
collider and the Belle detector. We describe both of them in this chapter2.

2.2 The KEKB Collider

The KEKB accelerator 7], which was commissioned in December 1998, is designed to
produce large numbers of BB pairs by colliding electrons and positrons of asymmetric energy.
It consists of two storage rings, an 8 GeV electron high energy ring (HER) and a 3.5 GeV
positron low energy ring (LER). The two storage rings are side by side, 11 m underground
and have a circumference of roughly 3 km. There is only one crossing point where the
ete™ collision takes place, known as the interaction point (IP). A linear accelerator (Linac)
accelerates the electrons and positrons to their required energies and inject them into their
respective storage ring. Figure 21l shows a schematic of the KEKB collider.

Electrons and positrons are kept in bunches around the storage ring. There are approximately
1000 bunches in each ring which corresponds to a bunch separation of around 3.0 m. The
electrons and positrons collide with a finite crossing angle of 11 mrad to avoid the parasitic
interactions of bunches near but not at the IP. A depiction of the finite crossing angle is
shown in Fig.

The centre-of-mass energy at the collision point is /s = 10.58 GeV, which coincides with
the mass of the T(45) resonance. This is a convenient choice because the T (4S5) decays to a
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Figure 2.1: The KEKB collider.

Figure 2.2: The finite crossing angle.
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Figure 2.3: The KEKB luminosity history.

BB pair more than 96% of the time [48]. The mass of the B meson is almost half the T (49)
mass, meaning that it will be produced roughly at rest in the T(4S) rest frame.

The advantage of the asymmetric collider is that the B mesons receive a Lorentz boost,
By = 0.425, in the laboratory frame along the direction of the beam line, thus simplifying
the kinematics of the BB pair to one-dimension. The boost also gives the B mesons a
mean flight length of about 200 pym in the laboratory frame making it feasible with current
technology to measure a separation between the decay points of the BB pair. This allows
the time difference between B mesons decays to be calculated, At ~ Az/Bvyc, which was
shown in LA to be useful in extracting time-dependent C'P information.

The design luminosity of the KEKB collider was £ = 1.0 x 103 cm~2s7!, which corresponds
to an approximate production rate of 10 BB pairs per second. As of November 2006, we have
well exceeded this design luminosity with the world record of £ = 1.7118 x 103 cm=2s71,
and our accumulated luminosity is now greater than 800 fb~! and the number of BB pairs

recorded at Belle has exceeded 9 x 10%. The KEKB luminosity history is shown in Fig.
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Figure 2.4: Cut-away view of the Belle detector.

2.3 The Belle Detector

The Belle detector is a large solid-angle magnetic spectrometer that can detect the following
final state particles,

Charged particles: K+, 7%, e*, p*, p*

Neutral particles: v, K.

Since a B meson will ultimately decay to some combination of these final state particles
most of the time, it is important that these particles can be detected and identified with
high efficiency. For a time-dependent C'P analysis, it is also imperative that the tracks they
leave can be used to measure a vertex position with great precision.

The Belle detector was designed to achieve this task with many sub-detectors as shown in
Fig. 4 and is placed asymmetrically around the IP because of the direction of the boost
which is better seen in Fig. The following sections describe the various sub-detectors
and further details can be found in Ref. [49)].

Now we describe the Belle coordinate systems used in this thesis. In Cartesian coordinates,
Z is defined as being the direction opposite the positron beam line, ¢ is vertically upwards,
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Figure 2.5: Side view of the Belle detector.

and 7 is in the direction of the cross product, £ = y x 2. Cylindrical coordinates are also
used. The radius, r = /22 + 2, is defined in the x — y plane, 6 is the polar angle from
the z-axis, and ¢ is the azimuthal angle around the z-axis. This definition of the coordinate
system is illustrated in Fig.

2.3.1 Beampipe

Although not part of the Belle detector, the beampipe around the IP is the first piece of
material through which particles must traverse before reaching the detector. Since Coulomb

Figure 2.6: Coordinate systems of the Belle detector.
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Figure 2.7: Side view and cross section of the beampipe used for accumulation the first
152 x 10% BB pairs.

scattering affects track resolution, it is important to minimise the impact of the beampipe
on particle trajectories by choosing a thin material with low atomic number. In addition,
track quality is reduced as the detector is further removed from the IP. So the diameter of
the beampipe must also be as small as possible.

With these considerations in mind, a beryllium beampipe was chosen. The beampipe is a dual
layer cylinder whose radii are 20.0 mm and 23.0 mm respectively, where each cylinder has a
0.5 mm thickness. The 2.5 mm gap between the cylinders is used as a helium gas channel
which acts as a coolant. This prevents overheating induced by the beam and minimally
interferes with tracks due to its low Z number. The outer layer is covered with a 20 pum
thick gold sheet to reduce low energy X-ray background from the HER. The total thickness
of the beampipe corresponds to 0.9% of a radiation length.

After the first 152 x 106 BB pairs were accumulated, the innermost detector was redesigned,
placing it closer to the IP. The radius of the inner cylinder of the current beampipe is now
15.0 mm. Fig. 27 shows the design of the original beampipe.

2.3.2 Silicon Vertex Detector

The Silicon Vertex Detector (SVD) is the most important detector in the time-dependent C'P
analysis as it is responsible for precise measurement of B vertex positions. This is achieved
via the high spatial resolution of the SVD.

The SVD is the innermost detector and consists of three concentric cylindrical layers of
silicon sensors which cover the polar angle, 23° < # < 139°. This corresponds to 86% of the
solid angle. The radii of the innermost, middle, and outermost layers are 30.0, 45.5 and 60.5
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Figure 2.8: DSSD schematic.

mm, consisting of 8, 10 and 14 ladders, respectively.

Each ladder is made up of two half-ladders that are joined by a support structure but are
electrically independent of each other. A long half-ladder contains two double sided silicon
strip detectors (DSSD) and a hybrid unit which processes signals from the DSSD. A short
half-ladder contains a DSSD and a hybrid unit. The innermost layer consists of two short
half-ladders, the middle layer consists of a short and long half-ladder and the outermost-layer
ladder consists of two long half-ladders.

The DSSD, manufactured by Hamamatsu Photonics, was originally developed for the DEL-
PHI detector [B]. Tts dimensions are 57.5 x 33.5 mm?, with a thickness of 300 ym. Each
DSSD consists of 1280 sense strips and 640 readout pads on both sides. One side of the
DSSD (n-side) has its n™ sense strips, each separated by 42 um, oriented perpendicular to
the beam direction to measure the z coordinate. The p™ sense strips, each separated by
25 pm, on the other side (p-side) are oriented longitudinally which allows the r — ¢ position
to be measured.

A DSSD is basically a pn junction. A bias of 75V is supplied to the n-side, while the p-side is
grounded. The n* strips are interleaved by p™ implants (p-stops) to electrically separate the
consecutive strips. A charged particle passing through the n bulk silicon creates electron-
hole pairs. The electrons and holes drift to their corresponding biased side of the DSSD
potentially making a 2-dimensional hit signal. On the n-side, adjacent strips are read out
by a single channel, giving an effective strip separation of 84 ym. On the p-side, every other
strip is connected to a readout channel. Charge collected by the floating strips in between is
read from adjacent strips by capacitive charge division. A schematic of the DSSD is shown
in Fig.

As mentioned in the previous section, §2.3.1] a redesigned SVD was installed after 152 x 106
BB pairs were accumulated. The SVD already described is called SVD1 and was replaced
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Figure 2.9: The top (bottom) schematic shows the SVD1 (SVD2) geometry.

with the 4-layer SVD2. Among the several improvements were that the angular acceptance
of SVD2 was increased to 17° < 6 < 150°, and the innermost layer was moved 1.0 cm closer
to the IP to a radius of 2.0 cm. The fourth layer is accommodated by redesigning the inner
region of the CDC. Fig. shows the geometry of the SVD and Table X1l shows the number
of ladders in each layer and the number of DSSDs in each half-ladder.

We estimate the performance of the SVD with two quantities. One is the SVD-CDC track
matching efficiency which is defined as the probability that a CDC track passing through
the SVD acceptance has associated SVD hits in at least two layers, and at least one 2-D hit.
The CDC is the next innermost detector after the SVD and will be described later. The
average matching efficiency is better than 98.7%.

The second estimate of SVD performance is the impact parameter resolution of tracks with
associated SVD hits. The impact parameter is the distance of closest approach to the IP
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Layer | # Ladders | # DSSDs in forward/backward half-ladder
1 6 1/1
2 12 1/2
3 18 2/3
4 18 3/3

Table 2.1: Number of ladders in each layer and number of DSSDs in each half-ladder of
SVD2.
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Figure 2.10: Impact parameter resolution of charged tracks with associated SVD hits from
cosmic ray data. In the left plot, p = pSsin®? 6, and in the right plot, p = pfsin®? 6.

and its resolution is measured as a function of the track’s momentum, p, and polar angle, 6.
For SVD1,

54.0 44.3
Opy =192 —————— um, o0, =422H ——— um, 2.1
Y pBsin®?6 s pBsin®? 6 s 21)
while for SVD2,
35.5 31.9
Oy =21.90 — 22 m, 0, =280 — " um, 2.2
Y pBsin®/? 6 s pBsin®? 6 s (22)

where @ indicates a quadratic sum. For a time-dependent C'P analysis, the z-separation
between B vertices must be measured with a precision of about 100 ym. Figure E.10 shows
the momentum and angular dependence of the impact parameter resolution.

2.3.3 Central Drift Chamber

The Central Drift Chamber (CDC) is a charged particle tracking system that measures track
momenta from their curvature in the magnetic field induced by the solenoid magnet. The
CDC also measures dFE/dz of charged tracks to provide particle identification information.
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Figure 2.11: CDC geometry.

A charged particle moving through a constant magnetic field will follow the path of a helix
which is defined by five parameters. The first is the curvature of the helix which gives the
transverse momentum, pr, and the second gives the pitch which is related to the longitudinal
momentum, py. The other three give the impact parameters.

The inner side of the CDC is not encased with aluminium like the outer edges. By minimising
the amount of material in the way, good tracking efficiency can be maintained even for low-
pr tracks. The CDC coverage is 17° < 6 < 150° which corresponds to 92% of the solid-angle.
Figure E211] shows the geometry of the CDC.

The CDC is filled with a gas consisting of 50% helium and 50% ethane. The low-Z gas
mixture is useful for minimising multiple Coulomb scattering to ensure a good momentum
resolution, especially for low momentum tracks. The CDC contains a total of 8400 drift cells.
A drift cell is made up of eight negatively biased field wires providing an electric field which
surrounds a positively biased sense wire. The CDC cell structure is shown in Fig.

When a charged particle passes through a drift cell, electrons are dislodged from the gas
and drift towards the sensor wire. In the final 1 mm, the electric field increases as 1/r.
This accelerates the electrons sufficiently to cause secondary ionisation which, in turn, cause
further ionisation resulting in a cascade of charge. This process, called gas amplification,
increases the signal by a factor in excess of 10%. Before amplification, the electrons have a
specific drift velocity, so the measured pulse height and drift time are related to the energy
deposit, dF/dz, and distance from the sense wire. Roughly half the wires are oriented
parallel to the z-direction (axial) to provide pr information while the remaining wires are
oriented at a small angle, 50 mrad, to the z-direction (stereo) to give py.
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Figure 2.12: CDC cell structure.

The pr resolution of the CDC is given by

0.35
and this is improved with SVD information,
0.30
O’(pT) = (0.19pT SP) T) %. (24)

The typical pr resolution is shown in Fig.

Figure T4 shows a scatter plot of the measured dE/dz as a function of the particle mo-
mentum. Separation between pions, kaons, protons and electrons can clearly be seen with
particle momenta below 1 GeV/c. Now that the behaviour of particles with different mass
have shown distinct characteristics in dE/dx, we can perform particle identification on an
unknown track that traverses the CDC. The y? for a given track, with each mass hypotheses,

1, is constructed as
s _ (dB/da)M — (dE/dz)™

o (pT);EXp 7

which compares measured with expected values. The likelihood that the charged track is of
mass, i, is calculated assuming a Gaussian distribution,

(2.5)

X

e_%xzz
Li=—2"" (2.6)
270 (pr)i

31



2.5

20 -
[ CDC only: ~0.28p, @ 0.35/8 % ]
15 —
¥ i ]
° 10 +—
2 L ]
~ L ]
g L ]
05 — —
OO L Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il ]

0 1 2 3 4 5

p. (GeV/c)

Figure 2.13: The pr dependence of the pr resolution using cosmic ray data.

-1.5 -1 05 ] 05
dEidxvs log,{(p)

Figure 2.14: dE/dz vs momentum taken from collision data.
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2.3.4 Aerogel Cerenkov Counter

The function of the Aerogel Cerenkov Counter (ACC) is to provide particle identification
information to distinguish charged kaons from charged pions in the high momentum range
of 1.0 to 4.0 GeV/ec. Cerenkov radiation is emitted when the velocity of a charged particle
in a medium exceeds the speed of light in the same medium,

1 m\?

where m and p are the mass and momentum of the particle, and n is the refractive index of
the material. Thus, we can distinguish kaons from pions and electrons by selecting a material
in which pions will emit Cerenkov light, but heavier kaons will not.

The ACC can be divided into two regions, the barrel and the forward endcap. The barrel
consists of 960 counter modules separated into sets of 60 in the ¢ direction. There are 228
modules that occupy the forward endcap in 5 concentric layers. Each counter is arranged in
such a way that it points towards the direction of the IP. Fig. shows the geometry of
the ACC.

A counter module consists of silica aerogel encased in an aluminium box of roughly 12 x
12 x 12 ecm? in size. One or two photomultiplier tubes capable of operating in the 1.5 T
magnetic field are attached to the sides of each box to detect light pulses. The refractive
indices of the silica aerogel blocks are selected to maintain good kaon/pion separation over
the kinematic range stated earlier. For the barrel modules, silica aerogel with five different
refractive indices, n = 1.010,1.013,1.015,1.020 and 1.028, are used depending on the polar
angle. Silica aerogel with n = 1.030 is used in the forward endcap modules, to encompass
lower momentum particles. This is because the TOF, designed for particle identification
with low momentum particles and the next sub-detector in line, is not present in the endcap.
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Figure 2.16: Pulse height in units of photo-electrons observed in the ACC barrel for kaons
and pions in different regions of the ACC as labelled in Fig.

Figure BT shows the measured pulse height distributions in the ACC barrel for 7% and
K* candidates from D** decays. There is good agreement between data and Monte Carlo
simulation and a clear separation between kaons and pions can be seen. Of course, the ability
of the ACC to distinguish between particles is not perfect. This can also be seen where the
kaon and pion pulses slightly overlap.

The ACC is a threshold device, so basically acts as an on/off detector. The observed number
of photo-electrons, N(PE)Mea is compared with N the momentum-dependent expected
minimum number of photo-electrons for each particle type. The likelihood that an unknown
track is of type, i, is given by,

)

sl a®  AENPEMNe > N(PE)™ 258)
L 1= if N(PE)Me < N(PE)r '

Ex

where the expected efficiencies, ¢;,”", are determined from simulation studies.

2.3.5 Time of Flight Counter

The Time of Flight Counter (TOF) gives particle identification information to distinguish
charged kaons from pions in the low momentum region, below 1.2 GeV/c. The particle mass,
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Figure 2.17: TOF module geometry.

m, can be determined from its relation to the measured elapsed time from collision at the

IP, and is expressed as,

L L 2
¢ c P

where p is the momentum of the track and L is the flight length.

The TOF sub-detector consists of plastic scintillation counters attached to photomultiplier
tubes and has a timing resolution of 100 ps. The TOF also provides fast timing signals for
the data acquisition trigger system. To sustain a fast trigger rate in any beam background
condition, thin trigger scintillation counters (TSC) are placed just before the TOF counter.
A TOF module consists of two TOF counters and one TSC counter, a schematic of which is
shown in Fig. X117

In total, there are 64 TOF modules located in the barrel region at a radius of 1.2 m from
the IP, covering a polar angle of 34° < 6 < 120°. The TOF provides separation between
kaons, pions and protons in the momentum region below 1.2 GeV/c. Figure shows the
mass distribution obtained from TOF measurements. The data points are consistent with
the simulation prediction that assumes a time resolution of 100 ps. Figure shows the
K /7 separation performance as a function of the particle’s momentum.

A x? value from TOF hit information is calculated by measuring the time interval between
hits in the TSC and TOF counters and comparing this with the expected time a particle of
type, 7, with known momentum would take to travel through the detector. The likelihood is
given by
1.2
L= (2.10)
Z H?ifl \ 27?0]', .

where ndf is the number of photomultiplier time intervals included in the calculation of x?,
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Figure 2.20: ECL geometry.

and o; is the timing resolution.

2.3.6 Electromagnetic Calorimeter

The Electromagnetic Calorimeter (ECL) serves to identify electrons and photons by mea-
suring electromagnetic showers. Electrons in this analysis are required for flavour tagging
while photons are needed for the reconstruction of 7°.

The ECL consists of 8736 thallium-doped (T1) Csl crystal counters. The CsI(T1) crystal has
a tower shape and is 30 cm long, which corresponds to 16.2 radiation lengths. Each CsI(T1)
crystal is arranged so that it points towards the IP. The barrel component has 6624 crystals
divided into 46 in 6 and 144 in ¢. The forward (backward) endcap has 1152 (960) crystals
divided into 13 (10) in # and 48 — 144 (64 — 144) in ¢ depending on 6. The geometry of the
ECL is shown in Fig. 200

When an electron or photon hits a crystal, its energy is deposited in electromagnetic showers
produced by bremsstrahlung and pair production. Other charged particles deposit a small
amount of energy by ionisation. Therefore, the ratio of the cluster energy measured by the
ECL to the momentum of the charged track momentum as measured by the CDC, E/p, is
close to unity for electrons and lower for other particles. In this way, electron identification
can be performed.
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Figure 2.21: Energy and position resolutions of the ECL as a function of the incident photon
energy deposit.

The energy resolution of the ECL is given by

0B 0.066 _ 0.81
- = (1‘34@T@W)%’ (2.11)

and the position resolution is

3.4 1.8
OPos — (O27+ E1/2 + E1/4) mm, (212)

where F is in units of GeV. Figure Z2T shows the energy and position resolution of the ECL.

2.3.7 Solenoid Magnet

The superconducting solenoid provides a magnetic field of 1.5 T, that bends charged particles
in a helix from which track momentum can be measured in the CDC. The superconduct-
ing coil consists of a single layer niobium-titanium-copper alloy embedded in a high purity
aluminium stabiliser. The coil is wound around the inner surface of an aluminium support
cylinder of 3.4 m in diameter and 4.4 m in length. Cooling is provided by circulating liquid
helium through a tube on the inner surface of the aluminium cylinder. Figure shows
the layout of the superconducting solenoid.
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Figure 2.22: The left figure shows outlook of the solenoid and the right shows a cross sectional
view of the coil in units of mm.

2.3.8 K} and Muon Detector

The K? and muon detector (KLM) provides muon identification for charged particles with
enough momentum to reach the KLM, Pr > 0.6 GeV/c. It can also detect the neutral
K?. Since these are highly penetrative particles, a lot of material is needed to detect them
efficiently.

The KLM consists of alternating layers of charged particle detectors and 4.7 cm thick iron
plates. There are 15 resistive plate counter (RPC) superlayers and 14 iron layers in the
barrel region and 14 RPC superlayers in each endcap, covering the polar region, 20° < 6 <
155°. The iron layers also serve as a return yoke for the magnetic flux provided by the
superconducting solenoid. The KLM barrel part of the iron yoke is shown in Fig. E2Z2Z3 Each
RPC superlayer consists of two RPC modules to provide 2-dimensional § — ¢ information.
The cross section of an RPC superlayer is shown in Fig.

Hadrons interacting with the iron plates produce a shower of ionising particles that are
detected by the RPC layers. The result is a cluster of hits deposited in the KLM. A K9
candidate can be distinguished from another charged hadron because it will not leave an
associated track in the CDC. A muon, on the other hand, does leave a charged track in the
CDC. However, muons can still be distinguished from charged and neutral hadrons because
they do not feel the strong interaction. Hadrons are more rapidly absorbed and deflected by
strong interactions with iron resulting in wide clusters and are stopped within a few layers
of iron. Muons only experience electromagnetic multiple scattering and energy loss, so their
clusters tend to be thinner and they have far greater penetration depth.
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Figure 2.24: Cross section of an RPC superlayer.
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Figure 2.25: An overview of the Belle trigger system.

2.4 Trigger and Data Acquisition

The role of the trigger system is to distinguish and record the interesting physics events
from the enormous amount of background that enters the detector, using fast signals from
the sub-detectors. Because of the high beam current of the KEKB accelerator, the trigger
suffers severe beam background, and since the rates of beam background are very sensitive
to real-time accelerator conditions, it is difficult to estimate reliably. For this reason, the
trigger system is required to be flexible so that background rates can be kept within the
tolerance of the data acquisition system. Redundant triggers are also needed to keep the
high trigger efficiency for interesting physics events.

The Belle trigger system consists of the Level-1 hardware trigger and the Level-3 software
trigger which operate in real-time. The Level-4 trigger and event reconstruction and classifi-
cation is performed offline. A flow diagram of the Belle trigger system is shown in Fig. 223

The Level-1 trigger consists of the sub-detector trigger systems and the central trigger system
called the Global Decision Logic (GDL). The sub-detector trigger systems are categorised
into two: track triggers and energy triggers. The CDC and TOF are responsible for charged
track trigger signals while the ECL provides triggers based on the total energy deposit. The
KLM provides additional trigger signals for muons. A schematic of the Belle Level-1 trigger
system is shown in Fig.

These are four main sub-triggers in the GDL, the two track trigger, the three track trigger,
the cluster number trigger and the energy sum trigger. The two track trigger requires two
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Figure 2.26: The Belle Level-1 trigger system.

tracks with an opening angle greater than 135°. At least one track must have z information
and a minimum of 2 hits in the TOF. The three track trigger is similar to the two track
trigger, but no opening angle condition is required. At least three hits in the inner tracking
sub-detectors are required. The cluster number trigger requires at least 4 isolated clusters
in the ECL. The energy sum trigger requires at least 1 GeV of energy deposited in the ECL.

The GDL combines the sub-detector trigger signals and makes the final decision to initiate
a Belle-wide data acquisition (DAQ) within 2.2 us of the beam crossing. The typical trigger
rate is 200-250 Hz. With redundant triggers in place, the trigger efficiency for BB events is
greater than 99.5%.

The performance goal of the DAQ is to be operational at a maximum trigger rate of 500 Hz,
while keeping the dead time fraction to less than 10%. In order to achieve this, the entire
DAQ system is divided into seven sub-systems running in parallel. An event builder combines
the signals from sub-detectors into a single event and passes it to an online computer farm.
The online computer performs a basic track and cluster reconstruction and further rejects
unwanted events with the Level-3 trigger. The remaining events are sent to a computer
centre for offline processing. A schematic of the Belle DAQ system is shown in Fig. 227

The Level-4 trigger is applied first during offline processing. Events must have at least one
track originating from the IP, dr < 1.0 cm and |dz| < 4.0 cm, with pr > 300 MeV/c. Events
passing the Level-4 trigger undergo full event reconstruction. Tracks are reconstructed with
hits in the CDC, then these tracks are extrapolated towards the IP to search for associated
SVD hits. They are also extrapolated outwards to search for hits in the outer detectors.
Thus, 4-vectors and particle identification likelihoods can be assigned. Clusters in the ECL
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Figure 2.27: The Belle DAQ system.

are also reconstructed to form photons. This information along with many other calculated
variables are stored in a format available to collaborators for analysis.

We close with a picture of a B® — J/¢ K} candidate in the Belle detector, a culmination of
all the detectors and procedures described in this chapter shown in Fig. 2228
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Chapter 3

Event Selection

3.1 Overview

In this chapter, we first describe the event pre-selection procedure to isolate BB events
produced in the chain, ete™ —T(45) — B°B’. Then we explain the reconstruction procedure
for the Bprec — K°7° decay.

In this analysis, we reconstruct the signal mode B® — K27® and two control samples BT —
K2rt and BT — K*7°.

Control samples provides a valuable cross checks for the signal mode of interest and serve for
two purposes. If the analysis of a control sample can produce expected results, this inspires
confidence in the analysis procedure of the signal mode. In addition, since the control
sample has many similarities to the signal mode, it may even aid in the extraction of physics
parameters. The branching fraction measurement will be checked with the B* — K*+x°
control sample while the C'P measurement will be checked against the BT — K2 control
sample.

3.2 Data Sample

This analysis is performed on a data sample containing an integrated luminosity of 605 fb™!
which corresponds to 657 x 105 BB pairs accumulated at the Y (45) resonance by the Belle
detector. SVD1 was used for the first sample of 152 x 10° BB pairs, while SVD2 was used
to record the remaining 505 x 10 BB pairs.
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3.3 Event Pre-selection

3.3.1 BB Event Selection

Electron-positron colliders operating at the Y(4S5) resonance do not always produce BB
events. In fact, the cross section is dominated by non-BB events, the most common of
which is ete” (Bhabha) scattering. Also present are radiative Bhabha, other lepton pair
production, et e~ — It [7, where | = pu, T, two-photon events, et e~ — v, and beam-gas
interactions. Non-BB hadronic events may also be produced and occur when, et e~ — ¢g
where ¢ = u,d, s, c represents the light quarks and is known as continuum. This section
discusses the suppression of these backgrounds.

3.3.2 Non-Hadronic Event Suppression

A standard set of selection criteria was devised to suppress non-hadronic non-BB events [51].

At least three “good” charged tracks must exist where a “good” charged track is defined as
having piack > 0.1 GeV/e, dr < 2.0 em and |dz| < 4.0 cm, where pyaq is the transverse
momentum and dr |dz| are impact parameters which describe the distance of the closest
approach to the eTe™ interaction point (IP).

At least two “good” neutral clusters must be observed in the barrel region of the ECL where
a “good” neutral cluster has Fouster > 0.1 GeV and —0.7 < cosf < 0.9, where Ejugster 1S the
energy deposit and @ is the polar angle.

The sum of momentum magnitudes in the z-direction calculated in the Y(4S5) rest frame,
pM5 must be less than half the total available energy, /s, > [pS™5] < 0.5 /s and the
primary event vertex calculated from the “good” charged tracks must satisfy dr < 1.5cm
and |dz| < 3.5 cm.

Assuming the pion mass for “good” charged tracks, the total visible energy in the T(4S5) rest
frame, ESMS should be ESMS > 0.18 /5. The total energy of “good” neutral clusters in the

T (49) rest frame, ESMS | has to be inside 0.1 /s < > ESM3 < 0.8 /5. The invariant mass

cluster> cluster
of particles in each hemisphere defined as perpendicular to the boost, Mje, must satisfy,

Moy > 1.8 GeV/c2

These selection criteria retain more than 99 % of BB events while reducing the contamination
from non-hadronic processes to less than 5 %.
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3.4 Particle Identification

Pions and kaons cannot be distinguished unambiguously by the Belle detector. However, the
sub-detectors are able to provide a likelihood that a charged track is a kaon given that the
track is hypothesised to be a pion,

L K+ £W7
where P; (i = K, m) is the product of the likelihoods that the particle is of type i and is
calculated as,

P(K : ) (3.1)

L, = £LEPC x LTOF x £Acc, (3.2)

where each component, LPET s the likelihood that the particle is of type i in their respective
sub-detectors defined in Eq. (Z8), Eq. (ZI0) and Eq. (Z3).

Figure Bl shows an example distribution of the likelihood ratio, P(K : 7), for charged
tracks. The left half contains the region where the track is most likely to be a pion and on
the right side, the track is most likely a kaon. The peaks at the extremities demonstrate
that most tracks can be clearly identified. A non-intuitive feature is the spike that occurs at
P(K : ) = 0.5 which arises because the likelihood, £LP¥T is set to 0.5 when a sub-detector
cannot identify a track.
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P(K:m)

o T
©
N

Figure 3.1: PID likelihood ratio, P(K : 7), on a logarithmic scale.

3.5 Kinematic Fit

Kinematic fitting reduces the effects of detector resolution which can be used to improve the
mass resolution and determine the decay vertex of a candidate particle. There are two types
of kinematic fitting used in this analysis: mass-constrained fitting and vertex-constrained
fitting.

In the mass-constrained fitting, the invariant mass of the candidate, M .4, is set to the known
mass and the momentum of its daughters are re-calculated. The underlying motivation for
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vertex-constrained fitting is that the tracks used to reconstruct a candidate may not pass
through the same point. The M_,,q decay vertex is obtained by tuning the momentum and
position of each daughter according to its measurement errors so that all tracks pass through
a single point. An illustration of this procedure is shown in Fig.

The fitting technique is based on the least square method using the Lagrange multiplier
method and is described at length in [52]. A measure of the goodness-of-fit is the x? of the
vertex reconstruction which is defined as,

=XV, (3.3)

where X is difference in track parameters before and after the vertex reconstruction, and Vp
is the error matrix of \.

T T, U T,

Vertex fit

T—Vertex

Figure 3.2: Schematic of a vertex-constrained fit.

In this analysis, we use mass-constrained kinematic fitting for the 7° mass reconstruc-
tion (§86) and vertex-constrained fitting to determine the vertex of the K9 (§87) and both

B mesons (§5.2)).

3.6 7% Reconstruction

The 7° is reconstructed from two photons as 7 — ~v and undergoes mass-constrained

fitting. The variables which discriminate real 7° mesons from combinatorial background
are the daughter photon energies, E., the invariant mass of the 7° candidate before mass-
constrained fitting, m(vy7y), the mass-constrained goodness-of-fit x? and the angle between
the 7° momentum in the B meson rest frame and the photon momentum in the 7° rest
frame, 0*. Figure shows a typical m(vyy) distribution.

We select ¥ candidates requiring the following selection criteria: E., > 0.05 GeV in the
barrel region, £, > 0.10 GeV in the endcaps, x* < 50, cosf* < 0.95 and 0.115 GeV/c? <
m(yy) < 0.152 GeV /%
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Figure 3.3: An invariant mass distribution of 7°.
3.7 K g Reconstruction

The K is reconstructed from a charged pion pair, K — 77—, and a vertex-constrained
fit is performed. Besides the reconstructed K% mass, m(7 "7 ~), which is shown in Fig. B4
a set of four variables described in Table Bl are used to optimise Ko quality. A standard

Table 3.1: Variables for K3 optimisation.

dr The smaller of dr; and dry, the shortest distance between the
two K2 daughter tracks and the IP
do The azimuthal angle between the momentum vector and decay
vertex vector of a K2 candidate
z_dist The distance between the two K2 daughter tracks at their point
of interception
fl The flight length of a K2 candidate in the z — y plane

set of selection criteria based on these four variables, called the “goodKs”, were created
to significantly enhance K9 purity and are summarised in Table B2 The effects of these

requirements are discussed further in [b3].

The K% — nt7m~ channel is reconstructed and subject to the “goodKs” selection and the
mass window, 0.480 GeV/c?> < m(nt7™) < 0.516 GeV /2.

Table 3.2: The “goodKs” selection criteria.

Momentum (GeV/c) dr (cm) d¢ (rad) z_dist (cm) fl (cm)
< 0.5 > 0.05 < 0.30 < 0.8 -

0.5—-1.5 > 0.03 < 0.10 < 1.8 > (.08

> 1.5 > 0.02 < 0.03 <24 > (.22
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Figure 3.4: An invariant mass distribution of K2.
3.8 Reconstruction of B mesons

The reconstructed B meson, Bgee, is not characterised by its invariant mass unlike other
reconstructed particles. From 2-body kinematics, the energy of Bge. in the centre-of-mass
system (CMS), ESMS, must be half the total energy of the e*e™ system in the same frame,
ECMS  With this constraint, the B meson is described by two kinematic variables defined
as,

My = V/(EGR)? — (05"°),

(3.4)
AE = ESMS — EOMS

beam*

The variable, My, is known as the beam-constrained mass and has much better resolution
than the reconstructed B mass, thus providing better separation of signal and background.
The energy difference, AFE, should peak around zero for correctly reconstructed B mesons.
Examples of the distributions of My, and AE using simulated B® — K27° events are shown
in Fig.

3.9 Continuum Background Suppression

Continuum background can be suppressed with criteria that utilise the event shape differ-
ences between the BB and continuum background. Continuum events produce light mesons
with high momentum which tend towards a jet-like shape while BB events are more spher-
ical in shape as shown in Fig. Event shape variables can be constructed from modified
Fox-Wolfram moments divided into three components: a component including only particles
belonging to the reconstructed candidate, a component including particles other than the
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Figure 3.5: M, and AE distributions using simulated B® — K37° events.

reconstructed candidate, and a component including all particles. They are defined as,

> 1Pil|Pj ] Po(cos 05)

Rec _
S ST
RTag — ZZ] |pi|[ 9] P (cos 0;5) (35)
! > 1oill7; | '
RAI — ZZ] \@HﬁﬂPn(cos ‘9ij)
" > i1

where [p] indicates the particle momentum evaluated in the CMS, P, is an n-th order Leg-
endre polynomial, the indices 7, 7 enumerate over all particles in their respective categories
and 6;; is the angle between the momentum vectors. We do not use RE*® because they are
strongly correlated with My, and AE. The moments R, R, and R are also not used
because they are correlated with M, [b4].

We then introduce the Fisher discriminant [55], F', that is made of the following five variables
Ry, R, R, R and R defined as,

F=Y a,Rys+ Y B.RY (3.6)

n=2,4 n=2,3,4

where the coefficients «,, and 3, are determined by training the separation between the
BB and continuum events. In addition, we include the cosine of the polar angle of the B
candidate in the CMS, cos §p which follows a (1 — cos? f) distribution for BB events, while
qq events distribute uniformly. Figure B shows the different distributions of cos . These
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Figure 3.6: Schematically highlighting the topological differences between a BB event and

a continuum event.
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Figure 3.7: An example of the cos §p distribution for BB events (blue) and continuum events

(red).

two variables, F' and cos /g, are combined to form a likelihood ratio, Lg/p defined as

Lsp = iu
Lpg + Lyg
Lys = Py x Pss, (37)
Leg = Plo x P05,

where Ppj (4 18 a probability density function of BB (qq) events for F and cos f5. Figure B8
shows an example distribution of Lg/g.
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Figure 3.8: An example Lg/p distribution. The blue curve represents BB events and the red
curve shows qq events.

3.10 B meson Selection Criteria

3.10.1 B°— K3}n°

We reconstruct B® — K270 events using reconstructed K9 and 7° candidates. We select

Brec candidates requiring 0.3 < Lg/g, which retains ~ 90.7% of the signal while rejecting
~ 70.5% of the continuum background.

Signal events are described by the variables, M., AE and Lg/g for which the following
spaces are defined:

the Variable space,

5.20 GeV /c? < My, < 5.30 GeV /¢,
—0.30 GeV < AF < 0.20 GeV, and
0.3 < ES/B?

the Signal region,

5.27 GeV/02 < My < 5.29 GeV/cQ,
—0.15 GeV < AFE < 0.1 GeV, and
0.3 < ES/B;

the Sideband region,

5.20 GeV/c? < My, < 5.26 GeV /c?,

53



0.05 GeV < AFE < 0.2 GeV, and

0.3 < ‘CS/B'

Due to the combinatorial nature of reconstruction, more than one Bg. candidate per event
is a possibility. The multiplicity of Bre. candidates is ~ 1.007 events in Bg,. variable space
and is illustrated in Fig. However, as there can be only one reconstructed B® — K9r°
per event, it is necessary to devise best B candidate selection criteria. For the case where
B candidates were reconstructed from different 7%’s, the Bge. candidate with the lowest x?
for the 7 mass-constrained fit is chosen. Otherwise, in the case of different K2 candidates,
the Bgree candidate is selected at random. After the best candidate selection, the fraction
of mis-reconstructed events is estimated to be ~ 20%, which is estimated from Monte Carlo
simulation, and is almost completely dominated by fake 7°.

107 F

10°F

10°F

10 F

]

3

25 35 . 4
B candidate

1

L L L
0 0.5 1 15 2

Figure 3.9: The number of Bge. candidates per event.

Figure @10 shows the distribution of Lg/g vs My, in which clear separation between sig-
nal and background events can be seen. The next chapter will describe how the different
contributions to this plot are modelled in order to extract the signal yield.

3.10.2 Bt — Ktn°

Since the extraction of the signal yield of B® — K27° involves the kinematic variables, M.
and AFE, whose shapes are largely influenced by the presence of the 7. A control sample
with higher statistics, similar topology and a prompt 7° is needed for which B* — K+70 is
a natural choice.

The selection criteria for BT — K7 are kept as similar as possible to that of B® — K3r°.
The main difference is that the charged kaon is selected with a PID requirement, P(K : 7) >
0.6.
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Figure 3.10: Lg/p vs M.
A second control sample will be needed for the time-dependent C'P analysis which uses the
The main difference for the reconstruction of BT — K37 " is that the prompt pion must
satisfy P(K : m) < 0.4 and that the best B candidate is selected at random if there are more
55

chosen as a higher statistics control sample with similar topology. Only the
than one candidates.

variable, At. As At is determined from a vertex using a
reconstruct the vertex of the control sample.

3.10.3 BT — Kon™



Chapter 4

Branching Fraction Measurement

4.1 Basic Formula

The branching fraction of a fully reconstructed B decay is given by
B=_-5& (4.1)

where Ng;, is the signal yield, € is the reconstruction efficiency and N(BB) is the number of
BB events given in §821 Here we assume N(B*B~) = N(B°B°) and N(BB) = N(B*B~)+
N(B°BY). This chapter describes the procedures to obtain these parameters required to
calculate the branching fraction of B® — K9r°.

4.2 Calculation of N(BB)

The number of BB pairs passing the event pre-selection criteria of §83.2, N(BB) is given
by
N(BB) = N(on) — acN (off), (4.2)

where N (on) is the number of events collected at the Y(4.5) resonance, N (off) is the number
of events collected off resonance, a is the scaling factor for on resonance to off resonance data
and c is the ratio of the continuum efficiency for on resonance and off resonance [56].

We calculate a using both barrel bhabha and dimuon events, a = Ny (on)/Ny(off), and take
the average of the two. We calculate ¢ as ¢ = €(on)/e(off ), using simulated events.
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4.3 Reconstruction Efficiency

Simulated events, or Monte Carlo (MC), play an important role in forming an expectation
on how a decay will behave inside the Belle detector. This process of MC production occurs
in two stages. Firstly, the physical decay vectors are simulated with the EvtGen [57] package
according to some prescribed decay models. Secondly, the response of the Belle detector is
modelled with GEANT [58], a package designed to imitate the interactions between particles
and matter. GEANT takes each particle from EvtGen and traces its behaviour as it traverses
the detector and returns an event intended to resemble real detector output.

The probability of detecting a given decay is known as the reconstruction efficiency. In
its simplest form, the reconstruction efficiency can be determined from signal MC, ey, as
the number of reconstructed events in variable space out of the total number of simulated
events. We generate samples of MC containing 1000 000 signal events for SVD1 and SVD2.
The reconstruction efficiencies of each decay are summarised in Table EEIl where correct
reconstruction was not a requirement.

Table 4.1: Reconstruction efficiency obtained from signal MC.
BY — K2x° Bt — K*tx0

SVD1 0.2182 4+ 0.0005 0.3310 = 0.0006

SVD2 0.2286 4+ 0.0005 0.3362 + 0.0006

Sometimes, a given reconstruction procedure may affect the detection efficiency of MC in a
different way to data. In such cases, it becomes necessary to introduce a correction factor
that scales a MC determined efficiency into one more appropriate for data. In general, the
correction factor for a reconstruction procedure, ¢, is the ratio,

EData(i)

eicll) (4.3)

or(i) =

and is usually obtained by a separate study. The corrected efficiency, €pata, is simply the
efficiency taken from MC scaled by the product of each correction factor,

epata = euc | [ écr(4) (4.4)

Two methods used in B — K3r° reconstruction have associated correction factors, 7°

reconstruction [59] and K9 reconstruction [B3]. These references provide lookup tables with
correction factors that depend on the momentum of the K5 or w°.
The correction factors for 7° are obtained using the signal yields of 1 decays and calculating
the ratios,

6Dauta(zﬂ-o) o ]\[Dauta('r]_> ‘?’ﬂ-o)/-]\']MC(,r]_> 37T0)

emc(2m®)  Npawa(n—77)/Nuc(n—7y) (45)
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Table 4.2: Efficiency correction factors

Category Correction Factor
70 reconstruction 0.979 + 0.027
K? reconstruction 1.000 4+ 0.018
and 0 0 0
EData(27-r ) _ NData(n_):Sﬂ— )/NMC(H_)gﬂ— ) (4 6)
emc(270) Npata(n— 7t7~70) /Nyc(n— ntr—x0)’ '
where the correction factor can be calculated as
0 6Data(Q’ﬂ—O)
=, | =2 4.7
r(m) entc (270) (4.7)

The K2 correction factors are obtained by comparing K2 signal yields in data and MC with
and without the ”goodKs” selection criteria. The correction factors for B® — K37° are
determined from signal MC by taking an average of the correction factors over all events and
are shown in Table EE2.

4.4 Branching Fraction PDF

The branching fractions of B® — Kor" and the control samples are determined from an

extended three-dimensional unbinned maximum likelihood fit to the M, .-AF-Lg/p distribu-
tion. The unbinned maximum likelihood method is discussed in Appendix [Al

4.4.1 Signal PDF

In order to extract the signal yield from data, it is important to understand the signal shape
in M., AE and Lg/g. Signal MC provides a way to form an expectation of the shape the
signal will take in data. The signal shape is described by a probability density function
(PDF) which is a three-dimensional histogram of all the reconstructed events in signal MC,

Psig = Hsig(Mye, AE, LgB). (4.8)

Usually, analytical models are preferred to describe signal, however, these were found to be
insufficient due to strong correlations between M,,. and AFE. As this PDF is determined from
MC, it may not be an accurate portrayal of the signal shape in data. For modes with a 7°
in the final state, we introduce a smearing function, S(My., AF; p;, 0;), with parameters, ;,
which shifts the histogram in My, and AFE, respectively, and o;, which scales the histogram
about the nominal B mass. For these cases, the signal PDF becomes,

PSig = HSig(Mbca AE, ‘CS/B) (29 S(Mbca AE) (49)
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4.4.2 Continuum Background PDF

The continuum background shape is modelled with the product,
Pag = Pag(Me)Pyg(AE) Pog(Lsn), (4.10)
where Py;(My) is an ARGUS function [60],

Mye \? Mye \?
qu(Mbc) = Mbc\/l — (EC—E/IS) eXp{a |:1 — (EC—E/IS) :| }, (411)
beam beam

with the shape parameter, a, which is a free parameter in the branching fraction measure-
ment. The P,;(AE) component is a first-order polynomial,

Pya(AE) =1+ c(Ls/)AE. (4.12)

As there is a correlation between the AL slope, ¢ and Lg/g, the parameter, ¢, will be
determined in three Lg/g bins, 0.3 < Lg/g < 0.5, 0.5 < Lg/g < 0.7 and 0.7 < Lg/p < 1.0, in
the branching fraction measurement. The last component, Pys(Ls/g), is a one-dimensional
histogram,

Pyi(Ls/e) = H(Lsp), (4.13)

determined from reconstructed events in the sideband region.

4.4.3 BB Background PDF

The BB background is determined from a large sample of generic MC B decays corresponding
to an integrated luminosity roughly an order of magnitude larger than the data set used in
this analysis. The dominant contribution towards the background comes from charmless
B decays. As the contribution of charm events to the total background is negligible, it
is treated together with the charmless events. The background PDF is modelled with a
three-dimensional histogram,

Pps = Hpp(Me, AE, Ls/p). (4.14)

4.4.4 Total PDF

The total extended likelihood is given by the product over all N events,

6_(NSig+NBkg

) N 4 ' '
L = T H{NSigPéig + NBkg[quP;q + (1 — fq‘j)PZBB]}’ (415)
' i=1

where f,; is the gq fraction and is a free parameter, Ng;, is the extracted signal yield and Npyg
is the fitted number of background events. Equation (E]) is substituted into the extended
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likelihood so that the branching fraction becomes the free parameter rather than the signal
yield. This substitution is slightly complicated by the different SVD configurations which
lead to different efficiencies for SVD1 and SVD2. To account for this, the signal yield can

be written as
SVD2

Nsig=B Y  N(BB)e. (4.16)

i=SVD1

4.5 Correction Factors

We perform a fit to extract the branching fraction of the control sample, B* — K*79
with the signal PDF that includes factors which account for the possible differences between
data and MC (Eq. (EH)) as free parameters. However, the signal efficiency of BT — KTn°
does not contain these corrections as this measurement is not intended to be a result of this
analysis. The fit result is summarised in Table and shown in Fig. EET1
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Figure 4.1: My-AE-Lgg fit projections of B* — K*7% The black histograms show the fit
results. The blue histograms show the signal contribution, the green, the BB background
and the red, the sum of continuum and BB background. (a) shows the My, projection within
the AFE signal region and enhanced Lgp region(Ls/s > 0.7), (b) shows the AE projection
within the M, signal region and enhanced Lg/g region, and (c) shows the Lg/g projection
within the signal region.
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Table 4.3: Bt — K70 fit result.

Parameter Fit Result
I, —0.0006 £+ 0.0004
oM, 0.904 £ 0.013
UAE 0.007 £ 0.001
OAE 0.999 + 0.089
a —21.83 £0.36
¢(0.3 —0.5) —1.474+0.03
c(0.5—0.7) —1.33+£0.04
c(0.7 —1.0) —1.20+£0.05
faq 0.991 £ 0.001
B(B* — K™n%) (units 107°) 9.966 + 0.257
Npi, (units 103) 108.8 £0.3

4.6 Branching Fraction Measurement of B? — Kgn°

Finally, a fit is performed to extract the branching fraction of the signal mode, B® — K27,
using the signal PDF, Eq. (), with correction factors fixed to the values found in the control
sample BT — K*7% The signal detection efficiency is also corrected with the factors given
in Table The fit result is summarised in Table L4 and shown in Fig. L2  The branching

Table 4.4: B — K27 fit result.

Parameter Fit Result

a —23.29 £0.61

¢(0.3 —0.5) —1.63 +0.06

c(0.5—10.7) —1.30 +0.08

c(0.7 - 1.0) —1.10 £0.08

faq 0.993 £ 0.001

B(B® — K%7°) (units 107) 4.362 £+ 0.251
Npig (units 103) 37.0+0.2

fraction of the B® — K%7® decay which contains a scale factor of 2 to convert K2 to K°, is
found to be,

B(B — K% = (8.72 752} (stat) 1045 (syst)) x 107° (4.17)

which corresponds to a signal yield of 634 + 37 B® — K270 events. This measurement is
in agreement with the current world average, B(B® — K°7%) = (9.8 £ 0.6) x 107° within 2
standard deviations.

The next section deals with the systematic uncertainties that originated from possible effects
of various assumptions and fixed parameters used in the fit to obtain the branching fraction.
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Figure 4.2: My.-AE-Lgp fit projections of B — K37° The black histograms show the fit
results. The blue histograms show the signal contribution, the green, the BB background
and the red, the sum of continuum and BB background. (a) shows the My, projection within
the AFE signal region and enhanced Lgp region(Lg/g > 0.7), (b) shows the AE projection
within the M, signal region and enhanced Lg/g region, and (c) shows the Lg/g projection
within the signal region.

4.7 Systematic Uncertainties

471 N(BB)

The number of BB pairs which appears in Eq. ([f]) has an associated error recorded at [56],
which may affect the branching fraction measurement. The error is taken as a systematic
uncertainty.

4.7.2 Efficiency

The signal detection efficiency also appears in Eq. (E]]) and its error depends on the amount
of MC statistics in the histogram. This error is calculated from the values given in Table BTl
by taking an average of the SVD1 and SVD2 efficiency errors for BY — K27° weighted by
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their relative amounts of data collected with each detector configuration.

4.7.3 K2 Reconstruction

As described in §£3, the K2 selection criteria requires a correction factor for the efficiency
to account for the difference between data and MC. The error on this correction factor given
in Table is taken as the systematic uncertainty of K3 reconstruction.

4.7.4 7° Reconstruction

The systematic uncertainty of 7° reconstruction is also due to its associated correction factor
and is given in Table B2

4.7.5 Histogram Binning

Histograms were used to represent certain components in the fit for the branching fraction,
where the sizes of the histogram bins were fixed. To account for uncertainties in the shape,
each bin size is varied by twice its bin error. Then a fit is performed noting the percentage
difference between this fit result and the central value obtained in Eq. (Id). This procedure
is repeated for all bins of each histogram and the square root of the quadratic sum of the
differences between each fit and the central value is taken as the systematic uncertainty.

4.7.6 Correction Factors

Correction factors obtained in §&H from the branching fraction measurement of B* — K*x°
were used to smear the shape of B® — K3m° obtained from MC and were fixed in the fit to
obtain the B® — K270 branching fraction. The procedure to estimate the systematic error
from these factors is similar to the case for the histogram bin sizes except that in each fit,
the correction factors are varied by +10.

4.7.7 Total Systematic Uncertainty

The systematic errors for each category are summarised in Table The total systematic
uncertainty of the branching fraction is taken as the quadratic sum of the uncertainties of
each category.
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Table 4.5: Branching fraction systematics.

Category IB(%)
Number of BB pairs +1.36
Efficiency +0.21

K reconstruction +1.84
7¥ reconstruction +2.75
Histogram binning e
Correction factors 55
Total o2

4.8 Validity Test

We check branching fraction of the data sample collected with each SVD configuration. The
fit results are,

SVD1 : B(BY — K°7%) = (9.00 177 (stat)) x 107°,
SVD2: B(B® — K°7%) = (8.63 7522 (stat)) x 107, (4.18)

which are in agreement with each other and the final fit result.
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Chapter 5

C P Violation Measurement

5.1 Overview

In this chapter, we describe the measurement of C'P violation in B® — K% decays. Recall
that C'P violation parameters can be extracted using the physical observables At and the
flavour of the tag-side B meson, using Eq. (ChE). Although this thesis is predominantly
about BY — K270, this part of the analysis was performed in conjunction with B® — K%x°.
Details of the BY — K?%7% analysis will not be described here, but can be found in Ref. [61]
and Appendix [El

5.2 At Reconstruction

5.2.1 Vertex Reconstruction of Bgrec

In this analysis, there are no primary tracks originating from the B meson. In such cases,
the vertex of BRrec, 2Rec, has to be determined by extrapolating the K2 pseudo-track back
to the IP. However, as the KJ has a relatively long lifetime, its charged daughters do not
always register hits in the SVD which leads to a lower vertex reconstruction efficiency.

We can improve the Bge. vertex resolution further by including the IP profile in the vertex
fit. The shape of the IP profile is represented by a three-dimensional Gaussian distribution.
Since the actual IP position and its spread varies with accelerator conditions, the mean
and standard deviation of each Gaussian is determined frequently using pre-scaled hadronic
events. The IP profile, which is typically 100 gm in x, 5 gm in y and 3 mm in z, is smeared
in the x — y plane to account for the finite flight length of the B meson in this plane,
[Pgmear = 21 pm.
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5.2.2 Vertex Reconstruction of By,

After fully reconstructing Bgee, all remaining tracks should belong to the other B meson,
Brag. The following algorithm is employed to determine the vertex of Brag, 21a. Initially, all
tracks with poor position measurement, o, < 0.5 mm, are excluded. Another requirement
is placed on the impact parameter of the track with respect to the Bgre. vertex in the r — ¢
plane, dr < 0.5 mm.

Finally, the vertex of B, is calculated with the remaining tracks and the IP constraint.
To further minimise the effect of tracks with poor resolution and tracks with a relatively
large displacement from the majority, the goodness-of-fit, x2, is checked. If x? > 20, the
track providing the largest contribution to the x? is removed and the vertex recalculated.
However, we always keep high momentum leptons, p°™3 > 1.1 GeV/c, as they are likely to
originate from semi-leptonic b — cly; decays. The cycle of removing the worst track and
re-fitting continues until x? < 20, whereupon the vertex is accepted as that of Brag.

5.2.3 At Reconstruction

Time-dependent C'P parameters are extracted from the At distribution which is calculated
from the Bre. and Br,g vertices. As the BB pair is practically at rest in theY(45) frame,
At can be determined using a kinematic approximation,

AZ ZRec — ATag

At ~ e = Ge (5.1)

where (v = 0.425 is the Lorentz boost of the T (45).

The quality of the vertex is usually determined by the x? of the vertex fit. However, it is not
a good index in this case because it is correlated with the vertex z-position due to the IP
constraint in the x —y plane. This would bias the calculated At distribution, so we therefore
define a new measure of vertex quality,

1 - Zieore B Z; er ?
f=— Z [bfz—ft] 7 (5.2)

2n i=1 €before

which is essentially the reduced x? projected along the z-axis. The parameters z{ .. and
2l are the vertex positions of each track before and after the fit, respectively, and € ;. is
the error of 2 ... Note that & cannot be defined for single-track vertices.

For At reconstruction, the following selection criteria are applied: the vertex goodness-of-fit,
¢ < 250 for the reconstructed and tag-side vertices and |At| < 70 ps. For a good quality
vertex, at least one r — ¢ hit and two z hits for each K¢ daughter is required. The vertex
reconstruction efficiency for SVD1 is found from MC to be 24% and 36% for SVD2. The
vertex position resolution for the z direction with SVD1 (SVD2) is 141 pm (172 pm). The
fraction of misreconstructed events in At is estimated to be ~ 0.4%.
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Figure 5.1: SVD configurations of K9 vertexing. (a) shows the “On-diagonal” configuration
while (b) shows the “Off-diagonal”.

Cosmic ray data taken with the Belle detector provide a better understanding of the track
parametrisation. This is due to the fact that cosmic muon tracks have an entry and exit
point through the SVD as opposed to a track which originated from inside the SVD which
can only have an exit point. Thus the track resolution is further improved by correcting the
track errors with global scaling factors obtained from these cosmic ray events.

To account for At smearing of signal events caused by our experimental environment, a
resolution function, Rygig, is incorporated which considers three sources of At smearing,

Rsig = Rpet ® Rnp ® Rk (5.3)

The resolution function, Rpe represents the detector resolution, Ryxp describes the smearing
due to reconstructing the Br,, vertex from non-primary tracks and Rx models the effects
of the kinematic approximation that neglects the transverse momentum of the B mesons in
the CMS. The details of the resolution function are contained in Appendix [Cl

The default resolution function is modified depending on the configuration of SVD hits of
the K2 daughter tracks. Figure il(a) shows the case where the innermost SVD hits of each
track occur in the same layer and Figure BJl(b) shows the case where they are not.

5.3 Flavour Tagging

Time-dependent C'P asymmetry manifests only in C'P eigenstates. As a consequence, the
flavour of Bgee, or in other words, whether it was a B® or B° that decayed, is unknown. By
harnessing the property that the B°B° pair is produced in a coherent state, it is possible
to infer the flavour of Bge. at the same time Br,, decayed if the flavour of Br,, can be
determined. This is called flavour tagging and the procedure is detailed in Appendix [Bl
Two parameters are used to represent flavour information, ¢ and r. The discrete variable, ¢,
is the determined flavour of Br,, and takes the value ¢ = +1 when Br,, = B? and ¢ = —1
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Arbitrary

Figure 5.2: Distribution of ¢ - r. The edges show where Br,, has been identified with high
quality. The majority of events are in the middle with weak flavour discrimination.

when Br,, = BY. The continuous MC-determined r is the expected flavour dilution of ¢
and can range from r = 0 for no flavour information, to » = 1 for unambiguous flavour
assignment. Another two variables are used to describe incorrect flavour tagging, w, which
is wrong tag probability and the difference in wrong tag probabilities between B® and B°
decays, Aw. Figure shows a distribution of ¢ - r obtained from signal MC.

5.4 Probability Density Function

5.4.1 Signal PDF

The time-dependent signal PDF which accounts for dilution from flavour tagging and reso-
lution effects is given by

e_‘At‘/TBO

Psig(At, q) = [1 — qAw + q(1 — 2w)(Acp cos AmgAt — Secf} sin AmdAt)} ® Resig,

(5.4)
where 7o is the B lifetime and Amy is the mass difference between the B mass eigenstates.
Even though the vertex reconstruction efficiency is not perfect, events that lack At informa-
tion or fail the At selection criteria can still be used to evaluate the Acp component. This
is achieved by integrating Eq. (B4 over At,

4TBO

Psig(q) = % {1 — qAw + q(1 — 2w;)(1 — 2Xm)ACP} : (5.5)
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where,

(AmdAt)2
o[l + (AmaAt)?’

Il
—

o

D
Nubg

Xm

5.4.2 Continuum Background PDF

The continuum At distribution is empirically described with an effective lifetime and prompt
component which is motivated by the finite lifetime of D mesons and the presence of short-
lived particles in continuum,

—|Atl/7eq
Pqti(At) =(1- f&)T + f50(At — pus). (5.7)
Taq
This PDF is convolved with a double Gaussian to describe At resolution effects,
Rq(i(At) - (1 - ftail)G(At; Hmean Smain0> + ftailG(At; Hmean s Smainstaﬂ), (58)

which uses the event-dependent At error constructed from the vertex resolution,

0 = (1/Ohee T 0%,)/ B¢, as a scale factor. The fit parameters are determined from the

sideband region for the control sample, Bt — K9r" and the signal mode. They can be
found in Table Bl with the fit result shown in Fig. B3
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Figure 5.3: Fit results to determine the continuum background shape in At. The black
curves show the fit results, and the green curve shows the contribution from an additional

Gaussian similar to the one used in the lifetime measurement of signal MC. (a) shows the
results for BT — Kor" and (b) shows BY — K2x°.

5.4.3 Charged B Background PDF

The charged B background in At is modelled with a lifetime function,
RN
[ eff
Pp+p-(At) = ———— ® Rp+p-, (5.9)

2T p+
Beff
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Table 5.1: Fit parameters for continuum background in At.

Fit Parameter BT — K2n+ BY — K%n°

Teff 0.875+£0.118 0.968 £ 0.086
s 0.013 £ 0.068 —0.031 £ 0.031

fs 0.475 4+ 0.098 0.567 £+ 0.063

Hmean —0.091 £ 0.092 0.135 £ 0.065
S'main 1.126 £ 0.054 1.105 £ 0.034

Stail 3.520 £ 0.520 2.895 £ 0.291

frail 0.073 £ 0.028 0.100 £ 0.026

where Rp+p- is the At resolution function for charged B decays. As the source of this
background involves particle exchange with the tag-side which may shift the vertex position,
the lifetime may also be affected in consequence. We extract an effective lifetime from generic
charged MC events to determine its shape in At. The fit result gives Tpt = 1.70 £ 0.05 ps

for Bt — K2n" and Tt = 1.66 = 0.08 ps for BY — K37 and is shown in Fig. B4
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Figure 5.4: Fit results to determine the charged B background shape in At¢. The black
curves show the fit results, and the green curves show the contribution from an additional
Gaussian similar to the one used in the lifetime measurement of signal MC. (a) shows the
results for BT — K2r" and (b) shows BY — K2x°.

5.4.4 Neutral B Background PDF

Due to B°B° mixing, the neutral B background is described with the same PDF as signal,
Eq. (B4), however the C'P parameters are fixed to zero and the effect of this choice will be
accounted for in the systematic errors. For similar reasons to charged B events, we extract
effective lifetimes to describe the neutral B background shape: Tpo. = 1.68 £ 0.11 ps for
BT — K2nt and Tpo = 1.2140.21 ps for B® — K27 The fit result is shown in Fig.
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Figure 5.5: Fit results to determine the neutral B background shape in At. The black curves
show the fit results, and the green curves show the contribution from an additional Gaussian
similar to the one used in the lifetime measurement of signal MC. (a) shows the results for
BT — K27 and (b) shows BY — K2n°.

5.4.5 QOutlier PDF

At this point, there are a few remaining events that cannot be accounted for by the At
resolution function or physics background PDFs. These so-called outlier events form a broad
shape in At and are thought to originate from mis-reconstruction. They are modelled with
a Gaussian centred around zero,

Pout(At) = G(AL; 0, 00ut), (5.10)

where ooyt is the width of the Gaussian.

5.4.6 At Component Probabilities

The relative contributions of each component in At is calculated in the following way. The
ratio of BYB~ decays to the total number of BB background events in the signal box,
fB+B-, is determined from MC to be fz+p- = 0.815 £ 0.008 for BT — K3nt and fp+p- =
0.915 + 0.018 for B® — K27°. Discrimination between continuum and BB background is
calculated event-by-event from their shapes in M., AE and Lg/p as given in Eq. (EI0) and

Eq. (E14),
pquQCY(MbC7 AE) 'CS/B)
pqqpqci(MbCa AFE, £S/B) + (1 - pq(i>PBB(MbC7 AE, ES/B)'

fof(Mye, AE, Lg/) = (5.11)

The shapes are fixed from the signal yield extraction of the control sample, BT — K™,
and B° — ngoﬁ, described later in this section, where p,q is the gg fraction of the total

TThe signal yield extraction of B — K 270 occurred chronologically before its branching fraction mea-
surement in &0 and did not contain correction factors from Bt — K+r0.
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background events in the signal box. The values of pyg are calculated to be p,; = 0.98540.001
for BY — K27 " and p,; = 0.990 & 0.001 for B® — K3n°.

To maximise sensitivity to signal, the signal probability is calculated per event from the
event shape in each r-bin,

Psig (T)PSig(Mbca AE? ‘CS/B)

Dsig(7) Psig(Mue, AE, Lg5) + (1 — psig(r)) Porg(Mpe, AE, Ls/B)’
(5.12)

fsig(Mye, AE, Lgg,7) =

where Pgig(Mye, AE, Lg/p) is given in Eq. () and
Prkg(Mpe, AE, Ls/B) = PagPeq(Mue, AE, Ls/g) + (1 — pog) Pps(Mye, AE, Lgys).  (5.13)

The r-bin dependent signal purity, psis(r), is calculated from signal MC and sideband scaled
using the average purities in the signal region, pg;,. These values are given in Table

BT — Kor™ BY — K9r"
r-bin SVD1 SVD2 SVD1 SVD2
0 0.181 £0.011 0.180 £ 0.005 0.147 £ 0.018 0.120 &= 0.008
1 0.190 £0.011 0.181 £0.005 0.175+0.021 0.154 £ 0.010
2 0.239 £0.013 0.222 £ 0.006 0.240 £ 0.026 0.195 £ 0.012
3 0.250 £ 0.013 0.232 £ 0.007 0.209 £+ 0.024 0.187 £ 0.012
4 0.250 £0.013 0.246 + 0.007 0.243 +£0.026 0.176 £ 0.011
) 0.298 +0.015 0.315 = 0.008 0.289 +0.030 0.247 £ 0.015
6 0.633 £0.017 0.661 = 0.008 0.704 £ 0.032 0.613 +£0.019
Dsig 0.241 £0.013 0.235 + 0.007 0.221 £0.025 0.184 £ 0.012

Table 5.2: Summary of r-bin dependent purities.

Signal Yield Extraction of Bt — K3r™

We perform a fit to extract the signal yield of the control sample, BT — K2r ", with the
uncorrected signal PDF, Eq. (X)), to be consistent with B® — K2 The fit result is
summarised in Table and shown in Fig. The signal yield of Bt — K3r" is found
to be,

Ngig(Bt — Kgr™) = 2297 4 58 events. (5.14)

Signal Yield Extraction of B® — K%x°

We perform a three-dimensional unbinned maximum likelihood fit to B® — K27° events to
extract the signal yield without fudge factors obtained from B+ — K*7% The fit result gives
Ngig = 657 £ 37 events with the remaining parameters also summarised in Table B4l These
parameters are in statistical agreement with the branching fraction measurement given in

i
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Figure 5.6: My,.-AE-Lgp fit projections of Bt — K3r". The black histograms show the fit
results. The blue histograms show the signal contribution, the green, the BB background
and the red, the sum of continuum and BB background. (a) shows the My, projection within
the AFE signal region and enhanced Lgp region(Lg/g > 0.7), (b) shows the AE projection
within the M, signal region and enhanced Lg/g region, and (c) shows the Lg/g projection
within the signal region.

5.4.7 Total CP Violation PDF

Combining Eq. (&4), Eq. (&1), Eq. (E9) and Eq. (EI0) with their relative contributions
given in §5. 40, the full time-dependent C'P violation PDF becomes

P(Ata q) - (1 - fOut) fSigPSig

1
+§(1 — Jsig) fagPaa

1

"‘5(1 — fsig)(1 = foq) fB+B-Pp+B-

H1 = fs)(1 ~ fug)(1 = F5r5-)Ppogo | + 3 fouPow. (515)
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Table 5.3: B" — Kr™ fit result.

Parameter Fit Result
a —21.66 £ 0.36
c(0.3 —0.5) —1.474+0.03
c(0.5—0.7) —1.33+£0.04
c(0.7 — 1.0) —1.204+0.05
ad 0.991 + 0.001

Nsig 2297 + 58

Npyg (units 103) 108.6 £0.3

Table 5.4: BY — K2n° fit result.

Parameter Fit Result
a —23.3+0.6
¢(0.3 —0.5) —1.63 +0.06
¢(0.5—10.7) —1.30 £ 0.08
¢(0.7 —1.0) —1.09 £ 0.08
q 0.993 + 0.001

Nsig 657 £ 37

Npyg (units 103) 37.0+0.2

The factor of 1/2 normalises over flavour for PDF's that are not flavour-dependent. Similarly,
the C'P violating PDF for events without At information is constructed from Eq. (&),

P(q) = fsigPsig

“'%(1 - fSig)qui

4500 fs)(1 = -

+(1 = fsig) (1 — fog) (1 — fB+B-)Ppopo. (5.16)

5.5 Time-dependent C P Violation in B — K%=°

We perform a time-dependent C'P violation fit to B® — K27% and B® — K?7° events and

measure the C'P parameters,

Acp = +0.138 £ 0.126 (stat) £ 0.064 (syst),

S, = +0.667 £ 0.312 (stat)  0.088 (syst), (5.17)

where the fit results are shown in Fig. B There is no evidence for direct C'P violation
and the mixing-induced component is consistent with that measured in b — c¢s decays,
Scp = 0.672 £ 0.024 [20]. These results are also in agreement with the previous Belle
results 6] and the recent results from BaBar [45)].

74



0.8 T

0.6
0.4

Events / (2.5 ps)

Raw Asymmetry

-0.2
-0.4
-0.6
-0.8

a0 2 46
At (ps) At (ps)

Figure 5.7: CP violation fit result for B — K%7” events with At information. The left
plot shows the background subtracted At distribution for B and B° tags where the solid
(dashed) curve represents the At curve for B® (B°) in the good tag region 0.5 < r < 1.0. The
right plot shows the background subtracted asymmetry defined as (Nps — N]S;,%g) JNE —l—N;iOg)

in each At bin where N3¢ (N5¥) is the B (B°) tagged signal yield extracted in that At bin.

5.6 Systematics Uncertainties

The sources of systematic errors in the C'P measurement are described in the following sec-
tions. As a general rule, parameters obtained from data are varied by 10 while parameters
obtained from MC are varied by +2¢. Traditionally, asymmetric systematic errors are sym-
metrised by taking the larger of the two. Unless otherwise stated, all systematic uncertainties
are determined simultaneously with B® — K9 7.

5.6.1 Vertex Reconstruction
IP Profile

The vertices of Bre. and B, were constructed with an IP constraint smeared in the z —y
plane by 21 um as mentioned in §o201 This amount of smearing is varied by +10 ym and
the C'P violation measurement is repeated. The difference between the fit result with varied
smearing and the nominal fit result is taken as a systematic uncertainty.

Br,s Track Selection

The track selection criteria on the tag-side involving o, and dr, given in §o. 22 are sequen-
tially altered by £10%. The C'P violation measurement is repeated for each modified criteria
and the fit differences are summed in quadrature to estimate the systematic uncertainty in
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this category.

Scale Error

The charged track parametrisation errors were corrected by scaling factors as noted in §5.23
The effect of these corrections is studied by taking the difference in fit results without scaled
errors and the final fit result as a systematic error.

At Selection

The At requirement given in §5.23 is varied by +30 ps and the fit difference taken as a
systematic error.

Vertex Selection

The selection criteria on the B vertex quality, {gec and &y, as stated in §o.23 are modified
in sequence by +50 and the fit result differences are summed in quadrature.

Az Bias

After the resolution function is applied to Az, the average of the resulting distribution may
not be zero. The source of this Az bias is caused by relative misalignment between the SVD
and CDC. This effect was studied in B® — J/¢ K2 [62] by applying correction functions to
account for observed biases and taking the difference between the fit result with corrections
and the default fit result. As this bias is considered to be mode-independent, this systematic
uncertainty is taken from the B® — J/¢ K2 study.

Misalignment

There is thought to be an unknown intrinsic alignment fault within the SVD. This effect can
be estimated by generating MC with and without misalignment and taking the difference
in C'P measurement fit results as a systematic error. Similar to Az bias, this error is not
assumed to be unique to each decay mode, so the systematic uncertainty is also taken from
B — J/yK? [62)].
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5.6.2 Flavour Tagging
Wrong Tag Fractions

The wrong tag fractions and wrong tag fraction difference in each r-bin, w and Aw are varied
by their respective errors given in Appendix [Bl The systematic uncertainty is taken as the
quadratic sum of the fit differences.

Decay Mode Dependence

The wrong tag fractions were obtained from control samples that contain at least one primary
track on the reconstructed side. We consider a possible effect of the B® — K27 hadronic
environment on the wrong tag fractions by creating wrong tag fractions from signal MC. We
take the difference in fit results to signal MC using the B® — K2 MC-determined wrong
tag fractions and the default MC-determined wrong tag fractions as a systematic error.

5.6.3 Resolution Function

Both the neutral and charged B resolution functions for At are used and so the parameters
in each resolution function given in Appendix [(J are altered sequentially by their errors. The
systematic uncertainty is the quadratic sum of the fit differences.

5.6.4 Fit Bias

Fit bias may occur in samples with low statistics. To account for this, an ensemble of 1000
pseudo-experiments is created using the final fit result as input. The C'P measurement is
then performed for each experiment and the distribution of fit residuals is itself fitted with
a Gaussian. The determined mean is taken as the systematic error due to fit bias.

5.6.5 Physics Parameters

The world-averages for 750 and Amgy [A8], were fixed in the signal PDF for the C'P mea-
surement. These parameters are varied by their respective errors and the fit differences are
summed in quadrature.
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5.6.6 Background

Continuum At Shape

The parameters of the ¢gg background shape in At as stated in §5.2.2 are varied by their
errors and the systematic uncertainty determined as the quadratic sum of fit differences.

Effective Lifetime

The effective lifetimes found for charged and neutral B events given in §5.43 and §524 are
varied by their respective errors.

C P Contribution

We assumed no C'P asymmetry in the background as reflected by the choice of C'P param-
eters in the neutral B background PDF noted in §5.4.4l As a conservative estimate of the
systematic error associated with this assumption, the C'P parameters of the B°B° PDF are
varied within their physical limits and the fit differences summed in quadrature.

5.6.7 Signal Fraction

The r-bin dependent purities and signal shape parameters of §o. 40 used to calculate the
signal and background probabilities are varied by their errors. Histograms were also used in
some instances and the effects of these non-parametric shapes are accounted for by simulta-
neously varying each bin by its error.

Signal Correction Factors

Recall that we obtained signal shape correction factors from BT — K*7° in 5 As these
correction factors were not applied in the C'P measurement, we perform another fit using
the corrected signal shape taken from the branching fraction measurement given in 6 and
take the fit difference with and without these correction factors as a systematic uncertainty.

5.6.8 Mis-reconstructed Events

A possible effect from mis-reconstruction is studied by comparing the C'P fit results of signal
MC with its sub-sample that contains only correctly reconstructed vertices. The fit difference
is found to be negligible.
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5.6.9 Tag-side Interference

Although the flavour of the tagging side is usually determined by flavour specific events,
modes that are flavour non-specific also exist. For example, B° — DT 7~ is CKM-favoured,
while the CKM-suppressed B° — D* 7~ can also exist which leads to C'P violation on the
tag side [63]. The correction to the C'P violation PDF is estimated with B® — D*[v, then
an ensemble of pseudo-experiments are generated with and without tag-side interference and
the mean fit difference is taken as a systematic error.

5.6.10 Total Systematic Uncertainty

A summary of the systematic uncertainties for the C'P violation measurement is given in
Table BE8. The errors for each category are summed in quadrature to determine the total
systematic uncertainty.

5.7 Pre-Measurement Validity Tests

In this section, we summarise validity tests that we performed before the final time-dependent
CP violation fit.

5.7.1 Signal PDF Test

We search for possible reconstruction bias in At using B® — K37® MC by fitting the gener-
ated At of reconstructed events with an exponential function,

o~ 1t/750

Psig(At) = (5.18)

27’30
The lifetimes were found to be 70 = 1.533 £ 0.007 ps for SVD1 and 750 = 1.538 £ 0.006 ps
for SVD2 which are in agreement with the MC generated lifetime, 750 = 1.534 ps. The fit
results are shown in Fig. Thus, there is no indication that the reconstruction procedure
favours a different lifetime.

To test the resolution function, a lifetime fit is performed to the reconstructed At of the
same signal MC sample with a lifetime PDF convolved with the At resolution function,

oAt /7 0

Psig(At) = ® Rsg- (5.19)

27'30

The extracted lifetimes are 7go = 1.513 & 0.009 ps for SVD1 and 750 = 1.533 £ 0.007 ps
for SVD2 which are also in agreement with the MC generated lifetime. The fit results are
shown in Fig. B9 At this point, the At resolution function appears to adequately describe
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Table 5.5: C'P violation measurement systematic uncertainties.

Category Sub-category d(Acp) 5(SEL)
Vertex Reconstruction Sub-total 0.022 0.013
IP Profile 0.002 0.004

Br,g Track Selection 0.001 0.004

Scale Error 0.003 0.000

At Selection 0.007 0.001

Vertex Selection 0.000 0.010

Az Bias 0.020 0.005

Misalignment 0.004 0.006

Flavour Tagging Sub-total 0.005 0.007
Wrong Tag Fractions 0.005 0.007

Decay Mode Dependence 0.003 0.001

Resolution Function 0.007 0.063
Fit Bias 0.010 0.020
Physics Parameters 0.001 0.007
Background Sub-total 0.006 0.015

qq At Shape 0.002 0.015

Effective Lifetime 0.000 0.000

C'P Contribution 0.006 0.001

Signal Fraction Sub-total 0.023 0.052
Background Fractions 0.000 0.000

Histograms 0.006 0.012

Purity 0.006 0.018

Signal Correction Factors 0.021 0.047

K Signal Prob 0.002 0.000

Mis-reconstructed Events 0.000 0.000
Tag-side Interference 0.054 0.014
Total 0.064 0.077
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Figure 5.8: Lifetime fit result of generated At of reconstructed events. (a) shows the results
for SVD1 and (b) shows SVD2.

Events / (1.4 ps)
A
QU
Events / (1.4 ps)

-
U

.
U

10

10

SLALLUS AL B A ALLL B ALY B R LLLL B

Figure 5.9: Lifetime fit result to reconstructed events. The black curve shows the fit result,
the blue curve shows the signal component and the green curve shows the contribution from
an additional Gaussian which describes events not modelled by the resolution function. (a)
shows the results for SVD1 and (b) shows SVD2.

At smearing.

To test the reconstruction procedure and performance of the At resolution function with
the time-dependent C'P violation PDF, Eq. (&4l), we generate signal MC samples, each
containing ~ 5000 reconstructed events using S&, = —0.9 to S&, = 0.9 in intervals of 0.2
as input parameters. A fit to each sample is performed and the S, fit residual, SE — SS9,
is plotted as a function of the generated S&T, as can be seen in Fig. EET0. This distribution
is then fit with a first order polynomial and its consistency with a flat line shows that SEit
agrees with the generated SS& over a broad range. Therefore, we do not reject the At

reconstruction procedure or the description of resolution effects in At.
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Figure 5.10: GEANT MC linearity test. (a) shows the results for SVD1 and (b) shows SVD2.

5.7.2 Toy MC Test

We generate and fit pseudo-experiments equivalent to the number of events in data recon-
structed in the signal region. The input C'P parameters, Acp and S, are independently
varied within the physical boundaries in intervals of 0.1 and 1000 pseudo-experiments are
generated at each point. The distribution of fit results at each given point is itself fitted with
a Gaussian to determine the mean fit result and its error as shown in Figs. [D] and D4
The residual, defined as the difference between the mean fit result and the generated value,
is plotted as a function of the generated value and is shown in Fig. BT We fit this plot

o 0.2F7=70.0100509  0.00175546 o 0.2F17=0.00401741% 0.00465177
O 00.15F ¢ =-0.002133 + 0.000994911 (a) O 0Q.15F c=-0.00160492 + 0.00255603 (b)
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Figure 5.11: Toy MC linearity test. (a) shows the results for Acp and (b) shows ST,

with a first order polynomial and its consistency with a flat line in both cases shows there is
no significant fit bias for Acp and S&b,.

The expected error for Acp and S, is estimated by taking the arithmetic mean of the
distribution of fit errors as shown in Figs. [D.2 and [D.8. Using the point closest to the
Standard Model expectation, the expected errors are,

§Acp = 0.14,
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68, = 0.31.

The pull distribution is defined as,

_ (xFit — xGen)/(s; lf TFit — LGen > 0
Pull(x) - { ($Fit - xGen)/(;;_ if Tpi — Tgen <0, (5'20)

where rpy; represents the fitted value of Agp or ng}, and Tqen 18 the generated value. The
use of the asymmetric MINOS error of the fit, 6%, depends on the sign of the residual as the
MINOS error with the sign opposite to the residual gives the statistical significance of that
deviation. Fig. and Fig. show that the means and widths of the pull distributions
are consistent with zero and unity respectively, which demonstrates that the errors have been
determined correctly and that any fit biases are weak.

5.7.3 Lifetime Measurement

A lifetime measurement is performed to the control sample and signal mode data to check
the full time-dependent PDF. In these fits, the C'P parameters are fixed to zero while the
B lifetime is released as a free parameter. We extract the lifetimes, 75+ = 1.81 £ 0.09 ps for
BT — K2n* and 70 = 1.46 4 0.18 ps for B — K27°, which are both in agreement with
the current world-averages, 7p+ = 1.638 & 0.011 ps and 750 = 1.530 £+ 0.009 ps [48]. The fit
results are shown in Fig. BEET2.
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Figure 5.12: Lifetime fit results. The blue curve shows the fit result, and the red curve

shows the background contribution. (a) shows the results for BT — K37 and (b) shows
B® — K2x°.
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5.7.4 Time-dependent CP Violation in BT — Kont

We perform a time-dependent C'P violation fit to the control sample and measure the C'P
parameters,
Acp = +0.007 £ 0.065 (stat),
S, = —0.112 4 0.137 (stat),

where the fit result is shown in Fig. B3 These results are consistent with zero which is
expected in the Standard Model for charged B modes.

(5.21)
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Figure 5.13: C'P violation fit result for BT — K2n". The left plot shows the At distribution
for B® and B° tags. The blue (red) curve represents the At curve for B° (B°) tags and the
green curve shows the background contribution. The right plot shows the raw asymmetry
defined as (Ngo — Ngo)/Npo + Npo) where Npo (Npo) is the total number of B® (BY) tags.

5.8 Post-Measurement Validity Tests

A fit to the B® — K27° sub-sample gives the C'P parameters,

Acp = +0.151 +0.131 (stat),
S, = 4+0.668 4 0.313 (stat),

which is consistent with the combined fit result. Another check is performed to measure Acp
of the entire B® — K%7° sample using only flavour information. This fit only uses Eq. (&H)

as the signal PDF and gives Acp = +0.123 4 0.135, which is also consistent with the final
result.

(5.22)
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Chapter 6

Discussion

6.1 Branching Fraction

We combine our branching fraction measurement with the latest results from BaBar [43] and
CLEO [64] and obtain the new world average,

B(B® — K°7% = (9.4 +0.5) x 107°. (6.1)

6.2 CP Measurement

6.2.1 Shift From Previous Measurement

We use an ensemble test to determine the probability of the central value shift from the
results obtained with 535 million BB pairs, given in Eq. (CEX). One thousand pseudo-
experiments, each containing the number of B® — K%r° candidates corresponding to 657
million BB pairs, are generated using our fit result as input. Each experiment is divided
into 535 and the remaining 122 million BB pairs and separate fits are performed to these
sub-samples for all experiments. The distribution of fit result differences between 535 and
the remaining 122 million BB pairs is subsequently fit with a Gaussian as shown in Fig. Gl
From this, the probability of the shift is determined as twice the integral of the tail region
bounded by the difference in data between 535 and the remaining 122 million BB pairs, as
the lower limit. Thus, the shift probability in Acp is calculated to be 18% and the shift in
S, to be 24% which seems reasonable.
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Figure 6.1: Probability of central value shift for Acp and S&L,. The arrow corresponds to
the central value difference in data between 535 and the remaining 122 million BB pairs.

6.2.2 Sum Rule

We find the measurement of Agcp to deviate from the K — m sum rule expectation,
Acp(K7°) = —0.148 + 0.044 [65], by 1.90.

6.2.3 Combination With Other Measurements

Our CP violation parameters are combined with the most recent result from BaBar [45] to
create the new world average,

Acp = —0.01 £0.10,

S, = 40.57£0.17. (6:2)

The new average for each C'P parameter is shown in Fig. B2 These comparisons are shown
again in Fig. in the C'P violation plane where the ellipses indicate a possible deviation
from zero. The combined results show 3.40 evidence of C'P violation. Figure which is an
update of the figure shown in L0 shows our measurement alongside the other b — s modes.
Although most measurements have central values below that of the b — c¢s average, the
naive b — ¢@s average is not significantly below.
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Figure 6.2: The new world averages for direct and mixing-induced C'P violation. The left
figure shows Cop=-Acp and the right shows S&,.

6.3 Future Prospects

To estimate what the future holds for B — K°°, we produce plots of the expected errors
of each C'P parameter up to 100 ab™ ' shown in Fig. B3 For the statistical errors which are
inversely proportional the square root of the luminosity, this is achieved with the expected
errors from toy MC given in §8.7.2 For the systematic errors, the errors that cannot be
reduced by increased statistics, which include those from vertex reconstruction, resolution
function and tag-side interference, are kept as a constant while the remaining contribution
can vary with the luminosity in the same way as the statistical error. We can see that
for Acp, the systematic error should begin to dominate at around 2 ab™'. Assuming the
SM, the error on Agp should be less than 0.05 to claim evidence for direct C'P violation in
B° — K%° decays. This plot indicates that this is unlikely even with a super B factory
unless a method to reduce the systematic error can be found. The outlook on S¢ is not so
grim. Assuming a SM S&f,, mixing-induced C'P violation could be found as early as 2 ab™"'.
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and the right arrow shows the target luminosity of an upgraded B factory at KEK.
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Chapter 7

Conclusion

We have measured the branching fraction and time-dependent C'P violation parameters of
B° — K°1% decays. These results are obtained from a data sample that contains 657 x
10° BB pairs collected near the Y(4S) resonance with the Belle detector at the KEKB

asymmetric ete™ collider.
We obtain the branching fraction,
B(B® — K%)= [8.72 *03 (stat) 048 (syst)] x 107,
which is in agreement with the current world average.
We measure the C'P parameters,

Acp =40.14+0.13 (stat) =+ 0.06 (syst),
S, = 40.67 £ 0.31 (stat) =4 0.08 (syst),

where no evidence for direct C'P violation is found and the mixing-induced component is
consistent with the expectation from the Kobayashi-Maskawa theory of C'P violation. We
find the measurement of Acp to deviate from the K — 7 sum rule expectation by 1.90.

The analysis technique will need to be improved in order to find evidence of direct C'P
violation in the future, however, evidence of mixing-induced C'P violation in the SM is
possible with a super B factory using our method.
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Appendix A

Maximum Likelihood Method

The unbinned maximum likelihood method has been frequently employed in this analysis
and is the preferred method for data samples with low statistics. This is because the usual
x? technique assumes a Gaussian distribution of errors in each bin instead of a Poisson
distribution which can lead to a bias in the estimation of parameters and their uncertainties.

Consider a set of N independently measured quantities, x;, which follows a probability
density function (PDF), P(z; c,), where o, is a set of ;1 unknown parameters. The maximum
likelihood method is designed to determine the most probable set of «,, ozfif, for which the
PDF product over all data points, £(c,), is maximised,

L(oy,) = H P(zs; ay,). (A1)

However, since £(a,) is small, it is computationally easier to work with log £(«,,), which
incidentally is also maximised for the same set of ozfif. The set of v, which maximises £(c,)
is the one for which

OL(c)

ooy,

=0 (A.2)

is satisfied. We construct the quantity, —2log £(c,), which behaves like a statistical x?
distribution, therefore, the set of a, for which the difference between —2log £(«,) and
—2log E(aﬂt) is unity, corresponds to one standard deviation from aﬁt and thus provides the

basic error estimate of ozfit.

The most probable set of parameters, aﬁt, is determined numerically with the fitting package,

MINUIT [66]. This package also can determine asymmetric errors that take into account
non-linearities and correlations between parameters and are known as MINOS errors.
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Appendix B

Flavour Tagging Routine

A brief summary of the flavour tagging procedure is provided here, and a more detailed
discussion can be found in [67].

B.1 Track-Level Flavour Tagging

After reconstructing Brec, the remaining final state particles which belong to Br,, are used
to determine flavour information. At the simplest level, the flavour, ¢, can be inferred by
searching for particular charged tracks within the set of final states. Some of these processes
are shown in Fig. Bl With the exception of charged tracks assigned to the A and kaon
categories, these tracks are required to originate from the IP: within 2 ¢cm in the z — y plane
and 10 cm in the 2z direction.

B.1.1 Slow Pion Category

A charged track with a momentum smaller than 0.25 GeV/c in the CMS is assigned to
this category. The flavour information from the charge of the slow pion track is used to
identify the b-flavour of the tag side. Several variables are included as discriminants: the
charge of the track, the momentum in the laboratory frame, the polar angle in the laboratory
frame, the angle between the slow pion and the thrust axis of rest of the tag side particles
in the CMS, 6y, and a pion/electron identification likelihood ratio, Rr/.. The angle, 6.,
is used to suppress the background from non-D decays. The ratio, Ry /., is used to remove
background electrons from photon conversion. This category has a low tagging efficiency
and poor tagging quality.
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Figure B.1: Some of the decay processes from which the flavour of Br,, can be determined.
(a) Lepton category, (b) Kaon category, (c¢) Slow Pion category.

B.1.2 Lambda Category

A charged track that forms a A candidate with another charged track with the opposite
charge is assigned to this category. The flavour information from A, A or A, is used to
identify the b-flavour of the tag side. One of the tracks should be identified as a proton.
The A candidate is required to have an invariant mass, M,., between 1.1108 GeV/c? and
1.1208 GeV/c?. The angle between the momentum vector of the A candidate and the vector
formed by the IP and the vertex of the A candidate, O4e.q, should be less than 30°. The
minimum distance between the tracks in z axis, Az, should be less than 4 cm, and the flight
length of the A in the z — y plane should be longer than 0.5 cm. The flavour of A, M., 0qen
and the presence of K9 candidates are included as discriminants.

B.1.3 Kaon Category

A charged track that is not positively identified as a lepton or proton is assigned to this
category. The flavour information of the kaon in b — ¢ — s decays is mainly used to identify
the b-flavour of the tag side. Fast pions from B — D™x* are also included. The charge
of the track, the presence of K9 candidates, the track momentum in the CMS, the polar
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angle of the track in the laboratory frame and the K/ ID likelihood ratio are included as
discriminants. This category has a high tagging efficiency but poor tagging quality.

B.1.4 Lepton Category

A charged track with a momentum larger than 0.4 GeV/c and an electron likelihood larger
than 0.8 is included as an electron candidate, while a charged track with a momentum larger
than 0.8 GeV /c and a muon likelihood larger than 0.95 is included as a muon candidate. The
flavour information from high momentum leptons in B — X/*v decays and intermediate
momentum leptons in B — D — K/{*v decays are used to identify the b-flavour of the tag
side. Several variables are included as discriminants: the lepton momentum in the CMS,
pi™®, the polar angle of the track in the laboratory frame, 6,1, the recoil mass, Mecon and
the missing momentum in the CMS, p&s . The variables, M;econ and pihs. can discriminate
primary leptons from secondary leptons since Mo can indicate the presence of a D meson
and the variable, pi®  can indicate the existence of neutrinos. This category has a low

tagging efficiency but high tagging quality.

B.2 Event-Level Flavour Tagging

Clearly, this flavour tagging method will not always return the correct flavour of Bryg,
and this is due to incorrect PID and suppressed physics processes. We introduce the MC
determined flavour reliability, r, which is defined as

N(B°) — N(B")
N(B°) + N(B°)’

q-r (B.1)
and ranges from r = 0 for no flavour discrimination to r = 1 for unambiguous flavour assign-
ment. The variables, N(B°) and N(B"), are the number of B® and B° events that occupy the
“cell”. The cell is an element in the multi-dimensional flavour tagging table prepared from
MC that depends on the flavour tagging method and the discriminants described above.

The event-level flavour tagging combines the results, (¢-r), where x is the tagging category,
for each track to determine a single highest ¢ - r output for each event. For the lepton and
slow pion categories, the track with the highest r in each category is chosen as an input. For
the kaon and A categories, the flavour and dilution factors of each track are combined by
calculating the product of the flavour dilution factors in order to account for possible cases
where there are multiple s quarks in the final state. By using a three-dimensional look-up
table, the correlations between the flavour information for the four categories in track-level
are correctly taken into account. A schematic of these procedures is shown in Fig. B2
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Figure B.2: Flavour tagging algorithm.
B.2.1 Flavour Tagging Performance

The performance of flavour tagging is characterised by the two parameters: ¢ and w. The
parameter, €, is the raw tagging efficiency and the wrong tag fraction, w, is the probability
that the flavour tag is wrong.

In practise, the observed time-dependence of a C'P eigenstate becomes

PEE(AL, g, w) = € - [(1 — w)Psig(At, q) + w(Psig(At, —q))], (B.2)

Sig
and the observed C'P asymmetry is rewritten as

Ps(At, q,w) — PEE(AL, —q, w)

Sig

Aobs _ Sig 1 ow A .
P PR (AL, g, w) + P (AL, —g, w) (1 =2w)Acp (B.3)

The observed C'P asymmetry is diluted by the factor, 1 — 2w.

Since the statistical significance of the measured asymmetries are proportional to (1 —2w)+/e,
the effective number of events are proportional to the factor, ¢(1 — 2w)?. Thus, an effective
efficiency, e, = €(1 — 2w)?, is introduced. The tagging algorithm has been developed
to maximise the effective efficiency, e.g. The total effective tagging efficiency for MC is
estimated to be 29.72 4+ 0.17%.

Note that r is determined from MC-based information only and if the MC information
represents data perfectly, then r = 1 —2w. To maximise the effective tagging efficiency while
using w values measured from data, events are subdivided into seven regions based on their
rvalues: 0 <r < 0.1, 0.1 <r <0.25, 0.25 <r <0.5, 0.5 <r <0.625, 0.625 < r < 0.75,
0.75 < r <0.875 and 0.875 < r < 1. These bins have corresponding labels from 0 to 6. The
wrong tag fractions, w, and the difference in w between B and B°, Aw, are obtained by
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fitting the time-dependent B°B° mixing oscillation of B — D*"[*y,, D®~x* and D* p*t
self-tagging events as shown in Fig.

The time evolution of B°B° pairs with opposite flavour (OF) and same flavour (SF) is given
by
1A /750
P = — [ F qAw £ (1 — 2w) cos(AmaAr)), (B.4)
TBO

and the OF-SF asymmetry is given by

Por — Psr

A ix —
M Por + Psr

= —qAw + (1 — 2w) cos(AmyAt). (B.5)

The obtained w and Aw are summarised in Table [B.Jl for the SVD1 and SVD2 data samples
and are used for analysis. The total effective tagging efficiency for data is 29.20 4 1.37%.

0.1<r=0.25 0.25<r=0.5

-
-

0.5<r=0.625 0.625<r=0.75

o
o o

(OF-SF) / (OF+SF)

0.75<r=0.875

0.875<r=1

-05

PRI T RN R T T R R R -1 PRI T R T T T R R T
0 5 10 15 0 5 10 15

|At| (PS) |At| (PS)

Figure B.3: Time-dependent B°B° mixing oscillation fit result to the control sample data.
Each plot from the top-left to the bottom-right, corresponds to the subsample in each r-bin

region from 1 to 6. The amplitudes in the oscillation become larger due to less dilution from
incorrect tagging.
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Table B.1: Wrong tag fractions and wrong tag fraction differences for each r-bin.

r-bin w(SVD1) w(SVD2) Aw(SVD1) Aw(SVD2)
0.0<r<0.1 0.5+0.0 0.5+ 0.0 0.0+ 0.0 0.0+ 0.0
0.1<r<025 0.4237999  0.429+£0.005  0.05875:910 —0.03970:008
0.25 <7 <0.5 0.33740.008 0.32740.006  0.01240.010  —0.036 + 0.006
0.5 <7 <0.625 0.2351 005 0.223%391L —0.01240.010  0.018 £ 0.007
0.625 < r < 0.75 0.166"5 005 0.16175 000 —0.011+9 550 0.002 £ 0.006
0.75 < r < 0.875 0.10573:9%8 0.10513%9%  0.008 £ 0.009  —0.027 % 0.006
0875 <r < 1.0 0.02670-09 0.01910-002 0.003 +0.006  —0.001 + 0.004
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Appendix C

At Resolution Function

A brief description of the resolution function is provided here, and a more detailed discussion
can be found in [68]. As mentioned in §o2Z3 the sources of At smearing are detector
resolution, Br,g vertex smearing due to the inclusion of non-primary tracks on the tag side
and the approximation where the B mesons are treated at rest in the CMS frame.

C.1 Detector Resolution

The detector resolutions, Rre. and Ry, describe the smearing of primary tracks originating
from the B mesons. Because the resolution of multi-track vertices is better than single-track
vertices, they are treated separately.

The detector resolution function for the Bre. vertex with more than one track is given by a
double Gaussian with zero mean,

RRec(02Rec) = (1 — E{aeicl)G[(SZRed (Sg{ec + §Recsfl{ec>UReC] + fE{aeich[ézRed ;?elisﬁn:cm] (C.1)
Smearing of the multi-track tag side vertex is modelled with a single Gaussian,

RTag((szTag) = G[(SZTag; (S%ag + gTagS%‘ag)UTag]‘ (C2>

The single-track vertex resolution function for both the C'P and tag side is given by the
double Gaussian,

Ri(6z) = (1 - fitail)G[5Z¢; Smin%] + fitailG[5Zi; Sitailaz‘]a i = Rec, Tag. (C.3)

(2

In these detector resolution functions, dz; is defined as being the difference between the
reconstructed vertex position and its true position, & is the vertex quality as defined in
Eq. B2 and o; is vertex z-position error. Note that for the multi-track resolution functions
width, Smain = (S94-¢,51)0;, the vertex error, 0;, is corrected with a linear polynomial in the
vertex quality, &;, because they are correlated. The detector resolution function parameters
are determined from a lifetime fit to the data of many control samples such as, B® — D*ly,
D®Wx and D*p, and are given in Table
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Table C.1: Rpe resolution function parameters.

Parameter Value(SVD1) Value(SVD2)

Multi-track S, 0.91070 0% 0.656t§;§§§

Stg P 0.023 & 0.004 0'035182828

o - Pt

Scip - 475275 45

5% 0.667£§;§§% 0.790$§;§§§

S”}‘ag 0.010Z¢: 004 0.014% 006

Single-track s 0.906%5:36 1.022$§;§‘§
— 0.108*Y

Sltail _ 3 596+22§2

i : —0.803

C.2 B, Vertex Smearing From Non-Primary Tracks

Due to the vertex reconstruction algorithm on the tag side mentioned in §o22 the Brg

vertex resolution may be smeared by contamination from non-primary tracks as illustrated
in Fig.

The resolution function, Ryp, is given by

RNp(021ag) = f5 0(02mag) + (1 = f5)[f T ET (02mag; Tap) + (1 = f1)E™ (02mag; Tip)],  (C.4)

which consists of two parts. The first component represents the vertices without non-primary
track contamination and is given by the Dirac d-function. The second part describes the
lifetimes of secondary vertices, E* and E~, on both sides of the dzr,, distribution,

L o=02mag /Tp if 6z >0
E*(021ag; Tip) = T§P€ e
( Tag NP) { O lf 52T&g < 0’
~ B 0 if 52Tag >0
E7(021ag; TNp) = L e~ 0%mag/Tnp  if 021ag < 0. (C5)
™~P

In this case, d21,g is defined as the difference in the reconstructed vertex with and without
non-primary track contamination. The effective decay lengths, Tﬁp, depend on the vertex
quality, {np, because secondary tracks from longer lived particles give a larger distortion of
the vertex and its error. So, for a multi-track Br,, vertex, accounting for the correlation
between oxp and yp, Tip are parametrised as,

+ — 3
TNP = S T

ag [,7_0-‘1- + /7—1+(1 + S%agS)O—T&g]’

7—I\?P = S”?[)‘ag[TO_ + Tl_(l + S%agg)UTag]' (C6>
Again, a different parametrisation for 75, is needed for single-track vertices because its vertex
quality, &, cannot be defined,

7—131_1:’ = S”?[)‘ag[T(S‘__}_TI—FUTag]u
7—I\TP = S”?[)‘ag[TO__‘_Tl_O—T&g]' (07)

100



®
Y

4 \

5

Figure C.1: Schematic showing how non-primary tracks displaced from the true B° vertex
will cause a smearing of the reconstructed Br,y vertex.

The Ryp is determined by comparing two set of MC. One is the usual generic BB MC and the
other has been specially generated so that all B meson daughters have zero lifetimes. That
means all secondary tracks and so forth, will now decay at the B vertex allowing the 0z,
distribution to be studied. The resolution function parameters associated with smearing of
the Bryg vertex from non-primary tracks are given in Tables and

C.3 Kinematic Approximation

The At distribution is calculated from Eq. Bl which ignores the motion of the B mesons
in the CMS frame. The smearing of At that arises from this assumption does not need to
be parametrised because it can be calculated analytically. One can show that the difference
between the reconstructed At, Eq. B, and the true At, Atye = tRec — tTag, IS given by

xr = AtRec - AtTrue = [(ﬁ’y)Rec/(ﬁ’y)TMS’) - 1]tRec - [(ﬁ’y)Tag/(ﬂ’Y)T(ZLS) - 1]tTaga (08)

where (37)rec and (87)1ag are the Lorentz boost factors of Bre and Bryg, respectively. Their
ratios to the Y(4S) Lorentz boost are,

(B7)Ree EgMS N pEMS cos GEMS N
= = aK T CK,
(BY)r@s) mp Brasymp
B )7 FECMS  CMS (o gOMS
V) Tag B B B _
= - = aK — CK, (Cg)
(B7)r@s) mp Brasyms

where ESMS mp, pSMS and cos §§MS are the energy, mass, momentum and polar angle of
Bgec in the CMS frame. Since the tge. and tr,, distributions follow an exponential decay,
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Table C.2: Ryp resolution function parameters for B°.

Parameter Value(SVD1) Value(SVD2)
Global e 0.020 £ 0.0004 0.034 £ 0.0004
S 0.95410:504 0.87710 3%
Multi-track s 0.25170.562 0.29770 058
A 0.792 + 0.005 0.770 =+ 0.002
7" (cm) 0.071 + 0.004 0.111 =+ 0.002
T 0.070 + 0.005 0.101 =+ 0.002
75 (cm) 0.062 £ 0.008 0.129 + 0.004
v 0.011 + 0.009 0.092 + 0.004
Single-track fs 0.598 751 0.70670 025
fr 0.734 £ 0.010 0.841 + 0.012
73" (cm) 0.641 + 0.047 1.450 4 0.030
" 0.314196¢ 0.886 + 0.033
75 (cm) 0.31419:9% 1.002+0:07
v 0.19670-597 0.51970-03%

Table C.3: Ryp resolution function parameters for BT,

Parameter Value(SVD1) Value(SVD2)
Clobal e 0.020 % 0.0004 0.034 % 0.0004
e 0.954 1104 0.877505%7
Multi-track fs 0.166 75077 0.38570 053
ft 0.775 4+ 0.007 0.76210-005
75" (cm) 0.607 + 0.009 0.6401 5900
" 0.627 £ 0.010 0.5717 0 00e
75 (cm 0.530700 % 0.58970000
’ T(; ) 0.617+§3(8)%§ 0.561+§3§(})§
Single-track fs — —
fr 0.7455:917 0.83479:026
7o (cm) 1.04510 002 —
T 1.05770 0% -
7, (cm) 1.199 + 0.089 —
v 1.3074912 —
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Table C.4: Poy resolution function parameters.

Parameter Value(SVD1) Value(SVD2)
Global 00ut (PS) 37.42975 7% 33.623 7550
Multi-track Jout 0.0003 £ 0.0001 0.0002 £ 0.0001
Single-track Jout 0.04215-50% 0.02619 003

E;", the probability density of simultaneously obtaining z and Aty is given by

P(Jf, AtTrue / / dtRec dtTag (tReC; TB>E+ (tTag; TB) 5(AtTrue - [tRec - tTag])
JI — {[CLK +CcKk — 1]tRec [CLK — CK — 1]tTag})7 (ClO)

and the probability density of obtaining Aty is

7D(AtTrue) == / / dtRec dtTag E+ (tReC; TB)E+ (tTag; TB) 5(AtTrue - [tRec - tTag])- (Cll)
0 0

The resolution function that accounts for the kinematic approximation, Ry, is defined as
the probability density of obtaining z for a given Atr.,. Thus, it is expressed as Rk (z) =
P(x, Atrrue) /P(At1rue ), which evaluates to,

Ef(x — {(ax — 1) Atqrue + cx|Attruel }; lex|mB) if ek >0
Rk(x) =< 0(z — {ak — 1} Atrye) if ck =0 (C.12)
E_(.Q? — {(CLK — 1)AtTrue + CK|AtT‘rue‘}§ ‘CK‘TB) if ex < 0.

C.4 Outlier

There still exists a long tail in At that is not described by the resolution functions above
or background functions. We model the tail with a Gaussian with zero mean and a width
independent of the event,

Pout (At) = G(At; 00ut)- (C.13)

The outlier receives a larger contribution from vertices reconstructed from a single track,
because they have a worse resolution. Therefore, the outlier fraction, fo., depends on
whether a multi-track or single-track vertex was reconstructed.

The outlier parameters are determined from data in the same lifetime fit that extracts the
Rpet parameters and are given in Table [C41
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Appendix D

BY — Kgﬂ'o Toy MC Study
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Figure D.1: These plots from left to right, top to bottom range from AS® = —0.9 to
ASe = 0.9 and show the distributions of fit results, AEL. The mean and its error from the
Gaussian fit to these distributions form the points in the toy MC linearity test (Fig. B2TTI).
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Figure D.2: These plots from left to right, top to bottom range from AS® = —0.9 to
ASer = 0.9 and show the distributions of fit errors, dALL. The expected error on Agp is
estimated using the Standard Model input, ASSE = 0.0.
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Figure D.3: These plots from left to right, top to bottom range from ASW = —0.9 to
A = 0.9 and show the Agp pull distributions. A Gaussian fit to these distributions
demonstrate consistency with zero shift and unity width.
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Figure D.4: These plots from left to right, top to bottom range from SG&' = —0.9 to
S&& = 0.9 and show the distributions of fit results, SE%. The mean and its error from the

Gaussian fit to these distributions form the points in the toy MC linearity test (Fig. BIT).
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Figure D.5: These plots from left to right, top to bottom range from SG&' = —0.9 to
S& = 0.9 and show the distributions of fit errors, 6S&%. The expected error on S, is
estimated using the near Standard Model input, SGe“ =0.7.
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Figure D.6: These plots from left to right, top to bottom range from SG& = —0.9 to
S&e = 0.9 and show the S&L, pull distributions. A Gaussian fit to these distributions
demonstrate consistency with zero shift and unity width.
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Appendix E

BY — K%T&‘O Study

E.1 Event Selection

The K? candidates are selected if their momentum in the CMS, Do, is greater than
L

2.2 GeV/c, and cosOpiss > 0.6, where 0, is the angle between the K? and the missing
momentum in the laboratory frame. For K¢ candidates with KLM and ECL information
(KLMECL candidates), a likelihood ratio, Lxpmgcr, is constructed from four variables: the
ratio between the energy deposit in 9 Csl crystals and 25 crystals around the shower centroid
of the ECL cluster, £9/E25, the shower width is the lateral ECL shower spread, the shower
invariant mass calculated from all CsI hits in the ECL cluster, and the distance between K9
candidate cluster and the nearest charged track. We require Lxiyecr > 0.6. We don’t use
K candidates identified only by ECL information (ECL candidates) because of the poor
signal-to-noise ratio. The 7° candidates are reconstructed using the same procedure as for
BY — K27° given in §8.8 except for the x? condition.

Since the energy of the K? cannot be measured, we calculate an expected K9 direction using
the four-momentum of a reconstructed 7% candidate and the IP, and the direction determined
by the the K? cluster in the detector. For calculation of the momentum of the K?, we use
energy and momentum conservation laws in B decays,

Epo = E}(g—l-EWO, (El)
P = P + P (E2)

and the energy-momentum relations for each particle,

Epo = \/|ﬁBo|2—}-M]§,0, (E?))

Ego = \/IPko > + Mz, (E.4)

L L

Ero = \/|Feol? + M2, (E.5)

1
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where F, p'and M are the energy, momentum and invariant mass of the particles, respectively.

From Eq. (E2) and (E3),
Ef = |ppol® + Mpo
- ‘ﬁK% |2 + ‘ﬁWOP + 2|5K2||ﬁ7r0| cos O + Méoa (E6>

where 0. is an angle between the 7 and K? flight directions. From Eq. (EJI), (E4) and
(ES),

Ef = (Ekg + Erp)’

= Pigl® + Mg + ol + MZo + 2, [(1Ficy | + M) Eno. (E7)
From Eq. (E) and (E),
Mo — My — M2 + 2| [Bro| cos O = 2\/(\ﬁKg|2 + M2y) Eno. (E.8)

Squaring of both sides and defining AM = M., + M2, — M3,,
L

AM? + 4o [*|pro|? cos? O — AAM |k ||Pro| co8 O = 4(|Dco |* + M) Ero,
L
[1 = (o] cos Or—/ Exo) ]| Pico |* + AM |piro| cos O / EZo |[Pkco |
+ M2, — (AM/2E) =0, (E.9)

Since all variables except for \ﬁK2| are observables, we can obtain magnitude of the K9
momentum by solving Eq. ([E0). The expected K9 direction is calculated from p,o assuming
the B meson is at rest. The angle between observed and expected Kg direction cos ey, is
required to be greater than 0.9. For continuum event suppression, L/, > 0.5 is required
where Ry, is based on the Fisher discriminating variables used for B’ — gwo, the number
of hit layers in KLM and the reconstructed to measured energy ratio in the ECL for KLMECL
candidates.

We retain events which satisfy My, > 5.22 GeV/c?. Multiple candidates are predominantly
due to several K? candidates in the event and the contribution from multiple pion candidates
is found to be small. In the case of multiple candidates, we take the K} candidate with the
smallest fcy, in the event.

E.2 Signal Yield Extraction

The signal yield is determined from an unbinned two-dimensional maximum likelihood fit to
the M. — L, distribution in the range 5.22 GeV/c? < My, < 5.29 GeV/c? and Lo > 0.5
in each r-bin.

The signal PDF shape is constructed from a two-dimensional histogram in the My, — Ly
plane obtained from MC and its fraction is a free parameter in the fit. The ratio of signal
yields among the different r-bins is fixed to that obtained from signal MC.
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For the continuum background, we use the ARGUS parameterisation for M), and a histogram
for R/, determined from off-resonance data samples.

The BB background distribution is also obtained from MC. We found that the BB back-
ground is predominantly due to rare charmless B decays, while the generic BB events, which
are dominated by B decays caused by the leading b — ¢ transitions, bring small background
contributions compared to the continuum background. The major contributions are from
three-body charmless decays (K7m, K*m) in which one pion has low momentum.

The signal extraction yields 285 + 52 (stat) £ 57 (syst) events which is of 3.7¢ significance
and the fit result is shown in Fig. [El
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Figure E.1: My, (left) and L, (right) projections in the best r-bin region, » > 0.875. The
fit results are indicated by smoothed line or histograms. The colour indicates the category
of sample: signal (red), rare B (green) and continuum (blue).

E.3 CP Fit Results

Since the decay vertex of B® — K979 cannot be determined, only direct C'P violation can
be measured. Using Eq. BI8, the direct C'P of the B® — K97% sub-sample is found to be,

Acp = —0.013 & 0.448 (stat). (E.10)
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