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ABSTRACT

In this dissertation, we report improved measurements of time-dependent C'P
violation parameters for BY(B?) — ¢(29)KY. This analysis is based on a data sample
of 657 x 10° BB pairs collected at the Y(4S) resonance with the Belle detector at the
KEKB asymmetric-energy ete™ collider. One neutral B meson is fully reconstructed in
the 1(25)K?2 C P-eigenstate decay channel, and the flavor of the accompanying B meson is
identified as either B® or B? from its decay products. C'P violation parameters are obtained
from the asymmetries in the distributions of the proper-time intervals between the two B
decays: Syng)xy = +0.72 £ 0.09(stat) + 0.03(syst), Aw(QS)KcS) = +40.04 £ 0.07(stat) +
0.05(syst).

We also report the first observation of the radiative decay BY — ¢K2v using a
data sample of 772 x 10% BB pairs. We observe a signal of 37 + 8 events with a significance
of 5.4 standard deviations including systematic uncertainties. The measured branching
fraction is B(B? — ¢K%y) = (2.74 £ 0.60 £ 0.32) x 1075, where the uncertainties are
statistical and systematic, respectively. We also precisely measure B(BT — ¢K*1v) =
(2.48 £ 0.30 + 0.24) x 107%. The observed My mass spectrum differs significantly from
that expected in a three-body phase-space decay.

The radiative B — ¢K~ mode is sensitive to new physics from right-handed cur-
rents, which could affect the C'P asymmetry. Here, we report the first measurement of time-
dependent C'P violation parameters in the B® — ¢K 5%y mode: S = +0.7470)- 72 (stat) 1039 (syst),
A=+035+ 0.58(5‘5&‘5)1’8:%3 (syst). We also report a feasibility study for the radiative decay
B — wKn.
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Chapter 1

Introduction

1.1 The Standard Model

The standard model (SM) of particle physics is a theory concerning the strong,
electromagnetic and weak interactions that mediate the dynamics of known fundamental
particles. In the SM, all known matter particles are composites of three types of fundamental
particles: six quarks, six leptons and force carrier particles. In short, the SM describes the
universe in terms of Matter (fermions) and Forces (bosons). There are altogether three
families of quarks and leptons and their antiparticle counterparts as shown in Fig. 1.1.
Their masses and electric charges are listed in Table 1.1 and Table 1.2.

The quarks and leptons are fermions with spin angular momentum equal to

[N

Quarks carry fractional charge and are only found inside composite particles known as
hadrons. There are only two known types of hadrons: baryons composed of three quarks
or antiquarks (for example, protons (uud) and neutrons (udd)), and mesons composed of
a quark and antiquark pair (for example, 7+ (ud), K* (u5)). Therefore, mesons have
spin 0 or 1 and hadrons have spin % or % In contrast to quarks, leptons can be observed
as free particles. Finally, every interaction has its own mediator: gluons for the strong
force, photons for the electromagnetic force, W* and Z° bosons for the weak force. The
gravitational force is mediated by gravitons, but is not fully explained by the SM. There
is also one additional hypothetical particle predicted by the SM, called the Higgs boson,

which has not yet been observed by experiments. It is needed in the model to give mass to

the W, Z bosons and all other particles.
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Figure 1.1: The three families of quarks and leptons and the force carriers in the SM.

Table 1.1: The standard model fundamental particles (three generations of quarks and
leptons) with their mass and charge. The quarks have spin-parity, J© = %Jr.

Charge First Generation Second Generation Third Generation
Flavor | Mass (GeV/c?) | Flavor | Mass (GeV/c?) | Flavor | Mass (GeV/c?)
+2 0.0015-0.0033 c 127007 t 171.2 £ 2.1
~1 0.0035-0.0060 s 0.104170:28 b 4.201057
-1 e~ 0.000511 T 0.105 - 1.777
0 Ve 0(< 7x1079) Yy 0(< 0.0003) vy 0(< 0.03)

Table 1.2: The properties of fundamental forces and their mediators. All mediators have
spin 1 except the graviton, which has spin 2.

Interaction Strength | Range (m) | Gauge boson | Charge | Mass (GeV/c?)
Strong 1 10715 g 0 0
Electromangentic 1/137 Infinite v 0 0
Weak 10-¢ 10718 W+(29) +1(0) 80.4(91.2)
Gravity 6 x 1073 Infinite gravitons 0 0




1.2 CP Violation

Our universe has a clear dominance of matter over anti-matter. According to the
Big Bang theory, the expectation is that early universe had no matter, only energy. As
the universe is expanded, this energy was converted into matter and antimatter in equal
proportions. However, the world around us today is dominated by matter. The existence of
C'P violation, violation of the combined operation of C' (charge-conjugation) that changes
matter to anti-matter and vice-versa and P (parity) that reverses space-coordinates, is one
of the three necessary conditions for dominance of matter over antimatter, as described by
A. D. Sakharov [1].

A parity transformation (P) is a reflection of all coordinates in the origin so that
7T — —7. P is also called left-right or mirror reflection because a reflection in a plane
followed by a rotation of 180° corresponds to the parity transformation. Symmetry under a
parity transformation at the subatomic level implies that you cannot tell whether you are
examining the real world or its mirror world.

Charge conjugation (C) is particle-antiparticle conjugation. It reverses the sign
of the charge of the particle and thus changes a particle into its antiparticle. For example,
applying the C' transformation to electron, it is transformed to a positron, which has positive
charge. In physics, C-symmetry means the symmmetry of the physical laws under the
charge-conjugation transformation.

CP is the product of the charge conjugation and parity transformations. CP
conservation implies no difference between the real world for particles and the mirror world
for their antiparticles. Although parity and charge-conjugation are violated separately in
the weak interaction, it was thought that their combined operation CP is still conserved.
However, the belief was proved to be wrong in 1964 by the discovery of C'P violation in

neutral kaon system [2].

1.3 The discovery of C'P violation in the kaon system

The neutral kaons provide an ideal experimental system to test C'P invariance.
There are two neutral flavor eigenstates of kaon, namely |K 0> and ‘f( 0>, which are not

CP eigenstates. Under parity and charge conjugation, these flavor eigenstates transform as



follows,

P|K% =—|K°), P|K°) =—|K") (1.3.1)
C|K%) =|K"), C|K°) =|K") (1.3.2)

and under combined C'P transformation, these states become
CP|K") = —|K%), CP|K°)=—|K") (1.3.3)

Therefore, neither |K )O nor ‘f( 0> are C'P eigenstates. The observed particles are a linear
combination of K and K°. The normalized eigenstates of C'P are

1
V2

Under C'P transformation, these states become

) = —= (K% + [RY), K = —=(|K?) — |KO)). (1.3.4)

Sl

2

CP|K;) = |K}) (CPeven), CP[Ks) = — [Ks) (CPodd). (1.3.5)

The |K7) is short-lived and decays dominantly to a 27 state that has CP = +1. The |K>)
is long lived and decays dominantly to a 37 state that has CP = —1. If C'P was conserved,
the K1 — 27 decay would be forbidden. In 1964, however, an experiment by Christenson,
Cronin, Fitch and Turlay [2] first demonstrated that the K meson could also decay to

7~ with a branching fraction of order 1073.

T
The mass and lifetime eigenstates | K1) and |Kg) are admixtures of the C'P eigen-

states | K1) and |K2) and can be expressed as follows

1 1
|Kp) = TIGIQ(|K2> +elKy)), |Ks)= T‘EP(\KN —€|K3)) (1.3.6)

where € is a small parameter quantifying the C'P violation. The degree of C'P violation is
usually quoted as the ratio of branching fractions :

B(Kp — mtn™)
B(Kg — ntn—)

B(Kp — n%7%)

=(2.20+0.02) x 1073, ——r
( )0 By = a0

= (2.28 £0.02) x 1072 (1.3.7)

This small violation of C'P symmetry in the neutral-kaon system can be accommodated by

the SM. Much larger C'P violation is expected in the B meson system.



1.4 CP violation in the Standard Model

The charged current interaction part of the electroweak lagrangian is given by

-9 (4 A p (L5 +
Lco = \/§<u t)’y ( 3 >VCKM Z WM + h.c. (1.4.1)

QI

where g is the gauge coupling constant, Vog s is the 3 x 3 Cabibbo-Kobayashi-Maskawa
(CKM) matrix [3, 4] or the quark mixing matrix. The matrix describes the relation between

the quark mass eigenstates (d, s,b) and their weak interaction eigenstates (d’,s’,b’) :

d/ Vud Vus Vub d d
S|1=|Vea Ve Va||s|=Vexkm|s (1.4.2)
v Vid Vis Vi b b

The nine elements of the CKM matrix represent the couplings of the quarks to W bosons.
The most useful approximation for the CKM matrix is the Wolfenstein parametrization [5],

which expresses the CKM matrix as an expansion in powers of A ~ sin ..

1—3A2 A AX3(p — in)
Voru = -\ 1— X2 AN + 0\ (1.4.3)
AN (1 — p—in) —AN? 1

The diagonal elements are of order one. The further off-diagonal one goes, the A dependence
increases and hence the strength of the interaction decreases. The V,; and Vg4 elements
contain the complex phase, which is the only source of C' P violation in the SM. The unitarity

of the CKM matrix leads to the relation,
S ViVi =0, (i#k) (1.4.4)
J

This provides us the following six relations among its elements. Since each of the six

relations requires the sum of three complex quantities to be zero, they can be represented



as six triangles in complex plane. These triangles are called the unitarity triangles.

Vo Vi + VgV + VigVyt = 0, (1.4.5)
—— Y= =
A A A3
VudVog + Vus Ve + ViV = 0, (1.4.6)
—— = =
A A A5
VusVip + VesV + ViV, = 0, (1.4.7)
—_—— —— N —
A4 A2 A2
VeaVig+ VesVis + VaVy, = 0, (1.4.8)
—— N N =
2 A2 A2
VuthTi + VusVie + VubV{Z = 0, (1.4.9)
—— = =
A3 A3 A3
VudVp + VeaVey, +ViaVy, = 0. (1.4.10)
—_—— —— N —
A3 A3 A3

The four unitarity triangles corresponding to Eq. 1.4.5 to 1.4.8 are extremely squashed in
shape since the magnitudes of one of the sides of the triangle is much shorter than the other
two. In contrast, all the sides in Eq. 1.4.9 and 1.4.10 are of the same order (O(A3)). Hence,
the unitary triangles corresponding to these two relations have larger areas than the first
four. Eq. 1.4.5 and 1.4.6 are related to physics in the K meson system. Eq. 1.4.7 and 1.4.8
are related to physics in the B; meson system. Eqns. 1.4.9 and 1.4.10 are related to physics
in the By meson system. Since the unitary triangles corresponding to the By meson system
have larger areas than the other four, the amount of C'P violation in B; meson decay is
expected to be larger than in K meson and B; meson decays. This implies that the B meson
sector is the most promising domain to examine the Kobayashi-Maskawa mechanism. In
the neutral Bg system we use only Eq. 1.4.10, since it involves mixing, b — c and b — u

transitions while in Eq. 1.4.9 it has transitions that include K meson decays.

*
Vcd Vc

Figure 1.2: The unitarity triangle of the CKM matrix.



The unitarity triangle that controls b quark decays is shown in Fig. 1.2, which
corresponds to Eq. 1.4.10. It has six parameters; three angles and three sides. The sides
of the triangle can be obtained by measuring specific decay rates, and the angles can be
derived from measurements of C' P asymmetries. The angles ¢1(f3), ¢2(«), and ¢3(y) are

defined as follows

thV{Z>

= m—arg | —— |,

o g(Vchc’z
VipVid >

= arg| —— |,

” g(“/szvud

¢3 = arg (M) (1.4.11)
- cchd

Intuitively, the amount of C'P violation is directly proportional to the area of the unitary
triangle. This implies that the angles should take nonzero values and the sides should be
comparable, if C'P invariance is violated in B meson system. The measurement of the

angles and sides of the unitary triangle is one of the important goals of the B factory.

1.5 Phenomena of B B° mixing and CP violation in B de-
cays

The BY and BY can mix through second order weak interaction via the box dia-

grams shown in Fig. 1.3. Due to this mixing, the neutral B meson in the weak interaction

eigenstate (or mass eigenstate) is written as a linear combination of the flavor eigenstates

|B0> and ‘BO> as
1Br) =p|B°) +q|B°), |Bu)=p|B°) —q|B°) (1.5.1)

where p and ¢ are complex parameters and the states |Br) and |By) are the lighter and

heavier mass eigenstates. The corresponding eigenvalues are

) )
nr =mp — §FL7 HH = MmH — §FH (1.5.2)

The time evolution of a neutral B meson, which is initially created as a pure flavor eigenstate,

B9 or BY at time ¢t = 0 can be written as

[BY0) = £+(0)|B%) + £ (1) | B°) (15.3)
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Figure 1.3: The box diagrams showing B°B° mixing.
. R0\ L P
|B°(t)) = f4(t)|B”) + ;f,(t) | BY) (1.5.4)
where
1 . .
fe(t) = 3 (e7Het £ g tiuty (1.5.5)

We consider the B decays to a C'P eigenstate fcp accessible to both B® and B° decay. C'P
violation occurs if there is an asymmetry in the time-dependent decay rates of B — fop

and B° — fcp. The time-dependent C'P asymmetry, Acp can be expressed as :

T[B%(t) — fep] — PB"(t) — fcp

Acp(t) = —5
[[BO(t) — fep| + T[B(t) = fop]
A2 -1 2Im\
— RS cos(Amgt) + DE+1 sin(Amgt)

= Acp cos(Amgt) + Scp sin(Amgt)

where Acp and S¢op denote the parameters for direct and mixing-induced C P violation. An
alternative notation, Cop = —Acgp is used by BaBar, which is another B factory experiment

at SLAC. The complex parameter A is defined as

() (32)

where Afcp and Ay, represent the decay amplitudes for BY — fop and B — fop,

. . . . A .
respectively. The first part, (%), describes the mixing, while the ( A; oL ) part describes

cpP
the decay amplitudes. The parameter A can be re-written as,

)\ — ‘ AfCP e_i(¢mixing+¢decay) (157)

AfCP

where @mixing represents the weak phase difference in B%-BY mixing and ®decay Tepresents

the weak phase difference in decay amplitudes.



1.6 Types of C'P violation in B decays

The CP violating decays in the B-meson sector can be broadly categorized into

the following three types:

e CP violation in decay or direct C'P violation (DCPV')

This occurs in both charged and neutral decays, where the amplitude for a decay and
its C'P conjugate process have different magnitudes. B%-B® mixing is not involved in
this case. If Ay and A 7 are the amplitudes of B — f and B — f decays respectively,
then the condition for CPV in decay is given by: j—lf; # 1. The amount of C'P

asymmetry is denoted as Acp and defined as:

b
Acp=—F—#1 (1.6.1)
L+ |75

This type of CP violation has AB = 1 or AS = 1. Since it occurs directly in the
decay, its called direct C'P violation. A non-zero coefficient in front of the cosine
mixing term is characteristic of this C'P violation. This is only possible source of C'P
asymmetry in charged B decays.

e C'P violation in mixing or indirect C'P violation (I/C'PV')

This type of C'P violation appears in B%-BY mixing and requires the condition
q
=|#1 1.6.2
| pl (1.6.2)

It is often refereed as indirect C'P violation. This type of C'P violation has AB = 2
or AS =2.
e (P violation in interference between mixing and decay

This type of C'P violation arises from the interference between a BY — f decay and
the other decay B® — BY — f. The final state should be a C'P eigenstate that is

accessible to both B? and BY decays. This requires the condition
Im(\) #£0 (1.6.3)

A non-zero coefficient in front of the sine mixing term is characteristic of this type of

C'P violation. This type of C'P violation has AB =2 or AS = 2.



1.7 BY — ¢(2S)K}) decay

The B® — (25)KY decay is one of the “golden” modes for measurement of
C P-violation due to its clean experimental signature and straightforward theoretical in-
terpretation. The v(25) meson is the second radially excited state (2357) of charmonium
(bound state of a ¢ quark and an anti-c quark), which have parallel spins. It has rest mass
of 3686.09 + 0.04 MeV. In SM, this decay occurs through a color suppressed tree diagram
with internal W-emission (b — ¢) and a penguin with an intermediate loop diagram (b — s)
as shown in Fig 1.4. The two diagrams have the same weak phase while tree diagram is the
dominant contribution. The penguin diagram with an intermediate u quark has a different
weak phase, but it is highly suppressed by C'K M parameters. From theoretical predictions,
the influence of the penguin on the asymmetry is limited to be less than < 1% [6]. From
the experimental point of view the BY — ¢(25)Kg decay is easy to access because of its

relatively large branching fraction with small backgrounds. In this case, both B® and B°

ol

ol

Figure 1.4: Standard Model quark level diagrams contributing to B® — w(2S)Kg decay.
The color suppressed tree diagram (upper) and the penguin diagram (lower).

decay to the common CP eigenstate 1(25)KJ. The complex parameter Ay (28) K9 can be

10



expressed as ~
A 0
q Y(29)K
A =|(= — 1.7.1
sy = (%) ( Awsmg) (17.1)

Since there is a Kg in the final state, we have to include K°-K° mixing. The state Kg is a

mixture of K and K° as follows
|K%) = pic | K°) + g | K°) (1.7.2)
Now the amplitudes become
Ayesyky =< $(29)KG|B" >=< KY|K® >=<¢(25)K°|B° >= qjc Ayasygo  (1.7.3)
Aysykg =< P(28)KG|B° >=< Kg|K® >=< ¢ (25)K°|B’ >= pjc Ayps)xo (1.7.4)
Inserting Eq. 1.7.3 and 1.7.4 in Eq. 1.7.1, we obtain

Moo = §f<€) <q_K> Ayes) K0
VK p) \Px/) \ Ap@es ko

VisVia VesVig Ve Vs
TV Vi ViVea Vi Ves
— é-f 6—2iq51

where &; is the C'P eigenvalue. 9(2s)K2 is a CP-odd state ({f = —1). Substituting the

values of Ay 99 K, the C P-violating parameters :

2ImA A2 -1

= PYEE] = —{psin2¢, A= AEE1 =0, Acp(t) = —&fsin2¢;sin(Amgt) (1.7.5)

New Physics (NP) effects beyond the SM may enter through the tree level diagram.
For example flavor changing neutral current (FCNC) is possible through non-standard sZb
coupling and subsequent production of the c¢ final state. In the presence of a C'P violating
phase in the Z-contribution, this could lead to a difference in sin2 measured among the
golden modes. However the NP effects are different depending upon the C'P properties of
the final ¢ states [7]. In this decay mode, Sy(as)K9 = Sin 2¢1.

sin 20y kg — sin 28 = sin(20 — arg(M Kg)) — sin 26 ~ — arg(M Kg) cos 23 (1.7.6)

0.11 forM = !
|larg(MKs)| < o Vi¥ (1.7.7)
0.25 forM = 7, xc1

11



The most recent time-dependent study on B® — (25)KJ decays has been reported by the
BaBar collaboration [8] using a data sample of 465 x 10° BB pairs. A total of 861 signal
candidates was obtained with purity 87%. The CP violation parameter is measured to
be Syas)xy = 0.897 + 0.100(stat.). Belle’s latest published measurement [9] includes only
152 x 10% BB pairs (140 fb~!, the SVDI data set only). The signal yield and purity are

N [4(29)(1T17) K& = 145 (purity 93%), N [¢(28)(J/y 7+ 77 ) K] = 163 (purity 88%)
(1.7.8)
A total of 308 signal candidates are observed with Sy ,g) ko = 0.89+ 0.20(stat.). Now Belle
has an additional data sample with 505 x 105 BB pairs (465 fb—!, the SVDII data set),
about 3.3 times larger than the previous sample. It is important to measure significant C'P
violation with a smaller statistical error (~ 0.09) using the higher statistics data accumu-
lated by the Belle detector (657 M BB (605 fb~!), about 4.3 times the original SVD1 data

sample.

1.8 The b — s+ decays

Rare radiative B meson decays play an important role in the search for physics
beyond the standard model of electroweak interactions. These are flavor changing neutral
current (FCNC) decays, forbidden at tree level in the SM, but allowed through electroweak
loop processes as in Fig. 1.5. At the leading order, FCNC processes proceed through a loop
involving a charged W and a quark. Therefore, these processes are suppressed by at least
a factor of the weak coupling constant, relative to other weak interactions with one vertex.
The loop can be sensitive to undiscovered particles (for example, a charged Higgs or SUSY
particles), that may replace the SM particle in the loop and therefore is sensitive to new
physics. The measurements we can make to search for NP include the branching fraction,
photon polarization, charge asymmetry and time-dependent C'P violation measurement.
Here we mainly focus on exclusive search for the two rare radiative decays, B — ¢K~ and
B — wK~ modes.

The current measured inclusive world-average branching fraction for B — X7 is
(3.55 4 0.26) x 10~* [10]. The SM prediction at next-to-next-to-leading order (NNLO) is
(3.15 £ 0.23) x 10~* [11] for a photon energy E, > 1.6 GeV in the B meson rest frame.
The experimental value is one standard deviation (o) higher than the theory prediction and

thus allows significant new physics contributions to radiative B decays. Exclusive b — sy

12



W=

Figure 1.5: Feynman diagram for the radiative b — sv decays, showing the SM loop process
with the ¢t-quark contribution.

decays have also been extensively measured, but their sum so far accounts only for 44%
of the inclusive rate. Therefore, further measurements of branching fractions for exclusive

B — ¢(w) K~ modes will improve our understanding of the b — s+ process.

1.9 Probe for New Physics

Another possible contribution of new physics to the b — s7v process involves the
photon helicity. Since the weak interaction depends on the helicity of the particles involved,
the SM predicts a different polarization of the photon depending on whether it comes from a
b or b quark. The emitted photons are predominantly left-handed (right-handed) in b — sy
(b — 37) decays. Therefore, the photon from BY or B~ is left-handed and from BY or B*
is right-handed as shown in Fig. 1.6.

The effective Hamiltonian in b — sy process has the general structure

AG .
Hraa = —T;thvts (C7rO7R + C7L071) (1.9.1)

where the electromagnetic dipole operators are given by

(& _ 1+ Y5
O?L,R = meSU;w

bFH . (1.9.2)

The Wilson coefficients C7;, and Crr describe the amplitudes of b — s+ for left and right-
handed photons, respectively. Due to the chiral structure of the W* couplings to quarks
in the SM, the amplitude for the emission of a left-handed photon in b — s7v is enhanced
relative to that for a right-handed photon by C7r/Crr ~ ms/m;. However, in some exten-
sions of SM such as the left-right symmetric model (LRSM) or the minimal supersymmetric
standard model (MSSM), both photon helicities might contribute to the decay. Therefore,
measurements of the photon helicity are sensitive to some non-SM theories, which may not

give large effects in the measurements of branching fraction or asymmetry.

13



Figure 1.6: The penguin diagram for B — ¢K~ decay with ss pair creation. The lower
figure shows the photon polarization in B decays and the possibility of a right-handed
current due to mixing.

Atwood, Gronau and Soni proposed to search for the mixing-induced C'P asym-
metry in radiative B decays [12]. In the B%-B° system, this asymmetry arises when B°
and B? decays to a common final state. Since in this case, the polarization of the photon
carries information on the original b flavor, the C'P asymmetry is is suppressed in the SM
by the quark mass ratio (2ms/my).

Alt) ~ Qmﬂb sin(261 ) sin(AmA?) (1.9.3)
The expected asymmetry is nearly 3% for S and 0.6% for A [13] in B — P, Py, where P;
and P are both eigenstates of charge conjugation.

In the presence of new physics this prediction can be modified, and a significant
right-handed photon amplitude can appear in b — s7v decays. In many extensions of SM,
such as the left-right symmetric model (LRSM), the amplitude for right-handed photons

grows in proportion to the virtual heavy fermion mass, which can lead to large asymmetries

14



(even asymmetries larger than 50% are possible). In this thesis, the neutral mode B? —
¢K 2y [14] is used for the first time to measure the time-dependent CP asymmetry. Due
to the narrow width of the ¢ resonance, the decay B — ¢K~y is well separated from the
background and can be effectively used for measurements of photon momenta over a wide
interval. In addition, this mode can also be used to search for a possible contribution from
kaonic resonances decaying to ¢K. Furthermore, we can probe the photon polarization
using the angular distributions of the final state hadrons [15, 16].

The branching fractions of the radiative B — ¢ K+ (K°)y decays have already been
measured by the Belle Collaboration [17] and BaBar Collaboration [18]. Belle measured
BB~ — ¢K~) = (3.4 £ 0.9 £ 0.4) x 10°% and B(B" — ¢K v) < 8.3 x 106 at the 90%
confidence level using 96 x 10° BB pairs. BaBar measured B(B~ — ¢K v) = (3.5 +
0.6 £0.4) x 107% and B(EO — (bfofy) < 2.7 x 107% at the 90% confidence level using
228 x 10° BB pairs. BaBar also reported the direct CP asymmetry in B~ — ¢K v, Acp =
(—26 & 14 + 5)%. Now Belle has accumulated 772 M BB pairs, a data sample eight times
larger than the previous measurement. In this thesis, we report an updated measurement
of branching fractions in B — ¢K+(K%)y as well as a search for B — wK*(K")y decays
using the higher statistics data accumulated by the Belle detector.

1.10 Experimental Technique

The B factory experiments (KEKB at Japan and PEP-IT at SLAC) using an e*e™
collider provides an ideal environment to measure the C'P violation parameters with high
accuracy. The collider is designed to operate at the center-of-mass energy of the Y(45)
resonance. Since the mass of Y(4S) is just above the BB threshold, it decays only to BYB°
or BY B~ pair. Since the BB pairs are produced in a single coherent quantum state (odd
C configuration), the only possible neutral B pair combination is BYB°. In the decay chain
T(4S) — B'BY — f,.. ftag, Where one of the B mesons decays at time t,.. to the signal
mode fr. and the other decays at time Z,¢ to a final state fia that distinguishes between

B and BY, the decay rate has a time dependence given by
oAt/
P(AL) = 47{1 +q [S sin(AmgAt) + Acos(AmdAt)] } (1.10.1)
TR0

Here S and A are the C'P violation parameters, 7go is the neutral B lifetime, Amy is the

mass difference between the two neutral B mass eigenstates, At = t,... —ttag, and the b-flavor
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charge q equals +1 (—1) when the tagging B meson is a BY (BY). Since the B and B
are approximately at rest in the T (4S5) center-of-mass system (cms), At can be determined

from Az, the displacement in z between the two decay vertices: At ~ Az/(Bvc).

1.11 Thesis Outline

The outline of the thesis is as follows. The experimental apparatus used to collect
data for this work is described in chapter 2. In chapter 3, we precisely measure the time-
dependent C'P violation parameters in B® — (25 )Kg decays. In chapter 4, we measure the
branching fractions for rare radiative B — ¢K~ modes. The neutral mode B — gZ)Kgry is
observed for the first time. In chapter 5, we describe the first time-dependent measurements
in BY — gZ)Kg«y decays. The chapter 6 describes a feasibility study for the rare B — wK~y

decay mode. Finally, we summarize the work in chapter 7.
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Chapter 2

The Belle Experiment

2.1 Overview of the Belle Experiment

The Belle experiment is a particle physics experiment conducted by the Belle Col-
laboration, a group of more than 400 physicists from 62 institutes across 15 countries. The
main goal of this experiment is to study the origin of C'P violation in the B meson system.
This experiment operates at the KEKB accelerator, the world’s highest luminosity machine.
The KEKB accelerator is located at the High Energy Accelerator Research Organisation
(KEK) in Tsukuba, Japan. The KEKB [19] is an asymmetric-energy e*e™ collider, which
operates at the T(4S5) resonance. It accelerates the electron beam to an energy of 8 GeV
(E,-), the positron beam to an energy of 3.5 GeV (E,+) and collides them with a finite
crossing angle of £11 mrad to produce the B mesons. The Belle detector surrounds the
interaction point (IP) to detect the particles produced from the eTe™ collisions. The con-
struction of KEKB and Belle was completed in 1998. After half a year of commissioning,
the Belle detector was installed in May 1999. In June 1999 the detector started logging

data produced from B meson decays.

2.2 The KEKB Accelerator

The configuration of the KEKB storage ring is illustrated in Fig. 2.1. It has two
different rings: the ring for 8 GeV electrons is called the High Energy Ring (HER), and
that for 3.5 GeV positrons is called the Low Energy Ring (LER). The HER and LER were
constructed side by side in the tunnel used for TRISTRAN. Each ring has straight sections
in the Fuji, Nikko, Tsukuba and Oho areas. The beams intersect at the IP in the Tsukuba
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area, where the Belle detector is located. At the IP, electrons and positrons collide with a
finite crossing angle of 22 mrad. The crossing angle itself was one of the novel features of the
KEKB design, providing effective beam separation after collision without a high detector
background level. The corresponding center-of-mass energy is 10.58 GeV, which coincides
with the Y(4S) resonance, just above BB production threshold as shown in Fig. 2.2. The
circumference of the ring is 3016 m. In order to make the circumferences of the two rings
precisely equal, a cross-over of the two rings was built in the Fuji area (visible on the left

side of Fig. 2.1)

Superconducting
cavities (HER

)

Eelle detector

KEKB B-Factory

N = ARES copper
- cavities (HER)

—

ARES copper“‘xm

cavities (LER] . @ -
TRISTAN
tunnel

Lo
8GeY e- 3.5
GeYy e+
Linac

Figure 2.1: The configuration of the KEKB accelerator showing its two rings. The LER is
for positrons and HER  is for electrons.

The design peak luminosity of KEKB is 1.0 x 103*ecm™2s~! | which corresponds
to 108 B mesons per year. The most important parameter that determines the capability

of an an accelerator is the luminosity £ since it is directly connected to the event rate N
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Figure 2.2: The hadronic cross-section for ete™ annihilation between 9.4 and 10.7 GeV.

following the relation N = oL, where o is a cross section. The luminosity is given by

o NN (1 +r> £yl

drorox — \ 2er, gy

z%y
where Ni (number of e® particles per bunch), f (collision frequency), 0y, (beam size at

(2.2.1)

the IP in the x or y direction), r (aspect ratio of the beam at the IP, o} /07), e (elementary
charge), I+ (current, eNyf), v+ (Lorentz factor), r. (classical electron radius, e?/4meg),

§zy (beam-beam parameter in the z or y direction), 8y , is the 3 function at IP in x or y

direction.

2.2.1 The Crab Cavities

Until 2007, the electron and positron bunches in the KEKB accelerator used to
cross at a 22 milliradian angle. To boost the luminosity further, it was necessary to recover
an effective head-on collision while retaining the crossing angle. To accomplish this goal,
the KEKB researchers built special superconducting radio-frequency (RF) cavities that
kick each beam sideways in the horizontal plane so that the bunches collide head-on at the
interaction point. These special RF cavities are called ”crab cavities” as shown in Fig. 2.3.
On June 17, 2009, after the installation of special skew sextupoles that correct chromatic

coupling, the KEKB broke the world luminosity record and achieved a peak luminosity of
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2.11 x 10**cm 257! using these new accelerator devices. This new record is more than a
factor of two higher than the original design luminosity of KEKB. While this luminosity
was being recorded, the backgrounds were good and the data were recorded smoothly in
the Belle experiment. The integrated luminosity, which is proportional to the total number

of BB events recorded by Belle detector reached 1000 fb ~! by the end of summer 2010.

Electron Bunch Positron Bunch

Cross Angle Crossing

-_—

Crab Crossing

Figure 2.3: Schematic drawing of the crab cavities. (left) Schematic drawing of the crab
cavities. (right) Crab cavities tilt the electron and positron bunches so that they collide
head-on at the interaction point.

The data sample used for this thesis was collected with the Belle detector. To
produce the B mesons the center of mass system (cms) energy is set at 10.58 GeV, which
corresponds to the mass of T(45) meson !. Since we can neglect the e* and e~ masses at

our energy, the mass of Y(45) particle is described in terms of beam energies as

MT(4S) = \/(Ee* + Ee+)2 - (pe* +pe+)2 = \/4E6*Ee+' (222)

Therefore, to produce an Y (4S) meson alone with e™e™ collider we can choose any energies
of beams if their product is 27.984 GeV2. The most important studies at a B factory are
measurements of C'P violation, which require measurement of the decay time distribution.
The lifetime of B meson is too short to directly measure the decay time itself. Accordingly,
we Lorentz-boost the B mesons and measure their vertex separations. For this purpose
KEKB has an asymmetric energy of 8 GeV (= E~) and 3.5 GeV (= E™) for e~ and e™,
respectively, which provides the Lorentz boost factor of

Pr(4s) E.- —E.+
= = = 0.425. 2.2.3

1B(T(48) — BB) > 96% [20]
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The average decay length of a B® meson is
Il = (Bvy)(ctp) = 0.425 x 459um =~ 200um, (2.2.4)

with a B® meson lifetime 75. This length is measurable with our solid state vertex detector

whose longitudinal vertex resolution is ~100 pm.

2.3 The Belle Detector

The Belle detector [21] is a large-solid-angle magnetic spectrometer that consists of
a silicon vertex detector (SVD), a 50-layer central drift chamber (CDC), an array of aerogel
threshold Cherenkov counters (ACC), a barrel-like arrangement of time-of-flight scintillation
counters (TOF), and an electromagnetic calorimeter (ECL) comprised of CsI(T1) crystals
located inside a superconducting solenoid coil that provides a 1.5 T magnetic field. An iron
flux-return located outside the coil is instrumented to detect Kg mesons and to identify

muons (KLM).

Electromagnatic Calorimeter (ECL)
Silicon Vertex Detector {SVD)

Aerogel Cerenkov Counter (ACC)

Time-Of-Flight counter {TOF) =

BGQV = ; ; _-,'1_'4.'..."' £ Y | ~
- _— e LN Central Drift Chamber (CDC)

K, and y detector (KLM)

Figure 2.4: Schematic of the Belle Detector.

The conventional definition of the coordinates in Belle and KEKB is
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A schematic view of the Belle detector is shown in Fig. 2.4 and brief description

horizontal direction, outward to the KEKB ring.
vertical direction, upward.

opposite of the positron beam direction.

the polar angle with respect to z axis.

the azimuthal angle around z axis.

of each sub-detector is given in the following subsections.

2.3.1 Silicon Vertex Detector (SVD)

The silicon vertex detector (SVD) [22] is an essential component of the Belle
detector because it provides a precise measurement of the B meson decay vertices, which
is essential in the study of time-dependent C'P asymmetry. In addition, it is also useful for

identifying and measuring the decay vertices of D and 7 particles and contributes to the

charged particle tracking.

Fig. 2.5 shows the side and end views of the SVD. It consists of three concentric
layers of double-sided silicon strip detectors (DSSDs) and covers the polar angle range

23° < 0 < 139° where @ is the angle from the beam axis. This corresponds to 86% of the

full solid angle.

Figure 2.5: Configuration of the Belle silicon vertex detector (SVD1).
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The radii of the three layers are 30.0 mm, 45.5 mm, and 60.5 mm. The layers
are constructed from 8, 10, and 14 independent ladders from inside to outside, respectively.
Each ladder consists of double-sided silicon strip detectors (DSSDs). Each DSSD size is
57.5 x 33.5mm? and 300 pm thick. In total, 102 DSSDs are used and the number of readout
channels is 81920. The readout chain for DSSDs is based on the VA1 integrated circuit.
The VA1 has excellent noise performance (200e~ + 8¢~ /PF) and reasonably good radiation
tolerance of 500 kRad. The track-matching efficiency is defined as the probability that a
CDC track within the SVD acceptance matches SVD hits in at least two layers, and in at
least one layer has both r-¢ and r-z information. Tracks from K2 decays are excluded since

these tracks do not necessarily pass through the SVD.

250 xy Impact Parameter Resolution 250 z Impact Parameter Resolution
E E
< <
=225 3.Q S AN S [ K Y /2 =225 0 WA n W Vo W b R Y /2
£ 19-@-507/pPp*sm(O)r () £ 36-@-42/pp*sm(O)T ()
3 3
200 Pro>-e'e. 2200 V> AT
& - cosmic Fay. & - cosmic ray
175 e T 2 175
150 150 -
125 l 125 \
100 100
75 &3 75 \
50 ‘_'_: 50
25 _'_ 25
0 1 2 3 4 5 6 " 7 8 0 1 2 3 4 5 6 . 7 8
pﬁ*sin(e)‘/ (GeVlc) pB*sin(0)”" (GeVl/c)

Figure 2.6: Impact parameter resolutions for the r-¢ (left) and z direction (right).

When a charged particle passes through the DSSDs; it produces electron-hole pairs
along its trajectory. The charges are then collected at the sense strips by the applied electric
field. The charge distributions on the orthogonally segmented strips allow one to determine
three-dimensional hit positions and, hence, to reconstruct the particle track. The impact
parameters of a reconstructed track are defined as the r-¢ and z distances of the closest

approach of the track to the interaction point.
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The momentum and angular dependence of the impact parameter resolution are

shown in Fig. 2.6 and well represented by the following formula:

50
Orp =19® ———7— um, 2.3.1
e pBsin®/? 0 : ( )
42
0, =36 m, (2.3.2)

pBsin®/? 0 a
where @ indicates a quadratic sum, and the momentum p is given in units of GeV/c. The

impact parameter resolution for an 1 GeV/c normal track is around 55 pm.

Side View End View
DSSD ladder 17< 8 <l 50° e

= = — _—— ,"/ o ﬁ:_-.-.\.\
At '-:'.“-,
— — (20.0mp% 43 5mm
[nteraction Poinf WA b
i E——ﬁg&.ﬁ Hybrid 8‘3»Qmm| g’ jym
e E—— : = E—;'é-u - T

e Top View
—oo—m( 4th layer

1st layer

Figure 2.7: Configuration of SVD2.

A new SVD (SVDII) [23] was installed in the summer of 2003. There are many
improvements from SVDI. The SVDII consists of four cylindrical layers whose radii are
20.0mm, 43.5mm, 70.0mm and 88.0mm. The angular acceptance extends from 17° to 150°,
which is the same as the CDC acceptance. The four layers have 6,12,18 and 18 ladders to
cover the entire the ¢ region. Each ladder consists of 2,3,5 and 6 DSSDs, for layers 1 to
4, which are fabricated by Hamamatsu Photonics. There are two kinds of DSSDs. One
is used in 1st, 2nd and 3rd layers and has a size of 28.4 x 79.6mm? with a strip pitch of
75um on the p-side and 50um on the n-side. In the 4th layer, the size is 34.9 x 76.4mm?
with a strip pitch of 73um on the p-side and 65um on the n-side. The n-side of DSSDs is
used for measurement of the r-¢ coordinate and the n-side is used for measurement of the z
coordinate. The number of strips are 512 on both the n-side and p-side. The total number

of DSSDs is 246. Therefore the total number of readout channels are 110592 (=216 x 512).
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2.3.2 Central Drift Chamber (CDC)

The Belle central drift chamber (CDC) [24] has been designed for efficient recon-
struction of charged particle tracks and precise determination of their momenta. The path
of a charged particle moving in a uniform magnetic field is a helix with its axis parallel to
the direction of the magnetic field. The particle momentum can be determined from the

curvature of the helix (r) as
pr = 0.3Br (2.3.3)

where p; is in units of GeV /¢, B is the magnetic field in Tesla, and r is in meters.
In addition, the CDC is used to measure the energy loss (dE/dz) of charged parti-
cles for their particle identification. The CDC is also used to provide important information

for the trigger system.

BELLE Central Drift Chamber

2204

702.2 1501.8

790.0 | 1589.6 2
&
o
150 \ 747.0 o 17

—
e-
Interaction Point
Cathode part
y y
L« L«
100mm 100mm

Figure 2.8: Schematic view of the CDC structure. The lengths in the figure are in units of
mm’s.

The structure of the CDC is shown in Fig. 2.8. It is a cylindrical chamber with
inner radius 77 mm, outer radius 880 mm, and length 2400 mm and consists of 50 sense
wire layers and three cathode strip layers. The sense wire layers are grouped into 11 super
layers, of which six are axial and five are small-angle stereo super layers. Each super-layer

consists of between three and six radial layers, all with the same number of drift cells in
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the azimuthal direction. The small-angle stereo layers are used in conjunction with the
axial layers to provide z coordinate measurements. Stereo layers also provide a highly-
efficient fast z-trigger combined with the cathode strips. We optimized the stereo angles
in each stereo super layer by maximizing the z-measurement capability while keeping the
gain variations along the wire below 10%. The total number of sense wires is 8400, of which
5280 are axial and 3120 are stereo. The cathode strips are divided into eight segments in
the ¢ direction and 64 segments (8.2 mm pitch) in z to provide z-coordinate information
used for the fast trigger.

Since the majority of the decay products of a B meson have momenta lower than
1 GeV/¢, the minimization of multiple Coulomb scattering is important for preserving the
momentum resolution. Therefore, a low-Z gas (50% helium, 50% ethane) is chosen, which
still retains a good dE/dx resolution. The average spatial resolution for the entire drift

space is measured to be approximately 130 pym in the r-¢ direction.

a

dE/dx (KeV/cm)

Figure 2.9: Measured dE/dx vs. momentum in collision data. The expected mean energy
loss for different particle species are shown.

Fig. 2.9 shows the measured dE/dz as a function of particle momentum, together
with the expected mean values for different particle species. Populations of pions, kaons,
protons and electrons are clearly seen. The dE/dx resolution is measured to be 7.8% for
pions in the momentum range from 0.4 to 0.6 GeV /¢, while the resolution for Bhabha
and muon pair events is measured to be about 6%. The dF/dx information provides > 3o
K /7 separation up to 0.8 GeV/c. The dE/dx bands for kaons and pions cross-over around

1 GeV/ec, however they can provide some discrimination between kaons and pions above
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2 GeV/c. dE/dx also provides more than 3 o e/m separation for the momentum range from

0.3 GeV/c to 3 GeV/e.

2.3.3 Aerogel Cerenkov Counter System (ACC)

The Aerogel Cerenkov Counter (ACC) [25] is an important component of the Belle
particle identification system. It is capable of identifying high momentum particles (from
1.2 GeV/c to 3.5 GeV/c), which is beyond the reach of dF/dx measurements by CDC and
time-of-flight measurements by TOF (usually below 1 GeV/c).

n=1.028 Barrel ACC n=1.013 TOF/TSC
60mod. 60mod. /
! n=1.020 n=1.015 n=1.010 /
= 240mod. 240mod.

Endcap ACC
n=1.030
228mod.

2.5" FM-PMT
2" FM-PMT :

Figure 2.10: Configuration of ACC and TOF system.

The aerogel blocks are read out by either one or two fine mesh PMTs depending on
their angular position. A charged particle moving with a velocity ¢ > ¢/n inside a medium,
e.g. silica aerogel, with a refractive index n produces Cerenkov radiation. For a fixed n, the
threshold energies for particles to emit Cerenkov photons are proportional to their masses.
Therefore, K/m separation in the desired momentum region can be achieved by selection
media with appropriate refractive index values.

The configuration of ACC in the central part of the Belle detector is shown in

Fig. 2.10. It consists of 960 counter modules segmented into 60 cells in the ¢ direction for
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Figure 2.11: Pulse-

the barrel part and 228 modules arranged in 5 concentric layers for the forward end-cap

part of the detector. All the counters are arranged in a semi-tower geometry, pointing to

the interaction point, covering a total polar angle range from 17° to 127°. In order to obtain

good pion/kaon separation for the whole kinematical range, the refractive indices of aerogels

are selected to be between 1.01 and 1.03, depending on their polar angle. A typical single

ACC module is shown in Fig. 2.12.
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Figure 2.12: Design of an ACC barrel module and end-cap module.

Fig. 2.11 shows the measured pulse height distributions in the barrel ACC for e*

tracks in Bhabha events and K* candidates in hadronic events, which are selected by TOF
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and dF /dx measurements. The figure demonstrates a clear separation between high energy

electrons and below Cerenkov threshold production.

2.3.4 Time-of-Flight Counters (TOF)

A time-of-flight (TOF) detector system [26] provides particle identification infor-
mation for momenta below 1.2 GeV /¢, which encompasses 90% of the particles produced

in Y(45) decays. It also provides fast timing signals for the trigger system.
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Figure 2.13: Distributions of hadron masses calculated from the measured time-of-flight
for particles with momenta less than 1.25 GeV /c. The histogram shows the Monte Carlo
prediction obtained by assuming oror = 100 ps.

The TOF system consists of 128 plastic scintillation counters and 64 thin Trigger
Scintillation Counters (TSC). Two trapezoidal shaped TOF counters and one TSC counter
form a module. Each TOF (TSC) counter is read out by two (one) fine-mesh photomul-
tipliers. In total, 64 TOF/TSC modules located at a radius of 1.2 m from the interaction
point cover a polar angle range from 33° to 121°.

The flight time T of particle in length L is expressed as

T= %\/ 1+ c%(m/p)3. (2.3.4)

Given the momentum from the CDC, the time-of-flight can be used for particle identification
by calculating the mass of the particle. For the case of particles with momenta of 1.2 GeV /¢,

T = 4.0 ns for pions and T' = 4.3 ns for kaons with L = 1.2 m. Thus, a time resolution of
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100 ps would provide more than 3 standard deviation separation below 1.2 GeV /c. Fig. 2.13
shows the particle mass distribution calculated from measured time-of-flight for particles
with momentum less than 1.25 GeV/c. Clear peaks corresponding to pions, kaons, and

protons can be seen.

2.3.5 Electromagnetic Calorimeter (ECL)

The main purpose of Electromagnetic Calorimeter (ECL) [27] is the detection of
photons with high efficiency and good resolutions in energy and position. This also plays an
important role in the electron identification as it depends on the charged particles momenta
and the energy deposit in the calorimeter. At high energy, electrons lose their energy in
the calorimeter by bremsstrahlung, and photons lose their energy by electron-positron pair
production. These processes repeat over and over again, producing electromagnetic showers

that deposit energy in the absorbing material.

BELLE Csl| ELECTROMAGNETIC CALORIMETER

Backward Endcap Calorimeter Forword Endcap Colormeter

Borrel Colormeter
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Figure 2.14: Configuration of the ECL.

The overall configuration of the Belle calorimeter, ECL, is shown in Fig. 2.14.
The ECL consists of a barrel section of 3.0 m in length with an inner radius of 1.25 m
and annular end-caps at z = +2.0 m and z = —1.0 m from the interaction point. The

geometrical parameters of each section are given in Table 2.1. The ECL consists of 8736
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CsI(TI) crystals covering the polar angle region of 17° < § < 150°, corresponding to a total

solid-angle coverage of 91% of 4.

Table 2.1: Geometrical parameters of the ECL.

Item 0 coverage 0 segment ¢ segment No.of crystals
Forward end-cap 12.4° — 31.4° 13 48-144 1152

Barrel 32.2° — 128.7° 46 144 6624
Backward end-cap 130.7° — 155.1° 10 64-144 960

The photon energy resolution is measured to be

OE 0.066  0.81
f =134 T D m

% (2.3.5)

Electrons and charged pions can be separated in the ECL because electrons de-
posit most of their energies while charged pions deposit only a fraction of their energies.
Measurements from the ECL combined those from the CDC, ACC and TOF provide an
electron identification efficiency of about 80% and a 7 fake rate of less than 1% in the

momentum range from 500 MeV/c to 2 GeV/c.

2.3.6 Superconducting Solenoid Magnet

The superconducting solenoid magnet [28] provides a magnetic field of 1.5 T par-
allel to the beam pipe. The magnetic field is used to measure the momentum of charged
particles from the radii of curvature of their trajectories. The superconducting coil consists
of a single layer of a niobium-titanium-copper alloy embedded in a high purity aluminum
stabilizer. It is wound around the inner surface of an aluminium support cylinder with a
diameter between 3.4 m and 4.4 m. Indirect cooling is provided by liquid helium circulating

through a tube on the inner surface of the cylinder.

2.3.7 K9 and Muon Detection System (KLM)

The KLM system [29] is designed to identify Kg’s and muons with high efficiency
over a broad momentum range greater than 600 MeV /c. The KLM consists of an alternating
sandwich of 4.7 ecm thick iron plates and glass resistive plate counters (RPCs) located outside
the superconducting magnet. The barrel-shaped region around the interaction point covers

the angular range 45° < 6 < 125° and endcaps in forward and backward directions extend
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this to 20° < 6 < 125°. There are 15 detector layers and 14 iron layers in the octagonal
barrel region and 14 detector layers and 14 iron layers in each of forward and backward

endcaps.
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Figure 2.15: Cross section of a KLM superlayer.

Fig. 2.15 shows the cross section of a superlayer for the barrel region, in which two
RPCs are sandwiched between orthogonal 8 and ¢ pickup-strips with the ground planes
for signal reference and proper impedance. A Kg that interacts in the iron or in the ECL
produces a cascade shower of ionizing particles. The location of this shower determines
the direction of K9, however fluctuations in the size of the hadronic shower limit a useful
measurement of the Kg energy. The multiple layers of charged particle detectors and
iron allow discrimination between muons and charged hadrons based upon their range and
transverse scattering. Muons travel much farther with smaller deflections than strongly
interacting hadrons. The detection of charged particles is provided by glass-electrode-
resistive plate counters (RPCs) [30]. RPCs have two parallel plate electrodes with high
bulk resistivity (> 1019Q — cm) separated by a gas-filled gap.
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2.3.8 Extreme Forward Calorimeter (EFC)

The EFC [31] is a calorimeter that further extends the polar angle coverage by the
ECL to 6.4° to 11.5° in the forward direction and 163.3° to 171.2° in the backward direction
(Fig. 2.16).
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Figure 2.16: Configuration of the EFC.

It is mainly used as supplementary luminosity monitor for Belle and is also to tag
two photon ete™ — ~v decays. The EFC is not used in Belle reconstruction. It is also
required to function as a beam mask to reduce background to the CDC. Since the EFC is
placed in a very high radiation level area around the beam pipe near the IP, a radiation-hard
BGO (Bismuth Germanate, Bi4Ge3O12) crystal is used. The detector is segmented into 32
sectors in ¢ and 5 in 6 for both the forward and backward detectors. The radiation lengths

of the forward and backward crystals are 12 and 11, respectively.

2.4 Trigger System (TRG)

The Belle trigger system consists of a Level-1 hardware trigger and a Level-3
software trigger. It is used to select good events and reject background events as efficiently
as possible. Fig. 2.17 shows the signal flow in the Level-1 trigger system.

The trigger consists of the sub detector trigger systems and the central trigger
system called the Global Decision Logic (GDL). The trigger system provides a trigger signal

at a fixed time 2.2 us after the ete™ collision. The trigger efficiency for hadronic events is
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Figure 2.17: Sub-trigger system and the Global Decision Logic (GDL).

more than 99%. The event rates for physics processes and backgrounds are 200 Hz and 600

Hz respectively, at a luminosity of 2 x 103 cm=2s71.

2.5 Data Acquisition System (DAQ)

The Belle Data Acquisition (DAQ) system deals with the data flow from the analog
signals acquired by the individual sub-detectors to their digitized form, which is saved in
mass storage for online data processing as shown in Fig. 2.18.

The Belle DAQ system consists of three parts: a front-end readout part, an event
building part and a mass storage part. For the front-end readout part, each sub-detector
uses the FASTBUS TDC system or Common Pipelined Platform for Electronic Readout
(COPPER) TDC, except for the SVD. The data from the SVD is digitized by a FADC
and processed by a PC-based readout system and is then sent to the event building farm
directly via the network. For the event building part, data flow is divided into two parallel
streams in order to prevent saturation by the network limit. After partial event building,
the event is sent to storage for online data processing. In online data processing, events
must have at least one track originating from the IP, dr < 1.0 cm and dz < 4.0 cm, with

pt > 300 MeV /c. Events passing this requirement undergo full event reconstruction. Tracks
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Figure 2.18: Global design of the Belle DAQ system.

are reconstructed with hits in the CDC, then these tracks are extrapolated towards the 1P
to search for associated SVD hits. They are also extrapolated outwards to search for hits

in the outer detectors.

2.6 Offline Software and Computing

The data obtained from each of the sub-detectors are in the form of hits and times
(Raw Data). They are converted into physics objects, for example, 4-vectors of position
(x,,), momentum (p,) and associated particle identification information [32]. The events
are then classified into several categories based upon certain selection criteria according to
physics interest and are stored as skimmed data. Based on those data, detector calibrations
are carried out in detail and the offline luminosity is computed. The analysis described
in this thesis uses the HadronB sample [33], a data skim optimized for B meson physics
studies. In physics analyses, one does not need require the complete information stored in

DST. Since collaborators need to process a large amount of data, easy access to experimental
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data is highly desirable. For this purpose, data are stored in MDST (Minimal sets of Data
Summary Tape) format, which is compact and sufficient to study physics events.

The event processing framework, called the Belle AnalysiS Framework (BASF) [34],
takes users’ reconstruction and analysis codes as modules, which are dynamically linked at
run time. A module is written as an object on a class of C++. The class, inherited from
the module class of BASF that has virtual functions for events, also includes begin and end
run processing and other utility functions such as initialization, termination, and histogram
definitions.

Monte Carlo (MC) simulations play an important role in physics analysis. We use
the EvtGen program [35] to generate events for specific decay channels. The response of the
Belle detector is modeled by a GEANT3-based full-simulation program [35]. The simulated
events are then reconstructed and analyzed with the same procedure as is used for the real
data. The standard reconstruction module for subdetectors, global reconstruction of four
momenta and likelihoods for specific particle hypothesis such as electrons, muons, pions,
kaons, are prepared. Using this information, reconstruction codes are written to identify

specific decay channels and to produce physics results such as those described in this thesis.
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Chapter 3

Measurements of time-dependent

CP violation in BY — (25)K?

3.1 Introduction

In this chapter, we describe the measurements of time-dependent C'P violation
parameters for BY(BY) decays to the C'P-eigenstate 1(2S)K3. The (25) candidates are
reconstructed via the decay modes: 1(2S) — [*t1~ and (2S) — J/o (117 )nt 7, where [ is
either an electron or a muon. The methods for background rejection and signal extraction
are described in detail. One neutral B meson is reconstructed in the 1 (25)K9 decay
channel, and the flavor of the accompanying B meson is identified from its decay products.
We then reconstruct the decay vertex positions of both the B mesons and determine the C P

violation parameters from the asymmetries in the distributions of the proper-time intervals.

3.2 Hadronic Event Selection

This analysis is based on a 605 fb~! data sample, which contains 657 x 10°BB
pairs collected with the Belle detector at the Y (4S5) resonance [36]. This corresponds to ex-
perimental datasets 07 to 55, collected from January 2000 to December 2006. We apply the
following selection criteria [33] to select hadronic events and to suppress contamination from
T pair production, two photon processes, QED processes including Bhabha and radiative
Bhabha processes as well as beam gas processes. The selected data sample after all these
cuts is known as the HadronB sample. We define charged tracks as good tracks that satisfy

the requirements |dr| < 2.0 cm, |dz|] < 4.0 cm and P, > 0.1 GeV /¢, where dr, dz, and P,
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represent the impact parameters to the nominal interaction point in the z-y plane, along
the z-axis and the transverse momentum, respectively. Good clusters are defined as clusters
in the ECL with energies greater than 100 MeV. Good photons are defined as good clusters
that cannot be associated with tracks in the CDC acceptance (17° < 6 < 150°). In addition,

we apply the following hadronic event selection requirements.

e The number of good charged tracks is required to be greater than two, Niack > 3.

e The number of good clusters in the barrel region of the ECL is required to be greater

than one, Ngcr, > 1.

e The visible energy, FEis, which is the sum of good track momenta and good photon
energies is required to satisfy Ey;s > 0.24/s, where /s represents the center-of-mass

(cms) energy.

e The energy sum of the good ECL clusters in the central barrel section of the ECL,
Equn is required to satisfy 0.1 < Egym/+v/s < 0.8.

e The vector sum of the z momenta of all good tracks and good photons is required to

be |P,| < 0.5y/s.

e The distance between the primary event vertex and the beam spot is required to be

smaller than 1.5 cm in the z-y plane, and smaller than 3.5 cm cm in the z direction.

e Either the energy sum of all ECL clusters is required to be greater than 0.18/s, or
the heavy jet mass is required to be greater than 1.8 GeV.

e The heavy jet mass is required to be greater than either 0.25 Eyis or 1.8 GeV.

e The average cluster energy is required to be smaller than 1.0 GeV.

These selection criteria retain more than 99% of BB events while reducing the

contamination from non-hadronic processes to less than 5%.

3.3 Signal Reconstruction

The signal is reconstructed in the decay BY — (29) K3, where the (25) meson

decays in the [T~ (I = e or p) and J/¢mT 7~ decay channel. Intermediate states are
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reconstructed in the following modes: J/¢p — [T1~ and K9 — ntm~. We use the decay
mode BT — ¢(2s)K* as a control sample to calibrate the signal shape and for the CP
study. All the charged tracks used in the reconstruction (except for charged pions from
Kg’s) are required to satisfy a requirement on the distance of closest approach to the
interaction point (IP) along the beam direction |dz| < 5 cm and in the transverse direction
dr < 1.5 cm. This eliminates poorly reconstructed tracks or tracks that do not come from

the interaction region.

3.3.1 Reconstruction of J/v and v (2S) from di-leptons

The candidate J/¢ and 1(2S) mesons are reconstructed using their decays to

lepton pairs (where the lepton pairs are either ete™ or utu™ pairs).

e Dielectron Reconstruction

We identify the electron candidates using the likelihood ratio Leiq > 0.01, which is an
electron likelihood probability calculated from the light yield in the ACC, the time
of flight (TOF) and the ionization loss (dF/dx) in drift chamber (CDC). In order to
increase the reconstruction efficiency, we also use less restrictive requirements for one
of the two tracks. One of the tracks is identified using Leq > 0.01 and the other
with E/p > 0.5 or dE/dz > 0.5, but with no Lgq requirement. Here E/p is the ratio
of energy measured by the calorimeter and momentum measured by drift chamber.
To take into account final state radiation, we include the bremsstrahlung photons
that are within 50 mrad of the eTe™ tracks having energy less than 3.5 GeV. Due
to the radiative tail we use an asymmetric invariant mass window —0.150 GeV/c?
< Mete—(y) — Mysyp(p2s)) < +0.036 GeV/c? to select the J/¢ and 9(25) candidates
(Fig. 3.1), where m j/y(y(2)) is the world-average mass [20].

e Dimuon Reconstruction
We identify the dimuons as follows. Either both the tracks satisfy the requirement
Louia > 0.1 or one track satisfies this requirement and the other one should have
energy measured by ECL between 0.1 to 0.3 GeV. Since the pTp~ radiative tail
is smaller, we select —0.060 GeV/c? < M+ ) — Myppp2s)) < +0.036 GeV/c?
(Fig. 3.1).
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Using these loose selection criteria, we have nearly a 6% gain in efficiency for modes
with electrons and 12% for modes with muons relative to tight selection criteria (when both

the daughters are positively identified as leptons).
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Figure 3.1: Invariant mass of ¢(2S5) and J/1 candidates from dileptons. The corresponding
mass cuts are shown by vertical blue lines.

3.3.2 K3 Reconstruction

+7~ combinations with the in-

Neutral kaon (K2) candidates are formed from 7
variant mass of the pion pair required to lie in the range 0.482 GeV/c? < M_+,.- < 0.514
GeV/c? (Fig. 3.2). The selected candidates must pass a set of momentum-dependent re-
quirements [37] on impact parameter, vertex displacement, mismatch in the z direction,

and the direction of the pion pair momentum as described below (and given in Table 3.1).

e dr: This is the smaller of dr; and dry, which are the distances of closest approach to

the IP from the two tracks in the z-y plane.
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Table 3.1: The Kg selection criteria in three momentum ranges.

Momentum (GeV) | dr (cm) | d¢ (rad) | zdist (cm) | f; (cm)
< 0.5 > 0.05 < 0.3 < 0.8 -
0.5-1.5 > 0.03 < 0.1 < 1.8 > (0.08
> 1.5 > 0.02 < 0.03 <24 > 0.22

e d¢: This is the azimuthal angle between the momentum vector and the decay vertex

vector of the Kg candidate.

e zdist: This is the distance between the two daughter tracks at their intersection point.

e f;: This is the flight length of the Kg candidate in z-y plane.

3.3.3 Reconstruction of ¥ (2S) from J/¢mTn~

The 1(2S) meson is also reconstructed via its J/¢ 7t 7~ decay. For this sub-
mode the selection is based upon the mass difference cut 0.58 < Mj+;—p+ - — Mj+;- <

0.60 GeV/c®. We select 777~ pairs with an invariant mass greater than 400 MeV /c?

(Fig. 3.2).

5000

Entries

Men
R

32451
0.4977
.4845E-02

4000

3000 [

2000

1000

1
l8.47 0.48 0.49

Figure 3.2: The mass distributions from signal MC for Kg, mass difference (Mw(QS) -
M) (middle) and dipion invariant mass (right). The corresponding mass cuts are shown

|
0.5
kshort mass

0.51 0.52 0.3

by vertical blue lines.

8000

7000

6000

5000

4000

3000

2000

1000

1000 F

Entrigs

521710

0.5250E-01

0.5992
800

‘—‘v%

400

200

!

massdiffM y,0-Mayw)

41

Entries
Mean
RMS

25042

Hift o.4846
}H{H 0|,7.;57E—01
i L

dipion invariant mass

I I 1 I I I I | - I I I I =
00.5 0.52 0.54 0.56 0.58 0.6 0.62 0.64 0.66 0.68 0.7 8_25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65




3.3.4 B Candidate Selection

We combine the (25) and K2 to form a neutral B meson. The B candidates
are identified using two kinematic variables: the energy difference (AFE) and beam-energy-

constrained mass (M), defined as

AE = E§™ — B, Mie =\ (EgmS,)2 — (05)? (3.3.1)

beam beam

where EP™S is the beam energy in the cms (half of the energy of the Y(45)), and EZ™ and

beam
cms

PB
For a correctly reconstructed B candidate, AE will peak at zero and My, will peak at the

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

nominal B mass. The M, resolution is dominated by Eje.m and is about 3 MeV. The
AF resolution is highly sensitive to the momentum of the final state particles. In order
to improve the AE resolution, the masses of the selected J/1 and (2S) candidates are
constrained to their nominal masses using mass-constrained kinematic fits. From signal
MC study, it is found that ~ 1% of events have more than one B candidate. For those

events having multiple candidates, we select the best candidate with smallest mass x?(=

X3+ Xicy + XAn) given by

M- — M, ; 2
X?Z, _ < I+l 1 (nom nal)) (332)

o
where o is the resolution of the corresponding mass distribution as listed in Table 3.2.
The candidates that satisfy the requirements My, > 5.2 GeV/c? and |AE| < 0.1 GeV
(defined as the fit region) are selected for further analysis. For the C'P asymmetry fit, we
select the candidates in the AFE-M, signal region defined as |[AE| < 0.03 GeV and 5.27
GeV/c? < My, < 5.29 GeV/c2.

Table 3.2: Typical resolutions in the mass distributions, AE and M, from signal MC for
the BY — ¢(29)KY decay mode.

Resolution (MeV)
Decay Modes
J/ mass | ¥ (2S) mass | Ko mass | AM | AE | My,
(28) — ete~ . 13.2 2.8 ~ | 88| 28
P(28) — ptu~ - 17.4 2.7 - 71 | 2.8
P(28) — J/Y(— ete ) nta™ 10.8 - 2.9 29 | 96 | 29
B(28) — J/p(— ptp-)nta— | 131 : 2.9 25 | 83 | 2.7
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3.3.5 Reconstruction Efficiency

We generate events for signal MC using the EvtGen program. A GEANT-based
simulation [35] of the Belle detector is used to produce signal Monte Carlo (MC) event
samples. The reconstruction efficiency (¢) is defined as

MC signal yield
~ Number of generated events
The signal yield is determined by fitting the AE and My, distributions. We fit the AFE

(3.3.3)

distribution with a sum of double Gaussian and a first order Chebyshev polynomial. For
the My, distribution, we use a sum of Gaussian and ARGUS functions [38]. The scatter
plot of AE and My, together with their projections onto each axis is shown in Fig. 3.3.
Since the self cross-feed (SCF) background (random combinations of final state tracks from

the other B with part of the signal) is small (~ 1%), it is included in the signal while fitting.
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Figure 3.3: AFE, M. distributions and 2D scatter plot of AFE versus My, from signal MC
for B® — ¢(25)K2 decay mode. The signal box is shown in blue rectangle.

After December 2006, Belle recorded additional datasets exp61-65 [36] at the

Y (4S) resonance. Furthermore, the tracking algorithm has been significantly improved

43



for the SVD2 dataset (exp31-65). The experimental dependence of reconstruction efficiency
for B — (25)K?2 mode is shown in Fig. 3.4. It is clear that we have a nearly 16% gain
in efficiency for (25) (1) K2 modes and 27% for 1(2S)(J/¢7m) K3 modes. The larger gain
in efficiency for J/¢¥mm modes is due to low momentum tracks in the final state. In the
control sample, we have nearly a 5% gain in efficiency for 1(2S5)(1l) K+ modes and 15% for
¥(25)(J/¢mm)K' modes. The selection efficiencies for each sub-decay mode are listed in
Table 3.3 for the B — (25) K3 mode and in Table 3.4 for the BT — ¢(2S) K+ mode. We
determine the efficiencies separately for three different datasets: SVD1 (exp07-27), SVD2a
(exp31-55) and SVD2b (exp61-65). We also checked that the efficiency from AFE fits is

comparable with that from M, fits and for muons it is 1.2 times higher than electrons.
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Table 3.3: Reconstruction efficiency from signal MC for the BY — 9(25)K?2 mode.

Reconstruction Efficiency (%)
Decay Mode

SVD1 SVD2a SVD2b
P(28) — ete™ 31.9+0.2 | 34.3 £ 0.1 | 40.0 + 0.2
b(25) — pt i 38.1 4 0.2 | 40.1 + 0.1 | 46.1 + 0.2
b(25) — J/(— ete)rt 147 £ 0.1 | 16.9 £ 0.1 | 22.5 + 0.1
B(2S) — Jjib(— ptu)m 174+ 0.1 | 193 £0.1 | 25.2 £ 0.1

Table 3.4: Reconstruction efficiency from signal MC for the control sample (Bt —

P(2S)KT).

Reconstruction Efficiency (%)
Decay Mode

SVD1 SVD2a SVD2b
P(28) — ete™ 41.0 £0.2 | 42.0 £ 0.1 | 45.2 + 0.2
b(25) — utp 48.6 £ 0.2 | 49.1 + 0.1 | 52.3 £ 0.1
B(28) — J/ip(— ete~)mt 197 £ 0.1 | 21.7 £ 0.1 | 25.7 £ 0.1
P(28) — J/Y(— ptu)m 23.0+0.1 | 246 £0.1 | 2809 £ 0.1

3.4 Background Suppression

The background sources are classified according to the physical processes involved.
There are backgrounds from ete™ — ¢q (¢ = u, d, s or ¢) continuum events. These events are
jet-like in contrast to the spherical BB signal. We suppress them by using the event-shape
variable, Ry < 0.5, where Ry is the ratio of second to zeroth Fox-Wolfram moments [39]. The
backgrounds from B decays are analysed using inclusive J/ and 1(25) MC samples, which
are equivalent to 100 times exp07-41 (100 times 388 x 106 BB pairs, or equivalently 59 times
the exp07-55 data sample) [40]. We identified the main background modes by using the
MC truth information. The backgrounds having the same final state as the signal, peak in
the AFE-My, signal box, hence are known as peaking backgrounds. The other backgrounds,
which have more (less) tracks than the signal mode shift towards lower (higher) AE. The
type of backgounds that involve random or wrongly reconstructed combinations of the final

state particles are known as combinatorial backgrounds.
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e B® — ¢(2S)K2, ¥(2S) — 111~

In this case the background is mainly dominated by the decay mode B — (2S5) K*(892)
where 1(25) — [T~ In the neutral B case, K* — K27° (upper plot in Fig. 3.5)
and the charged B case, K** — Ko™ (lower plot in Fig. 3.5). These events are
reconstructed as B — 1(25)K signal when the additional pion is not detected. This
background peaks around —0.18 GeV, which is quite well separated from the lower

range of the AF signal region while in M, there are no peaking backgrounds.

O Total BG
B B° _, y(2s) K°(892

01 015 0.2
AE

250

HTotal BG
B p* _ y(2s) K* (892

200 E

~

1-005 0 005 0.1 015 0.2
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Figure 3.5: Background from neutral B (upper) and charged B mesons (lower) for BY —
Y(2S)(ete™) K2 decay.
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e B — ¢(2S)K2, v(2S) — J/yntn—, J/yp — 1T~
In this decay chain, the background is from decays having the same final state and
peaks in AE and My.. The peaking background is mainly due to B® — J/¢K?(1270),
BY — J/yK*=(892)nt and B® — J/¥ K n 7~ (as shown in Fig. 3.6). All these back-
grounds peak in the AFE-M, signal region. It should be noted that even if all these
modes have same final state, they do not peak at the 1(2S5) mass, hence we can de-
termine them from the sidebands of the mass difference plot. The number of events
found in the signal box (counting) in inclusive MC sample are listed in Table 3.5. The
shape of the peaking background in AF is well described by the sum of a single Gaus-
sian and a first order Chebyshev polynomial while that in M, can be parameterized
by a single Gaussian and an ARGUS shape as shown in Fig. 3.7. From MC study,
this background is very small compared to the signal yield (~ 3%). Furthermore, as
described in section 3.5.1, the peaking background is overestimated as compared to
data. In the charged B case, the main background comes from BT — (25)K**(892)
decay, which peaks in a lower range, —0.18 GeV, in the AFE distribution while in My,

there is no peaking background.

Table 3.5: Individual background modes in the signal region for B® — (25)K?2 mode
determined from mixed (25) MC.

Events in data within the signal box (counting)
Decay Modes
Jjp(= ete)ata | J/p(— ptp)mta
B — J/ KO nt 7~ 5.24 5.24
B® — J/y K9(1270) 4.02 412
BY — (2S5)(J /¢y 7°7Y) K 3.76 4.08
B — J/¢ K*~(892) ©* 3.29 3.97
B® — 1(28)(J /4 n) K 1.12 1.25
BY — J/v¢ K° p°(770) 0.73 0.95
BY — J/¢ K*9(892) 0.58 0.59
BY — J /¢ K3°(1430) 0.41 0.41
B — J/¢ KO 70 70 0.36 0.24
B — 9(25) K*°(892) 0.2 0.12
TOTAL Events 19.69 21.15
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Figure 3.6: Backgrounds from neutral B (upper) and charged B mesons (lower) for B® —
Y(2S)(J/p(eTe ) rTn™)KY decay.

48



~250 T F
> F ~, F AREA = 1361+ 59
b 2350F-BGarea = 24646 + 164
(D -
S o [ EFACT=-68.20+0.8
S N300~
P =" F MEAN = -0.00093 + 0.0005
= s F_ MBCMEAN = 5.2794 + 0.0001
g = F MbcSIGMA = 0.0029 + 0.0001
> g o
@ S200-SIGMA = 0.0110+ 0.0006
@ [ SLOPE =-0.230+0.01
150
100
50
-0A1I I-IOAOSI I-‘ODG: I-IO.OI‘Il I-IO,OZI . I0 = :)02I . ‘;)04I . :)06I . ‘2108I . I0.1 g 521 522 523 524 525 526 527 528 . 9 .3
AE (GeV) M,, (GeVic?)

Figure 3.7: Parameterization of peaking backgrounds in the signal region.

3.5 Mass Difference Sideband Study

To check the MC prediction of peaking backgrounds, we look at the AFE and
My, distributions from mass difference (M¢(25)_ Jw) sidebands. We consider six sideband
regions (as shown in Fig. 3.8 with the corresponding values in Table 3.6), each having the
same width as the signal region (0.02GeV). A mass-constrained fit is applied separately to
each sideband by constraining to the center of the region considered. This is done in order
to treat the backgrounds from sidebands in a similar way as in the signal region. While
fitting the data sideband, we fixed the mean, sigma of the Gaussian from the inclusive
MC sideband, while the slope of the polynomial and the shape parameter of the ARGUS
function were floated. Table 3.7 summarizes the backgrounds from the MC signal region,
MC sideband and data sideband (determined from 2D fit as shown in Fig. 3.9). MC (no
signal) is scaled 59 times, MC (sideband) is scaled 59 x 6 times for comparison with data

and the data sideband is scaled 6 times.

Table 3.6: The six sideband regions in the mass difference plot. The units are in GeV.

Left sideband Signal region Right sideband
0.51-0.53 | 0.53-0.55 | 0.55-0.57 0.58-0.60 0.61-0.63 | 0.63-0.65 | 0.65-0.67
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Figure 3.8: Mass difference plot showing six sideband regions.

Decay Mode

Background events

Inclusive MC (no signal)

Inclusive MC (sideband)

data (sideband)

B* — (28)K*

662

48+0.6

24+4

BY — @b(?S)ng

23£1

17+0.3

712

Table 3.7: Background estimated from mass difference sidebands.

3.5.1 Discrepancy between MC and data sidebands

There is a discrepancy between MC (sideband) and data (sideband). We have

nearly two times higher yield from MC sidebands as compared to data sidebands as shown in
Table 3.7. The value B(.J/v K°rT7n~) = (104£0.4) x 10~* [41] was measured by CDF and in-
cludes contributions from other decay modes, such as J/¢K1(1270), J/yK*7, J /9 K°p? and
J/Y K%t~ (NR). We assumed in the Belle MC simulation that B(J/¢Y K77 )cpr =
B(J/wK°p®) + B(J/yK 77~ )(NR). In addition, there is one typographical error in the
decay table: B(J/%K nn~) appears twice (0.00046 + 0.00066) whereas B(J/yK atn~)
appears only once (0.00046). Taking all these factors into account the MC is overestimated

by a factor of two compared to data, which is verified by examining the sidebands in MC

and data (Table 3.7) .
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Figure 3.9: AE and My, projections from the sideband for the B® — 1(25)KY mode. The
upper plot is from the MC sideband and the lower one is from data.

3.6 Branching Fraction Checks

For a cross-check, we calculated the branching fractions for each of the sub-decay
modes using the yield from inclusive B — J/¢X MC. The values obtained were consistent
with the values used in the decay table (B(B® — (25)K°) = 6.2 x 10~* and B(B* —
P(28)K*) = 6.8 x 1074). Tables 3.8 and 3.9 summarizes the efficiency, yield (from the M,
fit) and branching fraction using a data sample containg 535 x 10 BB pairs. Nothe that
the results in the Tables 3.8 and 3.9 do not include corrections for differences between data

and MC in PID efficiencies.

Table 3.8: Efficiency, Yield and Branching fractions (B) calculated for BT — (2S)K™*
mode using a data sample containing 535 x 106 BB pairs.

Decay Mode Efficiency (%) Yield B (107%)

P(2S) — ete” 41.8 £ 0.1 1065.0 + 34.4 | 6.33 + 0.21
P(2S) — ptu~ 49.0 £ 0.1 1278.9 + 38.0 | 6.51 £ 0.19
(28) — J/(— ete )mtr— | 2124+ 0.1 | 1331.6 £ 38.6 | 6.06 £ 0.18
B(28) — J/(— ptp)mtee | 242+ 0.1 | 1496.3 + 40.9 | 5.98 + 0.16
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Table 3.9: Efficiency, Yield and Branching fractions (B) calculated for B® — (25)K?°
mode using a data sample containing 535 x 106 BB pairs.

Decay Mode Efficiency (%) Yield B (107%)

P(2S) — eTe” 33.7 £ 0.1 240.5 £ 16.0 | 5.13 £ 0.34
P(2S) — ptu~ 39.6 £ 0.1 299.3 £ 18.3 | 5.44 + 0.33
W(28) — J/(— ete )mtr— | 164 £ 0.1 | 243.6 £ 16.5 | 4.14 £ 0.28
W(28) — J/(— ptp)mtre | 189 £ 0.1 | 281.9 £ 18.2 | 4.16 £ 0.27

3.7 B° — ¢(2S)K} Signal Extraction

The signal yield is obtained from an extended unbinned maximum-likelihood fit
to the two dimensional AFE-M,. distribution (—0.1 < AE < 0.1 and 5.2 < M,.). We use
the events that remain after successful vertex reconstruction and flavor tagging as described

below.

3.7.1 Vertex Reconstruction

We use the decay chain T(4S) — BYB? — fop fiag, where one of the neutral
B meson decays at time tcp to a CP eigenstate fop (which is ¢(2S)K2) and the other
decays at time ttag to a flavor specific decay fiag, that distinguishes between B° and BY.
Figure 3.10 shows a schematic drawing of the vertex reconstruction of the two B decay
vertices.

The vertex position for the fop decay is reconstructed using two lepton tracks
from the (2S) in the decay (2S) — [T~ and four tracks (the two lepton tracks from J /v
and the two pions tracks from ¢(2S5)) in the decay ¢(25) — J/im 7~ The pions from K2
decays are not used for vertexing. Fach track used in vertex fit is required to have at least
one SVD hit [42] in r-¢ and two hits in the z plane. A constraint on the IP is also used
with the selected tracks; the IP profile is convolved with the finite B-flight length in the
plane perpendicular to the z axis. This allows us to determine the vertex of the B decay in
which only one track satisfies the requirement on SVD hits.

The vertex position of the fiae is reconstructed from all the tracks remaining after
the ¢(25) K2 reconstruction. The quantity At can be determined from the displacement
in z between the two decay vertices: At >~ Az/(vc). Since the mass of Y (495) is close to
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Figure 3.10: Schematic diagram of the vertex reconstruction of the two B decay vertices in
the event topology Y(4S) — BB — fcp fiag-

the sum of the two BY masses, the produced B mesons are almost at rest in the Y(4S5) cms
system. In order to make the Az displancement measureable, we boost the B mesons using
asymmetric ete” beams (3.5 on 8.0 GeV) in the KEKB collider. This produces a Lorentz
boost of 0.425 along the z axis, which leads to an average decay length of ~ 200um of the
B mesons in the laboratory frame. This can be measured by a solid state vertex detector
with enough resolution. For the C'P side, the typical vertex reconstruction efficiency and
z resolution are 95% and 78 pm, respectively [43]. For the tag side, the typical vertex
reconstruction efficiency and z resolution are 93% and 140 pm, respectively [43]. Here the

secondary decays of charm have a large effect in the resolution.

3.7.2 Flavor Tagging

After the exclusive reconstruction of a neutral B meson into ¢(25)K final state,
all the remaining particles should belong to the final state, fiag, the decay of the other B
meson. To measure time-dependent C P violation, we need to ascertain whether that decay

is BY — frag OF BY — ftag- This determination is known as “flavor tagging”. The b-flavor of
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the accompanying B meson is identified by a tagging algorithm [44] that categorizes charged
leptons, kaons and A baryons found in the event. All these inputs are combined, taking
their correlations into account, in a way that maximizes the flavor tagging performance. The
performance is characterised by two parameters e (raw-tagging efficiency) and w (wrong tag
fraction). Here w is the probability that the flavor tagging is wrong and hence a non-zero
value of w results in a dilution of the true asymmetry. We use two parameters, ¢ and r, to
represent the flavor tagging information. g corresponds to the sign of the b quark charge,
where ¢ = +1 for B and ¢ = —1 for BY. The parameter r is the event-by-event flavor-
tagging dilution factor that ranges from r = 0 for no flavor discrimination to r = 1 for
unambiguous flavor assignment. If r < 0.1, the accompanying B meson provides negligible
tagging information and we set the wrong tag probability to 0.5. Events with » > 0.1 are
divided into six r intervals. The seven r-bins are defined as: 0.0 <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, 0.875 < r < 1.0.

3.7.3 Fitting Procedure

We model the shape for the signal component using the product of a double Gaus-
sian for AF and a single Gaussian for M. whereas the combinatorial background is de-
scribed by the product of a first-order Chebyshev polynomial for AE and an ARGUS func-
tion for My.. In the 1(2S) — 71~ mode, since the background is displaced from the signal
region, it does not affect the signal yield extraction. In the (25) — J/¢n 7~ mode, the
peaking background shape and yield is fixed from data sidebands in the ¥(25)-J/1 mass
difference. We fit the AE and My, distributions from the sidebands and then scale the
yield by the corresponding luminosity to determine the peaking background yield. To take
into account the different shapes of MC and data, we calculate fudge factors (separately for
SVD1 and SVD2) for AE parameters (mean, o and o2/0;) and My, parameters (mean, o)
from a data control sample (BT — (2S)K ™). These fudge factor corrections are applied
while fitting the B® — (25) K signal. The PDFs used to model the the final fit is shown
is the Table 3.10 and AFE-My,. 2D fit is shown in Fig. 3.11.

1. Signal: Shape parameters are fixed from signal MC with fudge factor corrections

applied from ¥ (2S)K.

2. Combinatorial : Floated.
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Table 3.10: The PDFs used to model each component in the 2D fit for B — (25)KY
mode. The peaking component is only for J/¢¥mm modes.

Component AFE My,

Signal double Gaussian single Gauss

Combinatorial | 1st Order Chebyshev ARGUS

Peaking single Gauss single Gauss

3. Peaking: This is only for J/¢rm modes. The shape and yield are fixed from mass

difference sideband.

Table 3.11 summarizes the signal yield from ¥(25)K* and ¢(25)KY. In the
neutral mode, after all selection criteria are applied, we obtain 1618 and 1202 events for
the (71~ and J/vm "7~ modes in the AE-M, fit region defined as 5.2 GeV/c? < My, <
5.3 GeV/c? and —0.1 GeV < AE < 0.1 GeV, of which 680 and 712, respectively, are in the

signal region.
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Figure 3.11: AF distribution within the M, signal region, and M}, distribution within the
AEF signal region for BY — ¢(25)K2 using the 772 x 105 BB pairs data sample. The solid
curves show the fits to the sum of signal and background distributions, while the dashed
curves show the background contributions. The purity of the signal is 0.92 4 0.01.

3.8 Determination of CP Asymmetries

We determine Sy, and Ay, by performing an unbinned maximum-likelihood fit

to the observed At distribution for the candidate events in the signal region. We maximize
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Table 3.11: Signal yield in data for each subsample.

P(28) — 1T~ P(28) — J/Y(IT I )m T~
Decay Mode SVD1 SVD2 SVD1 SVD2
B — (29)K* | 592426 | 2191452 | 756429 2579453
BY — ¢(2S)K2 | 13612 | 515+23 | 14612 517423

the log likelihood function (—2logL) given by

L(Siep Aop) = [ PilSters Aser: Ats),

(3.8.1)

where the product is over all events in the signal region. We only use events with vertices

that satisfy |At| < 70 ps and & < 250, where ¢ is the x? of the vertex fit calculated only in the

z direction. For the time-dependent fit, we use events after successful vertex reconstruction

and flavor tagging. Table 3.12 summarizes the number of events found in the signal box

(|JAE] < 0.03 and 5.27 < M) before and after vertexing, flavor tagging and the number of

events used for time-dependent fit in data.

Table 3.12: Events in the signal box in data (before and after tagging and vertexing, and

for time-dependent fit).

Before V/T After V/T TCPV fit
Decay Mode (B — 9 (25)K2)

SVD1

W(28) — I~ 160 142 134

B(2S) — Jjp(IH )rta 165 156 148
SVD2

b(25) — 111~ 560 538 523

B(2S) — Jjp(IH )rta 583 556 495

The time-dependent probability density function (PDF) for the proper-time dif-

ference is given by

P(At) = (1 - fol) [fsig Psig(At) + (1 - fsig) Pbkg(At)] + fol Pol(At)

(3.8.2)

where Pgig(At) is the signal PDF and Ppig(At) is the background PDF (consists of two

components: combinatorial and peaking). Each of the PDF’s is the convolution of a true
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PDF with resolution functions to take into account detector effects. Here f, is the signal
fraction, which depends on the r region and is calculated on an event-by-event basis as a
function of AE and My.. Py(At) is the outlier component, which is represented by a single

Gaussian with zero mean and event-independent width.

3.8.1 Signal Fraction Estimation
The signal fraction, fss is calculated in the signal region as a function of AE and
M, for each of the reconstructed events. It is described as

Fsig(AE, My,.)
si AE) M =
Jse be) Fs1a(AE, Mye) + Fog(AE, My.)

(3.8.3)

where Fsiq(AFE, My.) is the signal function and Fpg(AFE, My.) is the background function.
The signal function Fgig is the product of a double Gaussian in AFE and a Gaussian in

My, whereas the background faction Fpg is the product of a linear function in AE and an

ARGUS function in M.

Fsic(AE, My.) = P(r) DoubleGauss(AE; uag, o1aE, R, 02aE) X Gauss(Mye; pia,,, 00, )
(3.8.4)
Fpg(AE, M) = (1 — P(r)) Linear(AE) x Argus(My.) (3.8.5)

where R is the ratio of events in the 2nd Gaussian to total events in the double Gaus-
sian (fixed to 0.15) (both Gaussians have the same mean). P(r) is the r-bin dependent
purity obtained from an unbinned maximum likelihood fit. We determine the signal and

background events in each r bin by performing a simultaneous fit to all r bins.

3.8.2 Signal PDF

The true signal probability density function for C'P fitting is given by
e~ |At/TB
Psig(AL) = Br—— 1 —qAw+ q(1 —2w) (S sin(AmgAt) + Acos(AmdAt)ﬂ (3.8.6)
B
where ¢ is the flavor of B meson. The PDF has been modified from the theoretical dis-
tribution in order to incorporate the effect of incorrect flavor assignment. We use b-flavor
dependent wrong-tag fraction to accommodate possible differences between B° and B de-
cays. We determine the average wrong-tag probabilities w; = (w;” + w;)/2 (I = 1,2,...,7)
l+(—)

and differences between BY and B decays, Aw; = wl+ —w, , where w is the wrong tag

probability for BY(B°) decay in each r interval. The values are listed in Tables 3.14 and
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Table 3.13: Signal fractions in individual r-bins for B — 4(25) K3 mode.

BY — 4 (25)K? P(28) — 1T~ P(28) — J/Y(IT I )w
r-bin SVD1 SVD2 SVD1 SVD2
1 0.92268 | 0.92002 | 0.948252 0.940641

2 0.92817 | 0.93273 | 0.918004 0.916089
3 0.93493 | 0.94100 | 0.951505 0.951035
4 0.93655 | 0.93996 | 0.93647 0.933605
) 0.93165 | 0.93160 | 0.944266 0.93855
6

7

0.94325 | 0.94226 | 0.951865 0.946709
0.98893 | 0.98921 | 0.970893 0.969424

3.15. We use PDG 2006 values for the BY lifetime (750 = 1.53 ps) and mixing parameter
(Amg = 0.507 ps~1).
The signal probability density function for the lifetime fit is given by

exp (— 'A“) (3.8.7)

1
P(AtTs) = 5

TRo TRo

where Tg0 is a free parameter in the fit.

In order to take into account the effect of At smearing due to experimental reso-

lution, P, is convoluted with a resolution function (Rsig),

Pag(at) = [ " (AP (A) Rag(AL — ALY (3.88)

The event by event resolution function for signal events consists of three components:

e detector resolution due to tracking uncertainty for the reconstructed Bep and Biag

vertices.
e smearing on By,, vertices due to non-primary tracks.

e smearing due to the kinematic approximation.

3.8.3 Peaking Background PDF

We also consider the 1% peaking background in J/¢7 "7~ modes. The PDF is

same as that of signal with S and A parameters set to zero.
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Table 3.14: Wrong tag fractions, w; and wrong tag fraction differences, Aw; in MC for each
r-interval.

l r-interval SVD1 SVD2

wy Aw; wy Aw;
0 | 0.000 - 0.100 0.5 0.0 0.5 0.0
1] 0.100 - 0.250 | 0.413653 0.0456694 0.412019 | -0.0322979
2| 0.250 - 0.500 | 0.310305 | -0.00811093 | 0.304503 | -0.0255096
3 | 0.500-0.625 | 0.215106 | -0.0234073 | 0.208394 | 0.0190514
41 0.625-0.750 | 0.151385 | -0.00217406 | 0.149832 | 0.00594418
5| 0.750 - 0.875 | 0.0934167 | -0.00573868 | 0.0865786 | -0.0171155
6 | 0.875-1.000 | 0.0212698 | -0.00115232 | 0.0243203 | 0.00400088

Table 3.15: Wrong tag fractions, w; and wrong tag fraction differences, Aw; in data for
each r-interval.

l r-interval SVDI SVD2

w; Aw; wy Aw
0 | 0.000 - 0.100 0.5 0.0 0.5 0.0
1] 0.100 - 0.250 | 0.422837 | 0.0577827 | 0.429423 -0.039313
21 0.250 - 0.500 | 0.336574 | 0.0124391 | 0.327273 -0.035766
3 | 0.500-0.625 | 0.235379 | -0.0122602 | 0.22304 0.0175526
41 0.625-0.750 | 0.166249 | -0.0108194 | 0.160854 0.00232484
5| 0.750 - 0.875 | 0.104922 | 0.00818429 | 0.105316 -0.0270618
6 | 0.875-1.000 | 0.0262446 | 0.0034784 | 0.0192838 | -0.000737663
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3.8.4 Combinatorial Background PDF

The proper-time difference distribution for the background events is obtained from
data using the events in the AFE-My. background dominated region. We use the side-
band (—0.03 < AE < 0.2 GeV) and (Myp. < 5.26 GeV), assuming that the combinatorial
background At distribution in this region is same as that in the signal box. The region
(—=0.2 < AE < —0.03) is excluded due to the background from B — 1 (25)K*. The back-
ground PDF is modeled as a sum of prompt and exponential components convoluted with

a sum of two Gaussians.

P (A1) = (1 — f55%) / h A(AY) Porg(Al) Rigg (AL — At') + fREPYNE(AL) (3.8.9)

—0o0

where

bkg bkg bkgy 1 |At — p2|
g g

bk bk / bk bkg /
Rbkg(t) = (1 B ftaiig) G (t; Smagin Ulgec + J§SC> + ftaiigG (t; Stai% Jr2ec + Ugsc) (3'8'11)

PPE(AL) = G(AL; 00 ®) (3.8.12)

» Z ol

We use common background parameters Smain, Stail, ftail, fs, Tbg and ps(= fir)
for multiple and single tracks (since the statistics of the single track sample are small). In
the B® — J/¢r" 7" mode background parameters are common to SVD1 and SVD2. The
background parameters obtained from the data sideband are summarized in Table 3.16 and

the fit result is shown in Fig. 3.12.

3.8.5 Final PDF for CP fitting

Combining the signal, peaking and combinatorial PDF's, the final PDF is given by

P = (1 - fol)/[fsigpsig(At/)Rsig(Ati — At,)

+ fpeakppeak(At/)Rsig(Ati - At,)
+ (1 - fsig - fpeak)Pbkg(At/)Rbkg(Ati - At/) d(At/)
+ folpol(Ati)' (3813)
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Table 3.16: The background shape parameters from data sideband for the B® — 1(25)K?,
mode.

Parameter | ¢(2S) — 71~ (SVD1) | ¥(25) — It~ (SVD2) | ¥(2S) — J/¢(IT " )ntn~
Stain 2.14+0.42 5.6941.38 1.71+0.41
Stail 0.44+0.14 0.2240.05 0.37+0.14
Jtail 0.414+0.28 0.8940.05 0.38+0.25
fs 0.91+0.10 0.351+0.20 0.31+0.15
Thg 2.46+1.48 0.7240.22 1.25+0.19
I —-0.18 £ 0.11 0.0240.04 —0.03 £0.08

svdl svd2
Entries 134 Entries 517
Mean -0.1494 w0 Mean 0.05238
RMS 1.945 E RMS 1.614

sideband
= Entries 234
C Mean 0.01877
B RMS 1.913

10

—
A t(ps)
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Figure 3.12: The At distributions from the AE-My, 2D sideband for B® — ¢(259)KY mode.
The upper two are for 1)(2S) — [*T1~ and the lower one is for ¥(25) — J/yrTm.
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3.9 Validation Checks

Before proceeding to the C'P fit in the final data sample, we did various cross-

checks to ensure the reliability of the results.

3.9.1 Cross-check with J/¢ K3 fitter

To test our C'P fitter, we cross-check with the official J/¢ K2 fitter. We obtain
Tpo = 1.56 £ 0.02 ps from the lifetime fit and S = (0.644 £+ 0.038), A = (—0.001 £ 0.028)
for the C'P fit using J/ ng data. This is based upon the exp07-49 data sample and agrees
with the official result.

3.9.2 CP Linearity Test

In order to check for any possible fit biases, we generated GEANT signal MC
samples with the input S value varied in steps of 0.2 from —1 to 1 (while the A value
was fixed to zero). This was done for exp27 with each sample having 50,000 events for
the B® — (25)KY decay mode. The Fig. 5.7 shows the residuals of the fit results (fitter
value - input value). Although there are small statistical fluctuations, no significant bias is

observed.

3.9.3 Fit Bias

To check for bias in & and A, we generated 500,000 GEANT MC events for
¥(25) — 1T~ and (2S) — J/Y(IT17)xtx~, both in exp27 (SVD1) and exp37 (SVD2).
The results of the C'P fit are summarized in Table 3.17. In summary, no significant bias
is observed even with large statistics (the statistical error is 10 times smaller than that

expected in data). The generated value of S is 0.69.

Table 3.17: Checks for fit bias in S and A in signal MC for BY — (25) K2 mode.

P(28) — 11~ P(28) — J (T )m T~
Data Sample S A S A
SVD1 (exp27) | 0.681+0.008 | 0.00440.006 | 0.694+0.012 | -0.002+0.009
SVD2 (exp37) | 0.692+0.007 | 0.0034+0.006 | 0.708+0.012 | 0.012+0.008

62



E 0 b b 1 E e e 1
-1 -0.5 0 0.5 1 e -1 -0.5 0 0.5 1

S (input) S (input), A (input)=0 ’
0.05
0.04F-
0.03f Ace

0.022— { L
0.01F
g b1 1q | | |
: T l T T l T

< E
-0.01
-o.ozz— ‘ t
-0.032—

0.06~ 0.04F

S (input) S (input), A (input)=0

Figure 3.13: CP linearity plot for 1(2S) — [Tl~ (upper) and for % (2S) — J/ymaTm™
(lower).

3.9.4 Lifetime Fit

We also performed a lifetime fit in data to check the understanding of the time dis-
tribution and background parameterization. The results of the lifetime fit for both ¢(25) K™
and 1(25) K3 are listed in Tables 3.18 and 3.19. The results agree with the respective world-
average values. Fig. 3.14 shows the lifetime fits along with the background component and

outlier components.

3.9.5 CP Fit in Control Sample

We also performed a C'P fit to control sample data. The value of 75+ is fixed to
the PDG 2006 value (1.64 ps). The background parameters are fixed by fitting the data in
AFE-My,. sideband. The results are summarized in Table 3.20 along with the results of a
simultaneous fit to the SVD1 and SVD2 data samples.
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Figure 3.14: Lifetime fit (simultaneous fit to SVD1 and SVD2) in data for BT —
P(28)(ITI7)K* (upper left), BT — (28)(J/y(IT1~)nt7")K* (upper right), B® —
P(29)(IT17)KY (lower left) and B — 4(2S5)(J /(17 )mtn™) K2 (lower right).
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Figure 3.15: CP fit (simultaneous fit to SVD1 and SVD2) in data for B¥ — (25)K*.
Left is for 1(25) — [T~ and right is for ¢(2S) — J/¢(I*17)m" 7~ mode. The peaking
background is shown in green for the J/¢7 "7~ mode.
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Table 3.18: Lifetime fit in data for B* — (2S)K* (units are in ps).

Data Sample | ¥(25) — [T~ | ¥(2S) — J/(IT 7 )ntn~ Total
SVD1 1.65+0.08 1.74£0.08 1.70£0.06
SVD2 1.58+0.04 1.61£0.04 1.60+0.03
Total 1.60+0.04 1.64+0.04 1.62+0.03

75+ (PDG2006) 1.6440.01

Table 3.19: Lifetime fit in data for B — 1(25)K?2 (units are in ps).

Data Sample | ¥(25) — [T~ | ¥(28) — J/Y(IT17)ntn™ Total
SVD1 1.53+0.16 1.21+0.14 1.38+0.11
SVD2 1.47£0.08 1.63+£0.09 1.55+0.06
Total 1.49+0.07 1.54+0.08 1.51£0.05

5o (PDG2006) 1.5340.01

3.10 Systematic Uncertainty

The systematic uncertainties are evaluated by varying the fixed parameters used
in the C'P fit. We vary the parameters from their nominal vlaues by +1o for real data
and +20 for MC by their statistical error (asymmetric MINOS errors are used wherever
available). We then add the differences in S and A quadratically and assign the largest
value as a systematic error. Each category of uncertainty is described below and the results

are shown in Table 3.21.

Vertexing This category includes seven different types systematics as shown in Table 3.22:

Table 3.20: CP fit in data (B* — ¢(25)K*).

P(28) — 1M1~ P(28) — J/Yp(IT 1 )nTr™ Total
Data Sample S A S A S A
SVD1 0.3440.14 0.16+0.10 —0.1240.13 | —0.25£0.10 0.1£0.1 —0.06 & 0.07
SVD2 0.001£0.080 | —0.0140.05 | —0.001 = 0.074 | —0.04 £ 0.05 | 0.0003+0.05 | —0.03 % 0.04
Total 0.08+0.07 0.0240.05 —0.03+0.07 | —0.0840.05 | 0.0240.05 | —0.03 +0.03
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1. IP Profile: The reconstructed and tag side vertices were constructed with an
IP constraint smeared in the xy plane by 21 um to account for the finite flight
length of the B meson. We estimate the systematic by varying the smearing by
+10 pm.

2. TagV (dr and o,): For the track selection criteria of the tag side, we require
0, <0.05 cm and dr < 0.05 cm. These conditions are varied by +10% to assign

a systematic error.

3. Scale Error: We turn off the scale error function and the differences in S and A

are assigned as systematics.
4. At: We vary the At cut by +30 ps (the nominal value is 70 ps).
5. & The vertex quality cut is set to 150 and 500 (nominal value is 250).

6. Az Bias: This systematic is 0.005 for S and 0.0195 for A (obtained from a J /K3
study).

7. Misalignment: This systematics is for imperfect SVD alignment. The value is

0.0056 for S and 0.004 for A (obtained from J/¢¥ K2 study).

Physics Parameters We vary the physics parameters 70 and Amg with their errors

according to the results in PDG 2006.

o = 1.530 %+ 0.009 ps,
Amg = 0.507 £ 0.005 ps~*

Wrong tag fraction We vary w; and Aw; by their errors for each r region [45].

Background At Shape We obtain the parameters for combinatorial background from

the AE-M,. sidebands. These parameters are varied to calculate systematics.

Resolution Function We estimate the uncertainty due to the resolution function by vary-
ing the signal resolution parameters by 1o (the parameters for non-primary (Rnp)

are varied by +20).

AE-My. PDF Shape We vary the AE and M), shape factors (signal and background)
with their errors from the final fit. For the signal shape, we also considered the
fudge factor errors. The C'P fit is repeated to obtain the uncertainty due to these

parameters.
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Signal and Background Fraction In the nominal fit, we used the different signal and
background fractions for each r-bin. The signal and background fractions are varied

with their errors according to binomial statistics.

Fit Bias This is determined from the C'P fit with a large statistics signal MC sample as
mentioned in Table 3.17.

Peaking Background To determine the effect of peaking background on the C'P asym-
metry, we set the S and A parameters to +1(—1) for the peaking backgrounds. The
peaking background fraction is also fixed to a value 0% and 2% for the systematic
calculation. The mean and width are also varied with their statistical errors obtained

from the fit in the MC sideband.

Tag Side Interference (TSI) We also include the effects of interference between CKM-
favored and CKM-suppressed B — D transitions in the fi,, final state [46]. This
systematic is obtained by using Belle’s official program with the B — D*lv decay

mode.

Table 3.21: Summary of the Systematic Uncertainties for B® — ¢(25) K% mode.

Parameter ASya5)k0  AAyas)Ko
Vertexing 0.026 0.020
Wrong tag fraction 0.006 0.023
Resolution function 0.007 0.005
Fit bias 0.012 0.011
Physics parameters 0.001 0.001
Peaking background 0.006 0.005
PDF shape and fraction 0.001 0.003
Background At shape 0.003 0.003
Tag side interference 0.001 0.036
Total 0.031 0.049
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Table 3.22: Systematic Uncertainties in Vertexing for BY — ¢(25)K2 mode.

Parameter ASy05) k0 AAyas) Ko

IP Profile 0.013 0.005
dr (track) 0.002 0.002
o, (track) 0.002 0.005
Scale Error 0.018 0.016
At 0.000 0.000
Vertex & 0.012 0.009
Az Bias 0.005 0.002
Misalignment 0.006 0.004
Total 0.026 0.020

3.11 CP Fit Results in B° — 9 (25) K}

The unbinned maximum likelihood fit to the 1300 events in the signal region results

in the C' P violation parameters,

Sy(asyro = +0.72 £ 0.09(stat) £ 0.03(syst),
Aps)rg = +0.04 £ 0.07(stat) + 0.05(syst). (3.11.1)

This is based on a data sample containing 657 x 105 BB pairs. The CP fit results in

different subsamples are summarized in Table 3.23.

Table 3.23: C'P fit results in data with different subsamples for the BY — ¢(2S)K2 decay
mode.

P(28) — 1T~ (28) — J/p(IHI )t~ Total
Data Sample S A S A S A
SVD1 0.90£0.23 | 0.09£0.20 | 1.07£0.32 -0.14+0.2 0.97+0.18 | -0.02+0.13
SVD2 0.824+0.15 | 0.16£0.10 | 0.53+0.14 | -0.08+£0.12 0.66+0.10 | 0.05£0.08
Total 0.84+0.13 | 0.14£0.09 | 0.61£0.13 -0.09£0.10 0.72+0.09 | 0.04£0.07

We define the raw asymmetry in each At¢ bin by (Ny — N_)/(N4 + N_), where
N, (N_) is the number of observed candidates with ¢ = +1 (—1). Figure 3.16 shows the
observed At distributions for ¢ = +1 and ¢ = —1 with no requirement on the tagging
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quality (top), and the raw asymmetry for events with good tagging quality (r > 0.5)
(middle) and poor tagging quality (r < 0.5) (bottom). These measurements supersede
our previous result [9] and is statistically consistent with Belle’s measurement using the
BY — J/¢K° mode, which gives sin2¢; = 0.642 & 0.031 + 0.017 [47]. Combining the

results from B — J/¢YK? and B® — (25)K?2 decays, we obtain a new Belle average
sin 2¢1 = 0.650 £+ 0.029 + 0.018.
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Figure 3.16: CP fit results in data for B® — ¢(2S)K9 mode using 657 M BB pairs. The
top plot shows the At distributions for ¢ = +1 and ¢ = —1 with no requirement on r. The
dashed curve is the sum of backgrounds while the solid curves are the sum of signal and
backgrounds. The middle plot shows the raw asymmetry for well-tagged events (r > 0.5,
45% of the total) and the bottom plot is for poorly-tagged events (r < 0.5). The solid curve
shows the result of the unbinned maximum-likelihood fit.
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Chapter 4

Observation of BY — ¢ K%»Y

4.1 Introduction

In this chapter, we describe the selection procedure for identifying B — ¢K~
radiative decays. These modes proceed mainly through b — s penguin diagrams. Different
sources of backgrounds are mentioned and the methods to suppress them are discussed. We
then fit the two dimensional A E-M,. distribution to establish the existence of a signal and

determine its branching fractions.

4.2 FEvent Selection

This analysis is based on the full dataset (700 fb=!) collected by the Belle detector,
which contains 772 million BB pairs. The data are required to pass the hadronic event
selection cuts described in chapter 3. The signal is reconstructed in the decays BT — ¢K Ty
and B? — (ng% with ¢ — KTK~ and Kg — 7wt~ . For the event generation, we assume
that the B meson decays to an intermediate heavy kaon resonance and a photon. The
resonance then decays to a ¢ and Kg or K*. In the EvtGen MC simulation, an artificial
resonance with a mass of 1800 MeV /2, width of 500 MeV /c? and spin one is used. We then
reweight the mass distribution so that it is flat from the kinematic limit to 2.8 GeV /c? [48].

All the charged tracks used in the reconstruction (except for charged pions from
Kg’s) are required to satisfy a requirement on the distance of closest approach to the IP
along the beam direction |dz| < 5 cm and in the transverse direction |dr| < 2 cm. This
eliminates poorly reconstructed tracks or tracks that do not come from the interaction

region. Charged kaons are identified using a likelihood ratio £(K/m) > 0.6, based on the
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Figure 4.1: The invariant qﬁKg mass from EvtGen. The decay is generated assuming flat
mass distribution with upper limit fixed to 2.8 GeV/c?. The lower limit on the mass
spectrum is the K threshold (1.52 GeV/c?).

information from the ACC, TOF and CDC (dE/dx) detectors. This requirement has an
efficiency of 90% for kaons and a 8% pion fake rate. The Kg selection criteria are same as

those described in chapter 3.

4.2.1 ¢(1020) meson reconstruction

We reconstruct the ¢ meson in the K™K~ decay channel (B = (49.1 +0.6)%). A
less restrictive likelihood ratio requirement £(K /7) > 0.4 is applied to the kaon candidates,
which are used to reconstruct the ¢ meson. The invariant mass of the ¢ candidates is
required to be within the range —0.01 < Mg+ - —mgy < +0.01 GeV/c?, where mg denotes
the world-average ¢ mass [20]. This corresponds to ~ £2.3I' (where I is the natural width
of the ¢ meson).

4.2.2 Radiative v reconstruction

The primary signature of this decay is a high energy prompt photon. These are
selected from isolated ECL clusters within the acceptance of the barrel region (32° < 6., <
129°, where 6 is the polar angle of the photon in the laboratory frame) and cms energy
(ES™) in the range 1.4 to 3.4 GeV. The selected photon candidates are required to be
consistent with isolated electromagnetic showers, i.e., 95% of the energy in an array of 5 x 5
CsI(T1) crystals should be concentrated in an array of 3 x 3 crystals and should have no

charged tracks associated with it. We also remove the photons from 7°(n) — ~7 using
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a likelihood L, 0(L,) < 0.25, calculated for each photon pair consisting of the candidate
photon and any other photon in the event [49].

4.2.3 B meson reconstruction

We combine the ¢, a charged or neutral kaon candidate and the radiative pho-
ton to form a B meson. The B candidates are identified using two kinematic variables:

the energy difference AE = EZ"™ — EY0e  and the beam-energy-constrained mass My, =

V(EES )2 — (p3)2, where Ef™S is the beam energy in the cms, and EG™ and pE™ are

the cms energy and momentum, respectively, of the reconstructed B candidate. In the M,
calculation, the photon momentum is rescaled by (Efms — E;HI}S) to improve resolution. In

particular, we rescale the p3™® using the following equation so that AE = 0.

pcms
PR = Pg" PR+ s (Bl — BG™ — BR™) (4.2.1)
Y

The events that satisfy the requirements My, > 5.2 GeV/c? and |AE| < 0.3 GeV
(defined as the fit region) are selected for further analysis. We define the signal region as
5.27 GeV/c?> < My, < 5.29 GeV/c? and —0.08 GeV < AE < 0.05 GeV. The AE signal
region is asymmetric in order to include the tail in the lower region due to photon energy
leakage in the ECL.

Figure 4.2 shows the ¢ and Kg mass distributions. The ¢ mass is fitted with a
Breit-Wigner function and a linear polynomial. The K2 mass distribution is fitted with a

double Gaussian function and a polynomial of order one.
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Figure 4.2: Invariant mass distributions of ¢ (left) and K9 (right).
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4.2.4 Best Candidate Selection (BCS)

After applying all selection criteria, there are still multiple candidates per event.
Using MC simulations, we find that the average multiplicity (total B candidates/total events
with at least one B candidate) and fraction of events with more than one B candidate in
the fit region. The multiplicity is ~1.04 (3%) for ¢ Kgy and ~1.18 (12%) for ¢K . In case
of multiple candidates, we choose the best candidate based on a series of selection criteria,
which depend on a x? variable formed using the candidate’s ¢ mass (and Kg mass in the
neutral mode) as well as the highest ES™ and the highest £(K/7) in the charged mode.
For events with multiple candidates, this selection method chooses the correct B candidate
for the Bt — ¢K vy (BY — ¢Ky) mode 57% (69%) of the time. If we find candidates
in both ¢K*~ and gngw, we consider both of them as signal events (the fraction of such

events is < 1%). The x? definition used in the selection is defined below:

Mgk — 2 My — 2
Y2 = (M) + <7f7mKS> for BY — ¢K2y (4.2.2)
OKK Onrm
M _ 2
2= <%Km¢> + highest KID for BT — ¢K*~ (4.2.3)

4.3 Continuum Suppression

The dominant background comes from e*e™ — g (¢ = u,d, s, or ¢) continuum
events. These backgrounds can be separated from BB events using event topology, which is
spherical for BB events in the cms and jet-like for continuum events. We also use another
event-shape variable, the cosine value of the angle between B flight direction and the beam
axis in the cms (cosfp) to separate the signal and continuum events. The event-shape
variables are trained using a continuum MC, which is 2.6 times the size of the experimental

data.

4.3.1 ROOKSFW

We use Belle’s official ROOKSFW package, the ROOT version of KSFW (Kakuno
san’s modified Super Fox Wolfram moments). The Super Fox-Wolfram (SFW) variables
combine the Fox-Wolfram momenta [39, 50] of B candidate’s and non-B candidate’s daugh-
ter tracks with a Linear Fisher Discriminant [51]. In KSFW, the missing momentum is

treated as one additional particle when calculating the Fox-Wolfram moments of each event.
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The KSFW variable is defined as

Ny
KSFW =Y R+ > R+~ _|(P)al (4.3.1)
n=1

1=0,4 1=0,4

There are a total of 17 parameters in the KSFW, which are determined using the
continuum MC. The KSFW coefficients are trained in both signal and continuum MC. For
signal MC, we use correctly reconstructed events in the signal region. For continuum MC,
to increase the statistics for an accurate determination of the PDF’S, we use all events in the
fit region. The ROOKSFW package directly gives the variable LRKSFW depending upon
whether the final state particles are used in the KSFW moments calculation (LRKSFW1)
or not used (LRKSFWO0). The latter one uses the daughters of B directly. However, the
optimal one to be used for the final LR cut is determined from the figure of merit (FOM)

value and after study with a control sample.
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Figure 4.3: The KSFWO0 PDF in 7 bins of missing mass.
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4.3.2 cosfp

The decay of Y(4S) — BB is a V. — SS decay. Therefore, the polar angular
distribution of the B candidate in the cms follows a 1-cos? @ distribution. Figure 4.4 shows
the cos 6 distributions for signal and continuum, each fitted with a second order polyno-
mial. The cosfp LR variable is constructed by using the corresponding PDF for signal

(for correctly reconstructed events in the signal region) and continuum background (from

fit region).
Ps(cosbp)
LR(cosbp) = (4.3.2)
Ps(cosbp) + Ppr(cosbp)
Entries mil costhb for bkg Entries 79929
Mean -0.01009 Mean -0.0253
N RMS 0.449 RMS 0.5616
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Figure 4.4: The cosfp distributions fitted with second order polynomial for the ¢K T~
decay mode. The left is for signal and right is for continuum.

4.3.3 Likelihood Ratio (LR)

We use the Likelihood Ratio (LR) approach to discriminate between the signal
and the continuum background. The likelihood ratio is constructed from the LRKSFW and

LR cos g variables as follows:

LR(KSFW)LR(cosbp)
KSF Op) =
LR(KSFW,cosbp) LR(KSFW)LR(cosOp)+ (1 — LR(KSFW))(1 — LR(cosOp))

The LR cut is optimized using the FOM, Ng/v/Ng + Ng, where Ng (Npg) is the expected
number of signal (continuum) events in the AFE-M,,. signal region. We used the branching
fractions measured by C. Jacoby [52] to scale the MC to the data sample.

Figure 4.5 shows the FOM plots for both modes, each trained and optimized
separately. The red curve is the FOM constructed from LRKSFWO0 and blue curve from
LRKSFWI1. It is clear that the FOM for LRKSFWO is higher than LRKSFW1. We use
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Figure 4.5: The LR FOM plots for the ¢K2v (left) and ¢K Ty (right) modes. We use the
final LR cut calculated from LRKSFWO0 and LR cosfp.

the LR cut 0.65 for the ¢ channel, which corresponds to the FOM value of 4.22 for ¢pK g~y
and 9.21 for ¢ K. This selection criteria removes 91% of the continuum while retaining
76% of the signal.

Figure 4.6 shows the AFE and M. distributions from signal MC (upper) and
continuum MC (lower), after applying the continuum suppression cut. For signal MC,
the AFE shape is described by the sum of a Crystal Ball line shape [53] and a first order
Chebyshev polynomial while the My, shape is the sum of a single Gaussian and an ARGUS
function. For continuum MC, the AFE shape is described by 1st order Chebyshev polynomial
and the My, shape is parameterized by an ARGUS function.
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Figure 4.6: The AFE and My, distributions from signal MC (upper) and continuum MC
(lower) for the BT — ¢K T+ mode after applying the LR cut.
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4.4 Generic B Backgrounds

Using a sample of five times BB MC events with a model of all b — ¢ decays, we
investigate the backgrounds from other B decay modes. Figure 4.7 shows the AFE fit (with
a projection in My.) and an My, fit (with a projection in AFE) and ¢K distribution in the
fit region for the backgrounds from the generic MC. These distributions are shown after
applying the LR cut, which removes 50% of generic backgrounds in addition to suppressing
the continuum. The AFE distributions are modelled by a second order Chebyshev polyno-
mial. The backgrounds peak in the M, distributions. We estimate the expected peaking
events in data by fitting the MC with the sum of an ARGUS and a Gaussian function (the
yield of the Gaussian is scaled by a factor of 5 to compare with data). The mean and sigma

of the Gaussian is fixed to the corresponding value from the signal MC.
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Figure 4.7: The AE, M, and invariant ¢K distributions from generic MC for the ¢ Kty
(first row), pK2v (second row) decay mode before the D veto, which will be applied only
in (;SKg'y mode.

For the BT — ¢K ™~ mode, the expected peaking background in M, is 2.2 £ 1.1
(~ 1.3% of the expected signal yield in data). It is difficult to identify a single source of
these events. Since the peaking component is very small (first row in Fig. 4.7) compared to

the yield in data, we vary this component in the systematic calculation.
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For the BY — ¢K 2~ mode, the expected peaking events in My, is 1.740.7 (~ 5%
of the expected yield in data). These events are from D°(D%) decays (such as D70,
D%, D~p*), which peak around 1.87 GeV in the (ng invariant mass. We apply a D
veto in the invariant qng mass to reduce these backgrounds. The size of the veto window
is determined by fitting the K2 mass distribution (Fig. 4.8) (the LR cut is removed to
increase the statistics). We choose a 40 cut around the peak, where o is the width of the
Gaussian.

In summary, we apply the D veto only in B® — ¢Kgvy mode. The efficiency loss
due to this veto is 2% and the peaking background after veto is estimated to be 0.3 + 0.5
(which is consistent with zero) (Fig. 4.9). This small peaking background will be taken

account of in the systematic calculation.
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Figure 4.8: Invariant ¢Kg mass is fitted with a Gaussian function. We apply a 40 veto
window 1.852 < M(¢K2) < 1.878 GeV /c?
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Figure 4.9: The AFE, My and invariant gng distributions for the B — gngry decay mode
after applying the D veto.
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4.5 Reconstruction Efficiency

We calculate the signal reconstruction efficiency by fitting the My, and AFE distri-
butions after applying all selection criteria and background reduction cuts (LR cut and D
veto). In order to take into account different experimental conditions, we generated 500,000
signal MC events (exp07-65) weighted to the data luminosity.

The My, distribution is well described by a Gaussian function for signal and the
ARGUS function for background. The AFE distribution is modeled by a Crystal Ball line
shape function and a first order Chebyshev polynomial. The Crystal Ball parameters o and
n seems to be very unstable and correlated with u and o. We follow a different procedure
in MC to fix these two parameters. The ALPHA (a) parameter determines where the
function starts to diverge from a normal Gaussian in terms of SIGMA (o) and the POWER
(n) parameter controls the length of the tail to lower energies. We do one dimensional fits
in each mode in an extended region of AFE to fix the long tail and obtain a stable value of
n. We then repeat the fit with a fixed n value to determine a stable value of a. In the final
fits, we find values of n (20) and « (0.5).

The signal reconstruction efficiency is determined from a AFE-My. 2D fit. The
efficiency in the BT — ¢ Kt~ mode is (13.440.1)% and in the charged mode (10.0+0.1)%.
There is significant improvement of the efficiency due to the new tracking algorithm (22%
for BY — ¢KJv and 11% for BT — ¢K ™), as there are low-momentum tracks in the final
state. We also checked the efficiency dependence on M (¢K) mass in a large signal MC
sample. We divided the M(¢K) mass in 10 bins and the efficiency is calculated for each
bin in the AFE-Mjy, signal region. We do not see any strong dependence on the mass and
will correct the efficiency for the actual distribution of ¢ K mass in data (as described in

the section 4.9).

4.6 Rare B Backgrounds

We identify the possible sources of charmless backgrounds using a sample of rare
BB MC events, which is 50 times the size of the experimental data. This MC sample in-
cludes decays that have very low branching fractions such as charmless, Cabibbo-suppressed
and color suppressed decays. It contains two-body non-resonant B — X,y decays, where

the X decays into hadrons is controlled by PYTHIA fragmentation. This uses the JETSET
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program, which decays the X via phase-space production from the available quarks. We
remove the events from the rare MC in which the X, decays to the signal mode (¢K%(K ™))

for further study.
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Figure 4.10: The rare backgrounds (charged and mixed) in the AE and My, distributions
for the BT — ¢K*~ (upper) and B — ¢Kgv (lower) mode. The AE plots have projections
in My, and the My, plots have projection in AFE.

The identified background sources for Bt — ¢K T+ mode are shown in Fig. 4.10.
The dominant peaking background is the non-resonant BT — K™K~ Kt~ decay, which
peaks in the AFE-M,,. signal region (~4% of the expected signal yield in data). The other
peaking backgrounds are Bt — ¢K*(892)", BT — ¢K 7" and Bt — ¢K'n. In these

0 or  may not be detected in the calorimeter

charmless modes, one of the photons from a 7w
while the other is reconstructed as a signal high-energy photon. Therefore, these back-
grounds shift towards lower in AF but peak in My,.. Since the non-resonant component is
flat in the ¢ mass signal region, we can estimate it from the ¢ mass sideband. As the other
peaking component is small, we plan to fix it in the final fit to the expected value from MC.

Similarly in the BY — ¢Kgy mode, the largest contribution is from the non-

resonant decay B’ — K™K~ K%y, which will be estimated from the ¢ mass sideband.
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The other peaking backgrounds are B® — ¢K*(892)°, B® — ¢K%® and BY — ¢K'.
Like the control mode, for these backgrounds one -y is not detected and hence the decay is
reconstructed at lower AFE, but all peak in the My,.. Therefore, in this mode, we will follow

the same procedure for the rare background parameterization as in the control mode.

4.6.1 ¢ mass sideband study in MC
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Figure 4.11: The ¢ mass distribution for the background events in the B* — ¢K ™+ mode.
The non-resonant component is shown in red. The ¢ signal region is [1.01-1.03] GeV and
sideband region is [1.05-1.3] GeV (which will be used to estimate the non-resonant compo-
nent). Lower left is the 2D fit to the non-resonant component in the signal region and lower
right is the fit to all events in the sideband.

The dominant background is from non-resonant B — KK~ K+~ decays, which
peak in the AE-My, signal region, but are flat in the ¢ signal region (the red component

in the upper left plot of Fig. 4.11). Therefore, we can estimate this contamination from
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the ¢ mass sideband. The lower ¢ mass sideband is limited by the K+ K~ phase space
(0.988 GeV). Therefore, we choose the region from 1.05 to 1.3 GeV in the upper sideband.
We noticed that the KK~ K+ mass distribution is not perfectly flat, but has some shape
(as shown in the upper right plot of Fig. 4.11). There is also a small contribution from
B — ¢K~ signal leaking into the sideband.

Therefore, before interpolating the yield from the sideband to the signal region,

we make two corrections.

1. We correct the yield from the sideband for the shape of the non-resonant background.
This we call the “shape factor”, defined as the ratio of the non-resonant yield from

the ¢ signal region to the sideband region.

For example : in the /K T mode, the non-resonant component from ¢ signal region
is (8.1 = 0.4) and from ¢ sideband region (21.7 + 0.7). The shape factor is the ratio
of these two, which is (0.37 £+ 0.02). Similarly, for the ¢Kgvy mode, the factor is
(0.3 0.05).

2. We also determine the small contribution from the signal leakage in the sideband from

signal MC.

4.6.2 Parameterization of the Rare Background
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Figure 4.12: Parameterization of the rare backgrounds in the BT — ¢K T~ mode. The AE
distribution is fitted with two Gaussians, a first order Chebyshev polynomial and a Crystal
Ball (for the nonresonant component, fixed from ¢ mass sideband). The M), distribution
is fitted with a Gaussian for the non-resonant component and another Gaussian for other
peaking backgrounds. The green dotted PDF is for the non-resonant component.
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We fix the yield of the non-resonant component to the events from the ¢ mass
sideband (after the two corrections mentioned previously). This component is well described
by a Crystal Ball in AFE and Gaussian in M,.. We parameterize the remaining backgrounds
in AFE by two Gaussians (with different means and widths) and a first order Chebyshev
polynomial, while the remaining background in M}, is parameterized by a single Gaussian.

The results of 2D fit are shown in the Fig. 4.12.

4.6.3 ¢ mass sideband study in Data

We apply the same procedure as in MC to determine the non-resonant component
from data sideband. First, we do a AFE-My. 2D fit to the events from ¢ mass sideband
in data, with the mean and sigma of the peaking background component fixed to the MC
sideband. The fitted distributions are shown in Fig. 4.13 and the invariant KK~ mass

distributions are shown in Fig. 4.14.
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Figure 4.13: Fit to the AFE-M,. distributions for the ¢ mass sideband in data.

From data sideband, we obtain 72 4 27 events. This is scaled by the shape factor
mentioned and a correction of 6 events for signal leakage ((72 4 27)*0.37 - 6 = 20.6 £ 10).
The systematic error of 4.3 is obtained by varying all fixed parameters in the fit by their +1o
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Figure 4.14: M (K™K ™) distribution in data for the events in the AE-Mj,. signal window.
Upper left is for the charged mode and upper right one is for the neutral mode. The blue
histogram is the background from M, sideband region (5.20 < My, < 5.26 GeV/c?). The
events inside the window 1.01 < M(KTK~) < 1.03 GeV are used for the signal extraction.
The lower plot is the M (K K~) distribution from the signal MC.

statistical errors. The ratio of non-resonant component to the signal yield in BT — ¢K T

mode can be used fix the non-resonant component in the B — ¢Kgvy mode.

4.7 Signal Extraction Procedure

4.7.1 Correlation between AF and Mj.

The signal yield is obtained from an extended unbinned maximum-likelihood fit
to the two-dimensional AF-Mj, distribution in the fit region. Before moving to the final
fit, a one dimensional fit has been done in AE and My, and the two variables are checked

for any possible correlations.
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Table 4.1: Non-resonant component from rare MC (signal region), rare MC (sideband) and
data sideband. All numbers are scaled to the signal region in data.

Decay Mode | Rare MC (signal region) | Rare MC (sideband) Data
BT — oKt 8.1+04 8.5+0.3 20.6 £10.0 £4.3
BY — Ky 1.2 1.3+0.1 20490

Figure 4.15 shows the correlation plots (AE:M.) for the BT — ¢K T mode.
The mean of AFE is shown in bins of My, (red points with error bars) on a 2D scatter plot.
There is no correlation in signal, continuum and generic MC, but the rare MC shows modest
correlations: the mean of AFE starts decreasing when My, is greater than 5.27 GeV. Since
the correlation is small, we can assume that the 2D PDF is the product of AF and M, 1D
PDFs and will correct for any possible bias introduced in the signal yield. The PDF's used
to model the the final fit are shown in Table 4.2.

R EM,, (cont)

Figure 4.15: The mean of AE is shown in bins of M, (red points) on a scatter plot for the
¢K T~ mode.

1. Signal: Shape parameters are fixed from signal MC with fudge factor corrections.
2. Continuum: Floated.

3. Generic: Both shape and yield are fixed from Generic MC. The shape of the peaking

component is fixed to the signal shape.
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Figure 4.16: The mean of AE is shown in bins of M, (red points) on a scatter plot for the
BY — ¢ K3~ mode.

Table 4.2: The PDF's used to model each component in the 2D fit for B — ¢ K~ mode.

MC Type AFE My
Signal Crystal Ball Gauss
Continuum | 1st Order Chebyshev ARGUS
Generic 2nd Order Chebyshev | ARGUS (+peaking)
Rare two Gauss Gauss

+ Crystal Ball (nonres) | + Gauss (nonres)

4. Rare: The non-resonant yield is fixed from ¢-mass sideband and shape is fixed to the

signal. The shape and yield of other components are fixed from rare MC.

All the fixed parameters are taken from 2D fits in the individual MC simulation.
Since the signal resolution is dominated by the radiative -, we use the same signal shape

parameters for the BY — gZ)Kgry mode as in the control mode.

4.7.2 Fitter Tests

In order to determine the stability and to correct for any possible bias in the fitter,

we generate many samples of MC and fit with the same technique. We use two different
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MC generation methods, toy MC and full simulation (EvtGen and GSIM). In toy MC, we
generate 10,000 statistically independent samples using the shape parameters of the fit PDF
determined from the full simulation. The actual number of events generated are sampled
from a Poisson distribution around the expected event yield in data for each component.
The toy MC is a good test of fit biases introduced by incorrect assumptions about the
background PDFs. The accuracy of each fitter is determined by calculating the pull of the
yield, defined as
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Figure 4.17: The signal yield, error on the yield and pull of the yield from toy MC study
(10,000 samples). Upper plot is for the BT — ¢K T~ mode and lower plot is for the
BY — ¢ K3y mode.

Nfit — NP*P
—— (4.7.1)

1

Pull =

o
where Nf is the returned signal yield, ofi* is the error on the yield from the fit of each
sample and NZ-e *P is the expected yield in data. The yield, error and the pull of signal yield
from pure toy MC are shown in Fig. 4.17. The pull distributions are fitted with a Gaussian
function to determine the mean and sigma. We carefully checked that the fit converged
successfully for all the points used in the pull study.

We also did an ensemble test in fully simulated MC to avoid any possible bias

introduced due to correlations between fitting variables. A large amount of signal MC
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(200 samples). Upper plot is for BT — ¢K v mode and lower plot is for BY — ¢KJvy
mode.

is generated (~200 times) and independent samples are prepared by randomly selecting
events expected in data. Since generic (5 times) and continuum MC (3 times) are limited
in statistics, we generate these background samples using the shape parameters determined
from full simulation. From Rare MC (50 times), we prepared 200 samples by randomly
selecting events expected in data. Once prepared, we fit each ensemble to calculate the
pull of the yield, which is shown in the Figure 4.18. The expected yields in data (175 for
BY — ¢K*v and 35 for B — ¢KJ~) are shown as vertical lines on the yield distribution.

In both the studies, no significant bias is found. However, the pull distribution
from toy MC study shows a systematic shift on the negative side. This is nearly 2%(4%) of
the expected statistical error 18(8) in ¢K vy (¢K2v) mode. These small bias of 0.36 and

0.32 events, will be included as additional sources of systematic error.
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4.7.3 Signal PDF Calibration

In order to take into account any possible differences of the signal shape parameters
between MC and real data, we calibrate the AFE and My, signal shapes using a high statistics
BY — K*(892)°(— K*7~)y control sample. This decay mode has a branching fraction,
B = 4.01(2/3) x 107° = 2.7 x 107°, one order of magnitude higher than the signal mode.
Though it is different from the signal mode with a charged track, the resolutions in AE and
M, are nearly same (since they are dominated by the radiative «). In order to check the
resolutions and for any possible experimental dependence, we generated 500,000 events for
BY — K*9(— K*r~)y signal MC (from exp07 to exp65), weighted according to luminosity
of the data subsamples. It was reported that the measured photon energy is significantly
shifted after exp31, causing a shift in the AE distribution. Therefore, we divide the sample
into two parts, datasetl (exp07 to exp3l) and dataset2 (exp33 to exp65) to study the

experimental dependence of the photon energy shift.
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Figure 4.19: The AE-M,. 2D fit to the B — K*v sample for datasetl (exp07 to exp31).
The upper plot is from MC and the lower one is from data.

For the event selection in B® — K*~, we use identical cuts for all particles common
to Bt — ¢K*tvy. The K*(— KTr) candidates are selected with a mass cut 0.82 <
My < 0.97 GeV/c2. We perform an extended unbinned maximum likelihood fit to the
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Figure 4.20: The AE-M. 2D fit to the B — K*y sample for the dataset2 (exp33 to
exp65). The upper plot is from MC and the lower one is from data.

Table 4.3: The fudge factor corrections from the B® — K*y sample, for datasetl (exp07 to
exp31). The units are in MeV.

BY — K*~y Data MC Fudge Factor
AFE (u) 8.85 4+ 2.27 3.59 +£0.38 5.26 £2.31
AFE (o) 38.74 +1.71 33.76 £ 0.26 1.15 £0.05
My (1) 5729.56 +0.10 | 5277.954+0.02 | 1.64 +£0.10
My, (o) 2.51 £0.08 2.69 +0.01 0.93 £0.03

Table 4.4: The fudge factor corrections from the B® — K*y sample, for dataset2 (exp33 to
exp65). The units are in MeV.

BY — K*vy Data MC Fudge Factor
E (n) 11.43 +1.15 1.65 +0.21 9.79 + 1.17
E (o) 36.11 £ 0.89 34.31 £0.15 1.05 £ 0.03
My (p) 5729.64 + 0.06 | 5278.32 4+ 0.01 1.32 +0.06
M. (0) 2.69 £+ 0.05 2.63 £ 0.01 1.02 4+ 0.02
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two-dimensional AFE-M,,. distribution. The AFE distribution is modelled with a Crystal
Ball line shape for signal (same « and N as in Bt — ¢K ") and a first order Chebyshev
polynomial for the background. The M, distribution is modelled with a Gaussian for signal
and ARGUS function [38] for background. The AE and My, fits to the K*v sample are
shown in Figs. 4.19 and 4.20. The corresponding fudge factors are listed in the Tables 4.3
and 4.4. We observed a shift of nearly 3.0 MeV in the mean of AF for the dataset2. The
significant corrections are for AF mean by 5.26 (9.79) MeV for datasetl (dataset2). The
data is 15% (5%) wider in AE for datasetl (dataset2). We apply these corrections when
fitting the full data sample as described in the next section. We also checked that the
resolutions in the neutral mode are nearly same as those for the charged mode, as shown in

Table 4.6. Therefore, we apply same fudge factor corrections in both the modes.

Table 4.5: Signal shape parameters from the weighted MC sample for two different datasets
(BT — ¢K ). The units are in MeV.

My, AE
p (MeV/c?) | o (MeV/c?) | p (MeV) o (MeV)
exp07-31 | 5277.47 +£0.02 | 2.68 £0.02 | 3.11 +0.38 | 30.08 + 0.26
exp33-65 | 5277.82 +£0.01 | 2.654+0.01 | 2.05+0.21 | 30.29 £0.14

data set

Table 4.6: Signal shape parameters from the weighted MC sample (exp07-65). The units
are in MeV.

M. AE
p (MeV/e?) | o MeV/c?) | u (MeV) | o (MeV)
Bt — ¢K*ty | 5277.74 £0.01 | 2.66 +0.01 | 2.30£0.18 | 30.2+0.1
BY — ¢Kgy | 5278.12£0.01 | 2.65+0.01 | 1.594+0.21 | 30.1£0.1

Decay Mode

4.8 B — ¢K-~ Signal

The signal yield is obtained from an extended unbinned maximum-likelihood fit to
the two-dimensional AFE-My,. distribution. We model the shape for the signal component

using the product of a Crystal Ball line shape for AE and a single Gaussian for M. The
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continuum background is modelled with the product of a first order Chebyshev polynomial
for AE and an ARGUS function for My.. The b — ¢ background is modelled with a product
of a second order Chebyshev polynomial for AE and an ARGUS (ARGUS plus Gaussian)
function for M, in the charged (neutral) mode. The small rare backgrounds (except the
non-resonant component) are modelled with a product of two different Gaussians for AF
and a single Gaussian for My.. In the final fit, the continuum parameters are floated while
all other background parameters are fixed to the values from MC. The shape of the peaking
backgrounds are fixed to that of signal. In the BT — ¢K T+ mode, the non-resonant
background yield is fixed to the value from the ¢ sideband and using isospin symmetry, the

same signal to background fraction is assumed in the neutral mode.
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Figure 4.21: The AE and My, projections for BT — ¢K*v (upper) and B® — ¢K2v
(lower). The points with error bars are the data. The different curves show the total fit
function (solid, red), total background function (long-dashed, black), continuum component
(dotted, blue), the b — ¢ component (dashed-dotted, green), the sum of the non-resonant
component and other charmless backgrounds (filled histogram, magenta).

We do a simultaneous fit to datasetl and dataset2 while fixing the signal shape

using the fudge factors obtained from the B? — K*v sample. The fit yields a signal of
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(144 +17) BY — ¢K*v and (37 +8) B — ¢Kgv candidates. The projections of the fit
results onto AFE and My, are shown in Fig. 4.21.

4.9 M(X;) Efficiency Calibration

4.9.1 M(X;) mass dependence of the efficiency

In the signal MC generation, we modelled the X pseudo-resonance with a flat
mass distribution from the kinematic limit 1.52 GeV/c? to 2.8 GeV/c?. However, the
reconstructed mass is no longer flat as shown in Fig. 4.22. In addition, the MC efliciency
has a dependence on M (X;) mass. We divide the spectrum into seven bins and calculate
the efficiency in each bin (number of events reconstructed divided by number of events
generated in each bin). The results are shown in Fig. 4.23. The error on each point is
the Poisson error of the reconstructed events divided by the number of generated events.
We find a relative change in MC efficiency of 20% (15%) across the full spectrum in the
BT — ¢K T (B® — ¢K%7) mode. The dip in the right plot in Fig. 4.22 corresponds to the
D veto region (1.852 < M(¢KY) < 1.878 GeV /c?) in the neutral mode. This also results in
the efficiency drop for the third bin in the right plot of Fig. 4.23. All these plots are from
the AE-M,. fit region.
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Figure 4.22: The generated flat M (Xs) mass (black) and reconstructed M (X;) mass (blue)
distributions in the fit region for the BT — ¢K*~ (left) and B® — ¢K2v (right) decay
modes. Clearly, the reconstructed mass differs from the generated distribution. The dip in
the right plot is due to the D veto. The blue histogram is normalized to the total number
of events in the black histogram.
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Figure 4.23: The signal MC efficiency as a function of the M (X) mass in the fit region for
the BT — ¢K*v (left) and B — ¢ K3~ (right) mode. The efficiency drop in the third bin
is due to the D veto.

4.9.2 M (X;) mass distribution in data

We search for a possible contribution from kaonic resonances decaying to ¢K.
To unfold the Mgy distribution, we subtract all possible backgrounds and correct the
¢K invariant mass for the efficiency. The background-subtracted and efficiency-corrected
My distributions are shown in Fig. 4.24. The yield in each bin is obtained by the fitting
procedure described in the previous section. The signal and background shapes are fixed to
the values from the fit of total events. The fixed background yields are scaled by the ratio
of events in each bin to that of total events. The three-body phase-space model from the
MC simulation is shown by circles and is normalized to the efficiency-corrected signal yield.
Nearly 72% of the signal events are concentrated in the low-mass region (1.5 < Myx < 2.0
GeV/c?). It is clear that the observed ¢K mass spectrum differs significantly from that
expected in a three-body phase-space decay.

The MC determined reconstruction efficiencies are corrected for this My depen-
dence. We calculate a weighted average of the efficiency with the yield from the background
subtracted and efficiency corrected M (X;) plot using the the following formula:

; €iV;
Cavg = Z% (4.9.1)

where 7 runs over all bins. ¢; is MC efficiency and N; is the number of events in i-th bin of
the background subtracted and efficiency corrected plot. N is the total number of events,
summed over all bins. The MC efficiency is analyzed upto 2.8 GeV while data are examined

up to 4.0 GeV. For all bins after 2.8 GeV, the efficiency of the closest bin is assigned. The
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Figure 4.24: The background-subtracted and efficiency-corrected ¢ K mass distributions for
BT — ¢K T (left) and BY — ¢K2v (right). The points with error bars represent the data.
The three-body phase-space model from the MC simulation is shown by the circles (blue).

eITOT Ol €44 is calculated using the error propagation formula:

(Ae)? = Z [(g_Nig) % ANZ} 2 + Z [(%) * Ael} 2 (4.9.2)

In the BT — ¢K v mode, the fitted efficiency from MC is (13.4 +0.1)% and the
re-weighted efficiency is (15.3 & 0.1)%. In the B® — ¢K2v mode, the fitted efficiency from
MC is (10.0 £ 0.1)% and re-weighted efficiency is (10.2 £ 0.1)%.

4.10 Systematic Errors

Various sources of systematic errors are considered for the branching fraction mea-
surement. Fach category of systematic is described in detail below. The multiplicative
systematics are listed in Table 4.8 and Table 4.9. The additive systematics, which affect
the signal yield are listed in Table 4.10. We add each contribution in quadrature to obtain

the total systematic error.

1. Fit parameter
We calculate this systematic error by varying all the fixed parameters in the final fit
by +1c of their statistical error. This includes varying the fixed signal, background
shapes and the background yields. We also include the uncertainty due to the calibra-
tion by varying the fudge factors by their errors. The resulting percentage changes in

the returned signal yield are listed in Table 4.10. The total uncertainty on the signal
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yield from the fit parameters is 8.17% in the K+ mode and 8.57% in the qngy
mode. The dominant contribution is from the non-resonant K™K~ K~ yield (8.0%).

. Charged track reconstruction Efficiency

The reconstruction efficiency of charged tracks is calculated using the tracking effi-
ciency error function provided by the tracking group [32]. This is based from a study
of partially versus fully reconstructed D* decays, which calculates the tracking ef-
ficiency error based on the particle type and momentum. The program is run over
the signal MC (generated for each experiment proportional to the luminosity) and the
mean error is calculated for each reconstructed track in the final state. The results are
then linearly summed to obtain the final tracking uncertainty, which is 3.27% (4.62%)
for BT — ¢K T (BY — ¢KJv).

. Particle identification efficiency

The charged kaon identification efficiency is calculated using a program provided by
the PID group [54], determined from D** decays in the channel, D** — DY(K 7 t)x+.
It gives the efficiency ratio e (data/MC). We run the program for each kaon track sep-
arately for SVDI and SVDII datasets and weight them according to the integrated
luminosity. The final efficiency ratio is the product of the efficiency ratios for all kaon
tracks and the error is obtained by adding the fractional uncertainties in quadrature.
The error is included as an additional source of systematics, which is 1.36% (1.41%)

for Bt — ¢K v (B — ¢K3v).

. Photon detection efficiency
An error of 2.0% on the reconstruction efficiecny of the signal photon is taken from a

study of the radiative Bhabha sample [55].

In this analysis, we use the Belle data collected through experiments 07 to 65, which
contains (771.581 4 10.566) x 10° BB events [36]. This accounts for an error of 1.37%

in the final result.

. Kg reconstruction efficiency
The error on the reconstruction of the K g candidates is taken to be 4.6% from a study

of DT decays into K2n+ and K~ nt [56].

97



10.

11.

MC efficiency
We reweight the MC efficiency with the yield from the background subtracted and
efficiency corrected M (X;) plot. The fractional errors are included in systematics,

which is 0.95% (1.21%) for BT — ¢K v (BY — ¢KJv).

. Daughter branching fractions

We use the daughter branching fractions B(¢ — KTK~) = (49.2 £ 0.6) x 1072 and
B(K% — nrn™) = (69.20 £ 0.05) x 1072 from PDG 2008 [20]. This accounts for a
total uncertainty of 1.22%.

. Fit bias

The small bias found in the 2D fitter using the Toy MC pull test and the ensemble

test are used as an additional source of systematics.

LR cut efficiency

We use the B — K™~ control sample to calculate the LR cut efficiency. We vary the
LR cut by 10% of its nominal value (0.65). For each cut, we estimate the MC efficiency,
fit the data to determine the signal yield and calculate the ratio (yield/efficiency). (the
values are summarized in Table 5.1 ). The percentage change in the ratio from the
nominal value is used as the systematic error, which is 0.33% for the positive variation
and 0.28% for the negative variation. The same values of systematic uncertainty are

used for both the charged and neutral mode.

D° veto

The D veto (1.852 to 1.878 GeV) is applied in the neutral mode. The veto window
corresponds to ~ +4c, where o is the width of the Gaussian (3.27 GeV) obtained by
fitting the peak near the D mass. The number of events rejected in data by this veto

is 49 (4) in the AE-Mjy, fit (signal) region.
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Table 4.7: The signal yields, efficiencies, ratio and systematics using the B — K*~ control
sample.

LR Cut | Yield | Efficiency (%) | ratio (10%) | systematics (%)
0.715 | 3802 £ 69 16.1+£0.1 2.3615 0.327
0.650 | 4025 £ 73 17.1£0.1 2.3538 -

0.585 | 4225 £ 76 17.9+£0.1 2.3603 0.276

Table 4.8: Summary of multiplicative systematic uncertainties in the charged mode B+ —
KTy

. Uncertainty (%)

Systematic error sources

+o —0
Charged track efficiency 3.27 —3.27
Particle identification efficiency | 1.36 —1.36
Photon detection efficiency 2.40 —2.40
Nggp 1.37 —1.37
MC efficiency 0.95 —0.95
Daughter branching fractions 1.22 —1.22
Fit bias 0.2 —0.2
LR cut efficiency 0.33 0.0
Total 4.76 | —4.75
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Table 4.9: Summary of multiplicative systematic uncertainties in the neutral mode BY —
PKGY.

. Uncertainty (%)

Systematic error sources

+o —0
Charged track efficiency 4.62 —4.62
Particle identification efficiency | 1.41 —1.41
Photon detection efficiency 2.40 —2.40
K¢ reconstruction efficiency 4.60 | —4.60
Nggp 1.37 —1.37
MC efficiency 1.21 —1.21
Daughter branching fractions 1.22 —1.22
LR cut efficiency 0.33 0.0
Total 7.43 | —7.42

Table 4.10: Summary of additive systematic uncertainties from the fit parameters. The
values in the right two columns are the percentage changes in the yield.

_ Uncertainties (%)

Systematic error sources
Bt — 9Ky | B — ¢Kgy

Signal PDF shape 0.2 0.2
Generic PDF shape 0.2 0.4
Rare PDF shape 0.5 1.0
Generic yield 0.6 1.0
Rare yield 0.7 1.6
Fudge factor 1.3 1.1
Non-resonant yield 8.0 8.0
Fit bias 0.2 2.7
Total 8.19 9.00
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4.11 Branching Fraction and Significance

The branching fraction (B) of the B — ¢ K~y decay is defined as

Nsig
€ X Npg X Bgec

(4.11.1)

where N is the signal yield, € is the weighted efficiency, Ngg is the number of BB pairs in
the data sample and Bge. is the product of daughter branching fractions [20]. The results are
summarized in Table 4.12. The total systematic error is 9.47% (11.67%) in BT — ¢K T
(BY — (bK%y) mode after adding multiplicative and additive systematics in quadrature.
The signal in the charged mode has a significance of 9.6 o, whereas that for the
neutral mode is 5.4 o, including systematic uncertainties described above. The significance

is defined as \/ —2In(Ly/Limax), where Lyax (Lo) denote the maximum likelihood for the

best fit (with signal yield fixed to zero). The additive sources of systematic uncertainty
described below are included in the significance by varying each by its error and taking the
lowest significance. The likelihood scan of the signal yield is shown in Fig. 4.25. The Y-axis

is the square of the significance and the X-axis is the signal yield.
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Figure 4.25: The likelihood scan of the signal yield for BY — ¢K T (left) and B — ¢K2v
(right) decay mode (statistical only).
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Table 4.11: The likelihood of the fits and signal significances (S) for the BT — ¢ KT~ and
BY — ¢K2v decay modes (Errors are statistical only).

Mode —“In(Ly)  —In(Lmax) —2I(Lo/Lrmax) S (o)
BT — ¢K*ty —34000.5 —34057.1 113.3 10.6
B — ¢K%y  —46822  —4700.1 35.9 6.0

Table 4.12: The signal yields (Y), weighted efficiencies (€), branching fractions (B) and
significances (S) for the BY — ¢KTv and B’ — ¢K%y decay modes (the systematic
uncertainty is included in the significance).

Decay Mode Y e (%) B (1079) S (o)
BT — ¢KTy 144+£17 153401 2484+0.304+024 9.6
BY — K% 378 102+£0.1 2.74+0.60=+0.32 5.4
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Chapter 5

Measurements of time-dependent

C P violation in BY — qng,»y

5.1 Introduction

In this chapter, we describe the first measurements of time-dependent C P violation
parameters in a b — sv transition decay, B® — gng'y using the full data sample (772 x 105
BB pairs) collected by the Belle detector. This decay is sensitive to NP from right-handed
currents rather than a NP phase. Since the CP asymmetry is suppressed in the SM, any
significantly larger value will be a clear hint of NP. For the time-dependent measurement, we
follow similar procedures for vertex reconstruction, flavor-tagging and C'P fit as described
in chapter 3 for the B — ¢(2S)K3 mode. The vertex position for the fre. decay is
reconstructed using the two charged kaon tracks from the ¢ meson. In order to increase the
signal yield for CP-fitting, we loosen some of the selection criteria that were used for the

branching fraction measurement.

5.2 Selection Criteria

Using the event selection described for the branching fraction measurements in
B — ¢K~ decays, we have a signal yield of 144 £ 17 events for the charged mode and 37+8
events for the neutral mode (determined from an AFE-My. 2D fit). In order to increase
the signal event yield for the time-dependent analysis, we use r-bin dependent LR cuts and
include the photons from the endcap region of the calorimeter. This increases the efficiency

by 17% compared to the braching fraction analysis.
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5.2.1 r-bin dependent LR cut

For the branching fraction measurement, we used a common LR cut (LR > 0.65)
for all the seven flavor tagging r-bins. This is used to suppress the continuum background.
For the time-dependent measurement, we re-optimize this separately for each r-bin (r =
1—2 Wyag, Wrag is the wrong tag fraction). The selection criteria is determined by maximizing
the FOM, S;//S; + B; (i = 0,1,...,6), where S; (B;) are the expected number of signal
(continuum) events in the AE-M,. signal region. We use the branching fractions measured
in section 4 to scale the MC to the data sample.

In summary, we apply a common set of LR cuts for both modes : LR > 0.65 for
bins 0 to 4, LR > 0.5 for bin 5 and LR > 0.2 for bin 6 (as summarized in the Table 5.1).
Significant improvement comes from the higher two bins (5% gain in signal efficiency) since
signal purity is high in those bins.

Table 5.1: The re-optimized r-bin dependent LR cuts for the charged as well as the neutral
B — ¢ K~ mode.

r-bin 0 1 2 3 4 5 6
Range |0<r<0.1]01<r<025]025<r<05]05<r<0.625]0.625<r<0.75]0.75<r<0875 | 0875 <r<1.0
LR cut 0.65 0.65 0.65 0.65 0.65 0.5 0.2

5.2.2 Endcap photons and Signal box

Using the branching fraction cuts, we have nearly 108 (27) signal events for BT —
¢K Ty (B — ¢K2v) mode in the signal box defined as —0.08 GeV < AE < 0.05 GeV and
527 GeV/c? < My, < 5.29 GeV/c?. In order to increase the signal yield events for the
CP fit, we also apply the following cuts in addition to the r-bin dependent LR cut. We
select events inside the box defined as —0.2 GeV < AE < 0.1 GeV and 5.27 GeV/c? <
My, < 5.29 GeV/c?. The AE window is enlarged to include the tail of the signal (a gain of
~24% in signal efficiency). In the branching fraction measurement, only ECL barrel region
photons were used. We extend the photon coverage to both endcap regions while keeping
the same energy cut (1.4 < EJ < 3.4 GeV). We have nearly a ~12% gain in efficiency due
to the addition of endcap photons.

The AFE-My, 2D fit is repeated including these new cuts. The fixed backgrounds
are re-estimated from a fit to the corresponding MC samples. The signal gain is consistent

with the increase in efficiency with a small increase in background. Since the non-resonant
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(B — K™K~ K~) component has the same new physics effects as the signal B — ¢Kvy, we
treat this as signal for the time-dependent study [13]. Using the new cuts, we have 168 (40)
signal events (non-resonant is included) in the BY — ¢K*y (B® — ¢K2v) mode for CP
fitting. The events for each component are summarized in Table 5.2 and 5.3.

We also studied the efficiency of M (¢) cut (increasing the cut range from 10 MeV to
20 MeV). This results in 8% increase in signal with 40% additional continuum background.
However, from a toy-MC study (described in next section) there is only a slight improvement
in the statistical error of S from 0.34 to 0.32. Therefore, to keep the background treatment
simple and to avoid additional background systematics, we retain the 10 MeV M(¢) cut
used for the branching fraction measurement.
Table 5.2: The signal and background components in the TCPV signal box for the BT —

¢K*~y mode (vertexing is applied, ~ 94% efficiency). The background components are
categorized according to the different PDF's used in the fit.

BF cuts | New Cuts | M(¢) <20 MeV

Sig 139 148 160

Continuum 209 252 352
Gen_peak 4 5 5
Gen_bg 22 26 40
Rarel 9 9 11
Rare2 7 9 10
Non-res 20 20 37

Table 5.3: The signal and background components in the TCPV signal box for the BY —
#K 2y mode (vertexing is applied, ~ 94% efficiency). The background components are
categorized according to the different PDFs used in the fit.

BF cuts | New Cuts

Sig 32.8 35.5

Continuum 33.6 37.3
Gen_peak 0.5 0.6
Gen_bg 4.8 5.5
Rarel 1.4 1.7
Rare2 3.2 3.5
Non-res 5.1 4.7
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5.3 Parameters for time-dependent Study

5.3.1 Signal and background fractions

For the C'P fit, we use r-bin dependent signal and background fractions. The
partition of the signal and fixed backgrounds (generic, rare) into r-bins are determined
from separate fits to the appropriate MC samples. We multiply these MC determined r-bin
ratios with the yield from data to obtain event yields in each r-bin (For the non-resonant
B — K™K~ K contribution, we use signal MC r-bin ratios). Similarly the partition of
continuum into r-bins is obtained from data fits for each r-bin. Here, we fix the shape and
yield of all other PDFs obtained from fit to entire data sample. Since the BB background
MC samples in the neutral mode are limited in statistics, we use the same background r-bin
ratios as in the control mode. A graphical representation of signal and background fractions

in different r-bins is shown in Fig. 5.1.
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Figure 5.1: Graphical representation of signal and background fractions in different r-bins
for events in signal box. BT — ¢KTv (left) and B® — ¢K2v (right). The points are
data (solid black histogram), signal MC (solid green histogram), red point (assumed signal
distribution in data), blue points (assumed background distribution in data) and black
points (sum of signal and background in data).

5.3.2 Continuum parameters from data sideband

We use the data sideband (0.1 GeV < AE < 0.3 GeV and M, < 5.26 GeV/c?) to
determine the continuum parameters. The sideband contains nearly 97% of continuum with
a 3% contamination from generic background. We include an additional lifetime PDF while

fitting the sideband (the effective lifetime is determined from generic MC sideband). A total
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of 11 parameters are obtained from the sideband. These include the global parameters (7y,,
Wy ) and Smain, Stail, ftail, fs parameters for single and multiple tracks. In the SVD1
dataset for the charged mode and in the neutral mode, where statistics are limited, we
obtain common parameters for single and multiple tracks. The fit results are shown in

figures 5.2 and 5.3.

FON=  EBE. 6274 FROM MINOS STATUS=SUCCESSFUL Y72 CALLS 1015 TOTAL
EDM= (.38E-09 STEATECY= 1 ERROE MATRIX ACCURATE
EXT PARAMETER PARABOLIC MINOS ERRORS
HO. HaME VALUE EEROR NEGATIVE BOSITIVE
1 MU L -0.74280E-02 0. 84320E-01 -0, 5444Z2E-01 0. 84£53E-01
2 T&U BG 0.35418 0.14910 -0.16913 0. 14661
3 5 MaTN 0.55ogg 0.17810 -0. 18651 0.183348
4 5 TAIL 3.2803 0. 85794 -0. T22e0 1. 27EL
5 F_TaIL 0. 39523 0.18074 -0. 16469 0.195843
FCH= 2060. 424 FROM MINOS STATUS=SUCCESSFUL 4304 CALLS 4886 TOTAL
EDM= 0. 19%E-07 STRATEGY= 1 ERROR MATRIX ACCURATE
EXT PARAMETER PARAROLIC MINOS ERRORS
NO. NAME VALUE EEROER NEGATIVE POSITIVE
1 MiL -0.10911 0. 20735 -0.53069 0.18413
2 MID 0.95669E-01  0.96124E-01 -0.97e96E-01  0.10174
3  TAU BG 0.55638 0.183580 -0.18393 0. 20908
4 5 MATN] 1.19849 0. 12125 -0.11853 0. 12350
5 5 TaII] 11.185 3.7186 -2.8998 5.4669
6 F TaILl 0.43330E-01 0.22959E-01 -0.159443E-01 0. 26831E-01
T 5 MAINZ 1.1697 0. 90401E-01 -0.90215E-01 0. 91899E-01
4 5 TAILZ 2.87% 0.34769 -0. 31120 0.40795
9 F_TAILZ 0.181749 0.72157E-01 -0.66570E-01 0. 78224E-01
10 F_DELTA 0. 59344 0.20919 -0. 25007 0. 24410
FCH= T80 0687 FROM MINOS STATUS=SUCCESSFUL 901 CALLS 1234 TOTAL
EDM= 0.Z24E-08 STRATEGY= 1 ERROR MATRIX ACCURATE
EXT PARAMETER PERAROLIC MINOS EERRORS
Ho. HEME VALUE ERROR HEGATIVE POSITIVE
1 MU L -0.18090 0.6895ZE-01 -0.6952ZE-01  0.68536E-01
2 TaU EG 0.35972 0.12383 -0.13401 012123
3 5 _MATN 0.53212 0.17636 -0. 15757 0. 23396
4 5_TAIL 2. 8022 0.858457 -0. 83027 1. 0634
£ F_TAIL 0.66137 0.17566 -0. 21405 0. 16346

Figure 5.2: The continuum background At PDF parameters determined from A E-M,. data
sideband. The fit results for the charged mode (upper for the SVD1 dataset, middle for the
SVD2 dataset) and for the neutral mode (lower).

5.3.3 Effective lifetime of BB backgrounds

The time-dependent PDF for the non-resonant component is modeled in the same
way as signal. Other BB backgrounds such as generic and rare decays are also treated

like signal, but with different effective lifetimes obtained from fits to the appropriate MC
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Figure 5.3: The AFE-M),. 2D plot showing the signal box and sideband region (upper left),
lifetime fit to data sideband for BY — ¢K2v (upper right) and BT — ¢K T (lower left for
SVD1, lower right for SVD2).

sample. For the rare component, we remove the non-resonant background to determine
the effective lifetime. We assume no CP in the BB background components. Possible C' P
violation will be considered in systematics. Figure 5.4 shows the proper time distribution

of the generic and rare backgrounds. The fit results are summarized in Table 5.4.

Table 5.4: The effective lifetime values obtained from lifetime fits to background MC sam-

ples. These values are fixed in the final CP fit.

Background BT — ¢Kty | BY — ¢Kdy
Rare (w/o non-res) | 1.49 +0.05 ps | 1.45 £+ 0.10 ps
Generic (box) 1.23+0.16 ps | 1.94 +0.48 ps
Generic (sideband) | 0.52 £0.11 ps | 1.86 + 0.40 ps
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Figure 5.4: The lifetime fits to the background MC samples. The left column for BT —
¢K*t~ and right column for BY — qngy. The fit plots from upper to lower are for generic
MC (signal box), generic MC (sideband), rare MC (signal box).

5.4 Ensemble Test

In order to check for any possible fit bias and to estimate the expected error on S
and A in the final data, we generate a large number of pseudo-experiments with toy MC.
Each toy sample is generated with central values (S,4) = (0,0) and having the same number
of events as in the data signal box. The CP fit is then performed for each pseudo-experiment
with the same PDF as used in the generation. The accuracy of each fit is determined by

calculating the pull defined as

fit _ Qgen
sfit g

fit
0j

Pull = (5.4.1)
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where St and ofi* are the fitted S value and error on it for each sample (the same definition
is also used for the pull of A). We use the asymmetric MINOS errors opposite to the sign
of the residual. The fit result, error and the pull distribution are shown in figures 5.5 and
5.6. The pull distributions are fitted with a Gaussian function to determine the mean and

sigma. We only use the samples where the fit converged successfully.
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Figure 5.5: (Toy MC Study for Bt — ¢K 1) The central value, error and pull distributions
for S (upper) and A (lower).

The expected errors for ¢ K+~ are 0.34 for S and 0.24 for A. We also perform a
similar toy MC study for the 20 MeV M (¢) cut. The error on S is slightly improved to
0.32. The expected errors for B® — gZ)Kgry are 0.78 for S and 0.50 for A. In the neutral
mode, nearly 33% of the samples have C'P parameters outside of the physical boundary
(v/S2 + A2 > 1). The error distribution for these low statistics also departs from a normal

Gaussian distribution and has a long tail.

5.5 Validation Checks

Before proceeding to the C'P fit in the final data sample, we did various cross-

checks to ensure the reliability of the results.
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Figure 5.6: (Toy MC Study for B® — ¢K?2v) The central value, error and pull distributions
for S (upper) and A (lower).

5.5.1 CP fit in Signal MC

We perform a C'P fit to signal MC. The S and A fit results are consistent with
zero in the control sample (S = 0.002+0.03, A = 0.003+£0.02). In the neutral mode, we use
the EVTGEN MC model SVP_CP to generate C'P-violating effects. The generated value
of § is 0.69 and the fit results are consistent (S = 0.71 £ 0.03 and A = 0.01 & 0.02).

5.5.2 CP Linearity Check

For the neutral mode, in order to check for any fit biases, we generate GEANT
Signal MC samples with the input S value varied in steps of 0.2 from —1 to 1 (with A fixed
to zero). The residuals of the fit results (fitter value—input value) are shown in figure 5.7.

Although there is a small statistical fluctuations, no significant bias is observed.

5.5.3 Lifetime fit in Signal MC

We did a lifetime fit to the generator At in signal MC. The fit results 7(B1) =
(1.640 & 0.008) ps and 7(B%) = (1.526 + 0.007) ps are consistent with the generator level
input. We then perform a lifetime fit to the reconstructed At distribution in high statistics
MC samples as shown in figure 5.8. The fit results are 7(B*) = (1.60 & 0.01) ps and
7(BY) = (1.51 £ 0.01) ps. These lifetimes are shorter than the input value by 50 and 20.
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Figure 5.7: The residuals of the S and A fit results of the linearity check for BY — ¢K2v
mode.

Since the C'P violation parameters are unbiased, we will include this small lifetime bias in

the systematics.
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Figure 5.8: The lifetime fit to the reconstructed At in signal MC for BT — ¢K T~ (left)
and B® — ¢K2v (right).

5.5.4 Vertex Resolution

We check the vertex resolution for the rec side and the tag side by plotting the
difference between reconstructed and generated z position. The rec side resolution (115 pm)
is worse than the tag side (104 um) (similar values are also found for the neutral mode).
We compared the resolution with other modes like B* — ¢K™ (100 um rec, 102 um tag)
and BT — ¢(2S)K™ (60 um rec, 104 um tag). The poor resolution is caused by the narrow
¢ — KK~ opening angle and low momentum tracks (multiple scattering in the three body

decay).
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et and e~ (black). The right plot shows the z resolution in bins of average transverse
momentum (< Pr >) of the daughter tracks. Red points are for /K T+, blue points for
@K™ and black points are for (2S)KT.

5.5.5 Lifetime and CP fit in B® — K*0~

We cross-checked the C'P fitter in a high statistics flavor-specific control sample
(B — K*%4). The B® decay vertex is reconstructed from K+ and 7~ tracks from the
K*0 decay. We follow exactly the same procedure as in B — ¢K~. The shape parameters
are determined from the AE-M,,. 2D fit (with a cut on K** mass : 0.82 < M(K*) < 0.97
GeV). Different shape parameters, signal and background fractions as well as continuum At
parameters are determined separately for SVD1 and SVD2. We obtain 4903 events in the
signal box with a signal fraction of 80% and background fraction of 20%. The lifetime and
CP fit results are summarized in the Table 5.5 and are shown in Figure 5.10. The results

are all consistent with the PDG value.

Table 5.5: Lifetime and C'P fit results in the BY — K*°y control sample.

CP fit
Data Sample | Lifetime fit (ps)
S A
SVD1 1.56 £0.08 0.15 +£0.15 0.12 £ 0.10
SVD2 1.56 £0.03 —0.01 £0.06 | —0.09 + 0.04
TOTAL 1.56 £0.03 0.02+£0.06 | —0.06 = 0.04
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Figure 5.10: Lifetime and CP fit results in the B® — K*9 control sample.

5.5.6 Lifetime and CP fit in Bt — ¢ Kt~

From the fit shown in previous section, we obtained 474 events in the tcpv signal
box with a signal fraction of 37% and background fraction of 63%. The lifetime and CP
fit results to 772 M BB data sample are summarized in the Table 5.6 and are shown in
figure 5.11. The lifetime result is consistent with PDG value. In addition, no C' P asymmetry
is found as expected. The errors on S and A are consistent with the expectation from toy

MC pseudo-experiments.

Table 5.6: Lifetime and C P fit results in the BT — ¢K ™ control sample.

CP fit

Data Sample

Lifetime fit (ps)

S

A

Bt — ¢K+'Y

1.70 £0.20

0.25+£0.33

0.18 £0.26

5.5.7 Lifetime fit in B® — ¢ K%y

From the fit shown in previous section, we obtained 82 events in the tcpv signal
box with a signal fraction of 45% and background fraction of 55%. We have 40 signal events
for CP fitting (including the non-resonant KK~ K37y component). A lifetime fit to the

114



Events/(1 ps)

Events/(0.4 ps)
w
o

20F

hi

2N WA O o
o o & o o o
AR AR RN R R

O

—— total pdf
background
signal

Raw Asymmetry
ocoo

6665 oo
oD NOND O

Figure 5.11: Lifetime and C'P fit results in the BT — ¢K ™ control sample.

full data sample gives 7 = 2.09 + 0.45 ps, which is consistent with the PDG value. The fit

result is shown in figure 5.12.

5.5.8 CP fit to Sideband events
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Figure 5.12: Lifetime fit in the B? — gng’y sample.

We perform a CP fit to the data sideband. The sideband contains nearly 97%

continuum with a 3% contamination of generic background. In order to carry out the C'P
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fit, we treat the continuum as signal with lifetime fixed to the continuum lifetime. We

observe no asymmetry in sideband events. The fit results are shown in figure 5.13.
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Figure 5.13: CP fit results to the sideband events in BT¢K Ty (left) and B® — ¢K2v
(right).

5.5.9 Random Flavor Tagging

As one of the validity checks, we perform a random flavor tagging test. We assign
the flavor charge (¢ = +1 or —1) randomly to the tag side. The input seed is also varied
randomly and a C'P fit is performed. The results are consistent with zero. We do not quote
the central values as they have no physical meaning. The errors on S is 0.32 and on A is
0.26 for the B* — ¢K*~ mode. This is consistent with the measured value. However in
the B — qngV mode, the typical errors on § are 0.55 and those on A are 0.45. These
are much smaller than the expected toy MC mean error because the central value is always

close to zero.

5.5.10 CP fit to four Random Control Samples

We have 40 signal events for C'P fitting in the neutral mode. The charged control
sample has nearly four times more signal events (168). For a crosscheck of the errors on S
and A, we select four statistically independent samples from the control mode and perform
CP fits. The results are summarized in the Table 5.7 and shown in figure 5.14. The errors

are typically somewhat larger when the central value is close to the physical boundary.
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Table 5.7: The CP fit results to four random control samples from Bt — ¢K++ mode.

Data Sample S A
samplel 0.13 £0.77 1.42 4 0.68
sample2 1.96 + 0.88 0.09 = 0.58
sample3 —1.09+0.73 | 0.01 +0.43
sampled 0.46 £0.56 | —0.09 & 0.55
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Figure 5.14: Plot of the C'P fit results to the four random control samples in the 2D A-S
plane.

5.6 CP Fit Results in B — ¢K2v

The unbinned maximum likelihood fit to the 75 events in the signal region results

in the C'P violation parameters,

Ay, = 0.35 £ 0.45(stat). (5.6.1)

This is based on a data sample containing 772 x 10° BB pairs. The central value is within
the physical boundary (r = 0.81) and 1.90 away from the SM expectation (S ~ 3%). The
asymmetric MINOS errors on S are (—0.45, 0.32), on A are (—0.45, 0.42) and correlation
is small (0.9%). We define the raw-asymmetry in each At bin by (Ny — N_)/(N4 + N_),
where N4 (N_) is the number of observed candidates with ¢ = +1(—1).
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Figure 5.15: The At distributions and raw asymmetry plot for the B — qngv mode (all
events).
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Figure 5.16: The At distributions and raw asymmetry plot for the B® — gng«y mode
(well-tagged events, r > 0.5, 48% of total).
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Figure 5.17: The At distributions and raw asymmetry plot for the B® — gng«y mode
(poorly-tagged events, r < 0.5).
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5.7 Checks after box opening

5.7.1 Toy MC with Measured parameters

The toy MC test is repeated by using the measured parameters: S (0.73659), A
(0.34532) and 7o (2.0891 ps). The mean of the error distribution is 0.74 for S and 0.51
for A. The toy MC shows that the error from the nominal MINUIT minimization has a
probability of only 0.6%.
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Figure 5.18: The toy MC results for B — ¢K2v after box opening. The central value,
error and pull distributions for & (upper) and A (lower).

5.7.2 Katayama Scan

We have a total of 82 events in the signal box. We remove the first event from the
sample and perform the C'P fit. We then put back the event and do the fit by removing
the second event. The same procedure is repeated for all events in the signal box. The
values of S, A, the parabolic error, the negative and positive MINOS errors as a function
of sample number are shown below. The presence of a single special event (At = —3.64 ps
and r = 0.96) is partly responsible for the small error. Excluding this events, the fit results

are (sample 44 from the scan figure):
S =140 £0.49(stat.)), A =0.3140.38(stat.))
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Figure 5.19: The S value, error, negative MINOS error and positive MINOS error as a
function of sample number from the Katayama scan.

5.7.3 Likelihood Scan

We do a scan of likelihood versus S and A in BY — ¢K2vy mode. The plot of
—In(Lp/Lax) versus S and A is shown below. The vertical line corresponds to asymmetric

minos error limits. This shows that difference in log(likelihood) is exactly one at the limits.

5.8 Systematic Uncertainty

We follow the same procedures for time-dependent systematic uncertainty evalu-
ation as described in chapter 3 for the BY — ¢(2S)K2 mode. The small changes from the

procedure are described below and the results are summarized in Table 5.8.

Vertexing The vertex related cut variations are exactly same as those of BY — (2S5) K2
except the vertex quality cut (&) is varied by 100 (nominal value is 250) and the +1o

error is used in systematics. Due to statistical fluctuation, the vertexing systematic
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Figure 5.20: The A value, error, negative MINOS error and positive MINOS error as a
function of sample number from the Katayama scan.

for the neutral mode is large: 0.05 for S and 0.27 for A. Therefore, we use the

corresponding value from the charged mode as mentioned in the Table 5.8.

Physics Parameters We vary the physics parameters (7g0 and Amyg) by their errors in
PDG 2008. We also vary all background (generic, rare) lifetimes with their errors
obtained from MC. For the nominal fit, we assumed no C'P for the rare background.
As a conservative estimate, we vary the C'P violation parameters within the physical

limit and the difference is assigned to the systematic error.

Signal and background Fraction In the nominal fit, we used different signal and back-
ground fractions for each bin. The signal and continuum fractions are varied within

their errors (binomial), while other fractions are varied by +100%.

Fit bias We fit a large GSIM sample with S fixed to the measured data value and the

difference is assigned as a systematic error.
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Figure 5.21: The likelihood curves for S and A in B — qngy mode.

5.9 Statistics Issues in B? — ¢ Koy

The asymmetric statistical errors on § in data from MINUIT minimization are
+0.32 and —0.45. These are much smaller than the expectation from MC simulation (0.78)
and have a probability of only 0.6%. This is due to low statistics and the presence of a
single special event.

Instead of using the fit error, we use the residual distribution (Sg; — Sgen) from
pseudo-experiments to obtain new MC-based asymmetric uncertainties (this approach is
similar to that used in B® — 777~ analysis [57]). We determine one sigma error band
limits (£68% CL in MC) and correct for the mean shift. The new asymmetric errors are
+0.72 and —1.05. We also change the statistical errors on A to those obtained from fitting
the toy MC residual distribution.

We also observe a bias due to low statistics (35 signal events) and high central value
(checked in toy MC). The shift is +0.22 for S and is included in the negative systematic
uncertainty. The shift is —0.21 for 4 and is included in the positive systematic uncertainty.
This is checked carefully for different values of S and A as shown in Fig. 5.23 for signal MC
and in Fig. 5.24 for toy MC. The toy MC simulations also show that this bias significantly
reduces with an increase in statistics (with twice the signal, the bias decreases to 0.04)

Considering all these issues related to the statistical error, the final result is:

S0y = 0.7410-72 (stat) T5-20 (syst), "4¢>ng = 0.35 + 0.58(stat) 33 (syst)

With the present statistics, these measurements are consistent with the SM predictions

(S ~ 3%) and there is no indication yet of new physics from right-handed currents.
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Table 5.8: Summary of the Systematic Uncertainties for B® — qngy mode. For each
category the errors on S and A are symmetrized.

Parameter ASyko, AAsko,
Vertexing 0.08 0.04
Resolution Function 0.02 0.03
Wrong Tag Fraction 0.01 0.01
Physics Parameter 0.05 0.03
PDF Shape 0.01 0.01
Signal Fraction 0.03 0.07
Background At Shape 0.01 0.02
Fit Bias 0.00/—0.22 +0.21/0.00
TSI 0.00 0.03
Total +0.10/-0.24 +0.23/-0.10

5.10 Charge Asymmetry in BT — ¢ KT~

We also measure the charge asymmetry in BT — ¢K T+, which is defined as

N(B~ — ¢Kv) = N(B" — ¢K ")
N(B~™ — ¢K~v)+ N(Bt — ¢K 1)

Acp = (5.10.1)

where N is the signal yield. The fitter is written to directly output the Acp as a free
parameter. The results are obtained from a simultaneous 2D fit to the AFE-M,. distribu-
tions. The PDF shapes are the same for both BT and B~ decays. The asymmetry of the
backgrounds are fixed to zero in the nominal fit. For systematic calculations, we vary the
asymmetry of the rare backgrounds by +58% (RMS value of a flat distribution between —1
to 1). The fixed shapes and normalizations are varied by their +1o errors and are included
in the systematics. The measured signal yield and the charge asymmetry are shown in

Fig. 5.9.

Table 5.9: Measured signal yields and charge asymmetry in the BT — ¢ K+ mode.

N(B~ — ¢K~v) N(B* — ¢K'v) Acp
74+ 13 79+ 13 —0.03 £0.11 £ 0.08
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Chapter 6

Search for B — wK~ decays

6.1 Introduction

In this chapter, we describe a feasibility study for the radiative decay B — wK~.
This is also a b — s penguin decay similar to B — ¢K~. The w meson is reconstructed via

its decay to 777V, The selection criteria and a background study are described.

6.2 FEvent Selection

Similar to the B — ¢K~ mode, the data are required to pass hadronic event
selection cuts. The signal is reconstructed in the decays Bt — wK v and B® — wK2y,

+ Tr~. For the event generation, we assume that the B

with w — 7f7~ 7" and Kg — T
meson decays to an intermediate heavy kaon resonance and a photon. The resonance then
decays to w and K2 or K*. In the EvtGen MC simulation, the K;(1400) resonance with a
width of 174 MeV /c? and spin one is used. We then reweight the mass distribution so that

it is flat from the kinematic limit to 2.8 GeV/c? [48].

6.2.1 7° meson reconstruction

Neutral pions (7°) are reconstructed from photon pairs. The energy of each photon
in laboratory frame is required to be greater than 100 MeV for the ECL end-cap regions
(12° < 6 < 32° or 129° < A < 156°) and 50 MeV for the barrel region (32° < 6 < 129°).
Further for each photon, we require Fg/Es; > 0.9, where Eg/Fs5 is the ratio of sum of
energies deposited in 3 x 3 and 5 x 5 ECL cells. For the 7¥ selection, we require the

invariant mass of the photon pairs to satisfy 0.12 < M., < 0.15 GeV /¢?. This corresponds
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to ~ £2.50 in the 7° mass resolution. We require the cms momentum of 7° candidates
to be greater than 0.3 GeV/c. The photon momenta are then recalculated by applying 7°

mass-constrained kinematic fits.

6.2.2 w(782) meson reconstruction

The w meson is reconstructed from its decay to 7tn~7Y. This is the dominant

decay mode of w (B = (89.1 £0.7)%). The invariant mass of the w candidates is required
to be within —0.03 < M.+, 0 —my, < +0.03 GeV /c?> where m,, denotes the world-average
w mass. This corresponds to ~ 3.5I' (where I' is the w natural width).

Figure 6.1 shows the 7° and w mass distributions. The 7° mass is fitted with a
Crystal Ball function and a linear background. The w mass distribution is fitted with a

Breit-Wigner function and a linear background.
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Figure 6.1: Invariant mass of distributions of 7° (left) and w (right).

6.2.3 B meson reconstruction

We combine the w, a charged or neutral kaon candidate and a radiative photon
to form a B meson. As in the B — ¢K~ mode, the B candidates are identified using
the AE and My, variables. In the M, calculation, the photon momentum is rescaled by

(Epns  — E9%) to improve resolution. The AE-My, fit region and signal box definitions

beam
are same as those in the B — ¢K~v mode. Using MC simulations, we find a multiplicity of
~1.34 (24%) for wKgy and ~1.48 (32%) for wK . A mode dependent BCS cut is applied

to select the best B candidate, which is based upon the lowest w mass 2, highest KID and
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highest cms v energy. The best candidate selection is about 75% efficient in w channels for
selecting the correct B candidate. The x? definition used in the selection is defined below:

2 2
X2 = <M7r+7r_7r0 — mw> + <7]\4ﬂ7r — mKS) for B — ng'Y

O rtp—n0 Orm

Moo o 2
X2 = < rtn m“’) + highest KID for BY — wK*~

Ortr—n0
6.3 Continuum Suppression

We follow the same continuum suppression methods as described for B — ¢ K~
in chapter 4. We use a Fisher discriminant formed from modified Fox-Wolfram moments
and the cosf to distinguish the signal from continuum. Figure 6.2 shows the FOM plots
for both the modes. We use the LR cut 0.85 for the w channel, which corresponds to the
FOM value 3.90 for wK?2v and 7.36 for wK . This selection criterion removes 98% of the

continuum while retaining 52% of the signal.

F.O.M for LR cut F.O.M for LR cut
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Figure 6.2: The LR FOM plots for wK 2y mode (left) and wK*+ (right). We use the final
LR cut calculated from LRKSFWO0 and LR cos p.

6.4 Generic B Backgrounds

We use the same sample of BB MC events as in B — ¢K~ to investigate the
backgrounds from other B decay modes. Figure 6.3 shows the AE fit (with a projection
in the My, signal region) and the M, fit (with a projection in the AFE signal region)
and the wK distribution in the fit region for the backgrounds from the generic MC. These

distributions are shown after applying LR cut, which removes 70% of generic backgrounds.
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Figure 6.3: The AE, My, and wK distributions for the wK ™ (first row) and wK g~y (second
row) decay mode before the D veto. The D veto will be applied only for wK ™~ mode.

The expected peaking events in My, is 11.2 + 3.4 (~7% of the expected yield in
data). The dominant backgrounds are B~ — D%~ and B~ — D*p~. We calculated the
invariant masses of the signal kaon with any other particle in the events and found that
the K7 and K7~ 7° mass distributions show strong peaking from generic MC (shown in
Fig. 6.4, signal MC [black]|, generic MC [red]). We then fit these invariant mass distributions
and apply a 40 veto window. This removes 60% of the peaking while the signal efficiency
loss is 9%. There are 4.8 + 2.6 peaking events after the veto. We plan to use this in the
estimation of systematics.

The expected peaking in My, is 8 2 (~23% of the expected yield in data). The
source of this peaking is from several decay modes such as D~ pt, D%, D*pt D70
(the background events found in each mode in the signal region are listed in Table 6.1).
Many final states are possible in which the candidate signal Kg can combine with all other
:I:ﬂ.O

particles in the event (7,7, 7°) to form a D meson. We found only the Kg7 and

0 invariant mass distributions have peaking in the generic MC. A veto on these

Kentn—n
masses removes only the specific background mode, but significantly decreases the signal
efficiency. Therefore, it is not effective to apply a veto in this mode. Since these modes are
well measured, we plan to fix the peaking components in data.

After applying all these selection criteria, we have a signal reconstruction efficiency

of (1.55 +0.04)% for B® — wK2v and (2.11 +0.05)% for Bt — wK " mode (determined
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Figure 6.5: The AE, My, and invariant wKg distributions for the wK ™+ decay mode after
the D veto.

by fitting My, distribution). The geometrical efficiency (after charged track selection and
BCS cut) in ¢ channel is 12% and in w channel is 3%. We loose a factor of four in efficiency
due to the extra 7° selection. The efficiency loss due to other cuts are: ¢ (11%), Kg (1%),
BCS (2%), LR(> 0.65) cut (24%). The low efficiency in w modes is due to other cuts:
pho cut (16%), Eg/Ess (15%), 7° mass cut (1%), w mass cut (6%), BCS cut (11%) and
finally the LR > 0.85 cut (48%). We also checked that there is significant improvement
of the efficiency due to the new tracking algorithm (32% for B® — wK2y and 23% for

Bt — wK™7) as there are low-momentum tracks in the final state.
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Table 6.1: The expected background events in data from the generic MC in the signal region
for the B® — ngy mode.

Decay Mode | Events in the signal region
B° — D pt 4.8
Bt — D%t 2.6
Bt — D*9p* 2.6
B® — DOz 14
BY — D% 0.6
BY — D*y 0.2

6.5 Rare B backgrounds

In w modes, the dominant background is from B — Xv decays, where the decay
of Xg is modelled by the Pythia MC. This contribution is ~70% of the total peaking
background. We determine it from an w mass sideband study, as MC is not reliable to fix

this.
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Figure 6.6: The possible sources of backgrounds from rare MC (charged and mixed) in AF
and My, distributions for the BT — wK*y (upper) and B® — wKgvy (lower) mode. The
AF plots require My, to lie in the signal window while the My, plots require AE in the
signal region.
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6.6 Correlation between AFE and M,

The correlation between AE and My, is very small as shown in Fig. 6.7.
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Figure 6.7: The mean of AFE is shown in bins of M, (red points) on a scatter plot for the
BT — wK*Ty mode.
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Figure 6.8: The mean of AE is shown in bins of M, (red points) on a scatter plot for the
BY — wK?2~ mode.
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Chapter 7

Conclusions

7.1 Measurements of time-dependent C P violation in B® —

¥(28) K3

We have measured the time-dependent C'P asymmetry in one of the golden char-
monium mode, where the neutral B meson decays to a 1(25) meson and a Kg meson. This
analysis is based on a data sample of 657 x 105 BB pairs collected with the Belle detector.
This decay mode is a C'P eigenstate dominated by a b — c¢s generated transition. From
an unbinned maximum likelihood fit to the 1300 events in the signal region, we obtain the

C'P violation parameters,

Syes)ry = +0.72+ 0.09(stat) £ 0.03(syst),
Ay (as)ig = +0.04 & 0.07(stat) & 0.05(syst).

This is one of the most precise measurements of C' P asymmetries in BY — ¢(25) K2
mode and supersedes Belle’s previous result [9]. Compared to our previous publication, we
used improved analysis techniques in addition to the increase in statistics. The peaking
backgrounds are estimated directly from the data sidebands. The signal and peaking frac-
tions in the time-dependent PDF are determined for each r-bin. In addition to the lepton
tracks from the J/1, we also use the prompt 777~ tracks in the vertex reconstruction for
the ¥(29)(J/YmTn~)K2 decay mode. Only lepton tracks from the .J/1) were used in the
previous analysis.

This result is also statistically consistent with Belle’s measurement using B —

J/9K° mode [47]. By combining our results with B® — J/9 K", we obtain a new Belle
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average sin 2¢; = 0.650 £ 0.029 4 0.018. This result has been published in Physical Review
D [58]. The Heavy Flavor Averaging Group (HFAG) summary [59] of the comparison
between our result with the other measurements of time-dependent C'P asymmetries in

b — ccs transitions is shown in Fig. 7.1.

sin(2g) = sin(2,) A b-ces & B

PRELIMINARY
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Figure 7.1: Summary of Belle and BaBar measurements of time-dependent C'P asymmetries
in b — ccs transitions.

This work can be extended to other b — ¢&s modes (for example, B — XclKg and
BY — nch) to determine whether the effective value of sin 2¢; is same for all modes. Some
new physics scenarios [7] predict small differences in the sin 2¢; values between different
charmonium modes. This possibility can be probed by precise measurements with more

statistics. An ongoing analysis using Belle’s full data sample is described in Appendix B.

7.2 Observation of B? — qng'y and Measurements of time-

dependent C P violation

We have observed for the first time the rare radiative decay B — gZ)ng using the
full data sample (772 x 10 BB pairs) collected by the Belle detector. We observed a signal
of 37 £ 8 events with a significance of 5.4 standard deviations. The measured branching
fraction is

B(B® — ¢K %) = (2.74 + 0.60 & 0.32) x 107°. (7.2.1)
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We also precisely measured the branching fraction for the charged mode using 144 £ 17
signal events

B(BT — ¢KTy) = (2.48 4 0.30 & 0.24) x 107°. (7.2.2)

The observed Mgy mass spectrum shows that the signal events are mostly concentrated at
low ¢ K mass, which differs significantly from the expectation in a three-body phase-space
decay. We have also presented a measurement of the rate asymmetry between B™ and B~

decays to ¢ KT~ final state,
Acp = —0.03+0.11 £0.08. (7.2.3)

This is consistent with the SM expectation.

This decay mode is sensitive to new physics from right-handed currents, which
could affect the C'P asymmetry. Since in SM, the emitted photon is polarized, the C'P
violation due to interference between B mixing and decay is suppressed (3% for S). We
used the neutral mode B — gZ)Kgry for the first time to measure time-dependent C'P

asymmetries. Using Belle’s full dataset, we found

7 .
Sprgy = H0.T4T] (3 (stat) £ 54 (syst),

Agrc0s = +0.35 £ 0.58(stat) 775 (syst) (7.2.4)

These results are being prepared for publication in Physical Reviews Letters. The
Heavy Flavor Averaging Group (HFAG) summary [59] of the comparison between our result
with the other measurements of time-dependent C'P asymmetries in b — s transitions is
shown in Fig. 7.2.

With the present statistics, these measurements are consistent with the SM pre-
dictions (S ~ 3%) and there is no indication of NP from right-handed currents. A Super
B factory [60] would make precise measurement of this decay mode. A factor of two more
signal events would reduce the systematic uncertainty to 0.04. With more statistics, these
modes can be used in a study of angular distributions of the decay products, which provides

another window to probe photon polarization [15, 16].
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Figure 7.2: Summary of Belle and BaBar measurements of time-dependent C'P asymmetries
in b — sy transitions.
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Appendix A

Particle Identification

In this appendix, we describe the particle identification in Belle. First, the K/x
identification is described, then the electron and finally, the muon identification is men-

tioned.

A.1 K/m Identification

The K /7 identification is carried out by combining information from three nearly

independent measurements:

e dFE/dx measurement by CDC,
e TOF measurement, and

e measurement of the number of photoelectrons in the ACC.

The momentum coverage of each detector for K /7 separation is shown in Fig. A.1.
For each charged track, we calculate three likelihood functions using subdetector information
with either the kaon or pion hypothesis, LQCC, L;ZFOF and LEDC, where h denotes the
assumed particle species. A combined likelihood is then calculated from the product of

these likelihood functions for a specific hadron species,
Ly, = LCC x LTOF 5 [OPC, (A1)

A particle is then identified as a kaon or a pion by the selection based on the likelihood

ratio P:
P(K/x) = ﬁ P(r/K) =1—P(K/x). (A.1.2)
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Figure A.1: Momentum coverage of each detector used for K/m separation.

This gives a value close to one for a kaon-like particle and a value close to zero for a pion-like
particle.

The validity of the K/m identification has been demonstrated using the charm
decay, D** — D%, followed by D — K—7t. The characteristic slow 7+ from the D**
decay allows these decays to be selected with a good S/N ratio (better than 30), with-
out relying on particle identification. Therefore, the detector performance can be directly
probed with the daughter K and 7 mesons from the D decay, which can be tagged by their

relative charge with respect to the slow pion. Figure A.2 (left) shows two-dimensional plots

s 5 g l:
> .
[0} — F
8 45 S 09  fit
g ; = i ++++++++++++++ ++++ b + 4
4 08 F bttt ++ H +
35 & 07 F +
38 06 £ PID(K) > 0.6
25 05 F e K efficiency
2 0.4; X 7 foke rate
15 03 F
1 02 b
F ‘ |
05 01l TP O
E SR X‘***X‘*****”*****X}T%*THX\
0 sl b b b b b b b by 0’wHw\wauw\HH\HH\HH\HH\HH\HH
0 01 02 03 04 05 06 07 08 09 1 0 05 1 15 2 25 3 35 4
PID(K) P (GeVic)

Figure A.2: (left) Likelihood ratio PID(K), versus momenta for daughter tracks from
DY — K~r" decays, tagged by the charge of the slow nt’s. The open circles correspond
to kaons and the cross points to pions. (right) K efficiency and 7 fake rate, measured with
D*t — DY(K7)+n" decays, for the barrel region. The likelihood ratio cut PID(K) > 0.6

is applied.
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of the likelihood ratio P(K/m) and measured momenta for the kaon and pion tracks. The
figure demonstrates the clear separation of kaons and pions up to around 4 GeV/c. The
measured K efficiency and 7 fake rate in the barrel region are plotted as functions of the
track momentum from 0.5 to 4.0 GeV/c in Fig. A.2 (right). The likelihood ratio selection,
P(K/m) > 0.6, is applied in this figure. For most of the region, the measured K efficiency
exceeds 80%, while the 7 fake rate is kept below 10%.

A.2 Electron Identification
Electrons are identified by using the following discriminants [61]:

e ratio of energy deposited in the ECL and charged track momentum measured by the

CDC,
e transverse shower shape at the ECL,

e the matching between a cluster at ECL and charged track position extrapolated to

the ECL,
e dE/dx measured by the CDC,
e light yield in the ACC, and

e time-of-flight measured by the TOF.

As in the case of K/m identification, the PDFs for the discriminants are made
beforehand. Based on each PDF, likelihood probabilities are calculated on a track-by-track
basis, and unified into a final likelihood output. This likelihood calculation is carried out
taking into account the momentum and angular dependence. Figure A.3 (left) shows the
output from the above procedure. Closer to unity a particle is more likely to be an electron.
The solid (dashed) histogram shows the distribution for e in efe™ — eTe~ete™ data (7+
in K — m"n~ decays in data). A clear 7/e separation can be seen.

The efficiency and fake rate are displayed in Fig. A.3 (right) using electrons in
real ete” — eTe ete™ events for the efficiency measurement, and K% — n7~ decays in
real data for the fake rate evaluation. For momenta greater than 1 GeV/c, the electron

identification efficiency is above 90% while the fake rate is in the range 0.2 to 0.3%.
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Figure A.3: (left) The distribution of the final unified discriminant used to identify electrons.
The solid histogram is for electrons in eTe™ — ete"eTe™ events and the dashed one for
charged pions. (right) Electron identification efficiency (circles) and fake rate for charged
pions (squares). Note the different scales for the efficiency and fake rate.

A.3 Muon Identification

Muon identification begins with the extrapolation of the track reconstructed in the
CDC, through the outer detectors. A track is considered to be within the KLLM acceptance if
it crosses at least one RPC layer: This requires at least 0.6 GeV/c of momentum. Associated
RPC hits in KLM are then examined. The outermost layer crossed by the extrapolated track
defines the predicted range of the track assuming the track has no hadronic interaction with
the intervening material. The actual range of the track is measured by the outermost layer
with an associated RPC hit.

For muon identification, two quantities are used to test the hypothesis that a track

is a muon rather than a hadron [62]. These are
e AR: the difference between the measured and expected range of the track.

e \2: the normalized transverse deviations of the recorded KLM hits from the extrap-

olated track.
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Probability density distributions of two discriminant variables are constructed be-
forehand using simulated single track events containing a muon, pion, or kaon with mea-
sured chamber efficiencies. The probability densities P,, Pr, and Pk for muons, pions,
and kaons, respectively, are then obtained from the distributions, defined as P(AR, x?) =
P(AR) x P(x?). We use the normalized muon likelihood

Pu

Lp=—

(A.3.1)

for muon identification. The muon identification efficiency and pion fake rate are estimated
using the two-photon control, ete™ — ete putp~ and KY — 7~ sample. For charged
tracks with momenta between 1.0 GeV/c and 3.0 GeV/¢, the muon identification efficiency

is measured to be ~ 90% and the pion fake rate is ~ 2%.
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Appendix B

BY — ¢(25)Kg Signal using
772 x 10% BB pairs

B.1 B — 4(2S)K?} Signal Extraction using Belle’s Full data

sample

We update the B — (259)K$ analysis by adding Belle’s latest recorded data sets
(exp61-65) and replacing the SVD2 data sample with the corresponding sample reprocessed
with the new improved tracking algorithm. The integrated luminosity of the full data
sample is 700 fb~! and contains 772 x 106 BB pairs. We follow the same signal extraction
procedure described in the section 3.7. The peaking background is updated using the
corrected inclusive MC samples. The AFE and M, distributions from the final fit are
shown in Fig. B.1.

The signal yield is 1981 + 46, purity is 0.95 + 0.01 and vertexing efficiency 95.4%.
We have nearly a 50% gain in signal yield due to the new tracking and the addition of more
data. A time-dependent study is in progress. We expect an error of ~ 0.07 on sin 2¢, using

the full data sample.

141



— ~~400
> ~, " F AREA = 1981+ 46
(] z o
o 300 %350 I BGarea = 2250 + 49
g O FEFACT=-30.61%25
Q250 gaoo —SLOPE = -0.2040 + 0.036
= S
o
2 200 -
(]
>
w

Events /

150

100

50

-
a
1=}

TTTTT T [TTTT[TTIT[TTTT[TT

90A1 -0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1 g.z 521 522 523 524 525 526 527 528 5. .3
AE (GeV) M, (GeV/c?)

Figure B.1: AF distribution within the M), signal region, and My, distribution within the
AE signal region for B® — (25)K?2 using 772 x 10° BB pairs data sample. The solid
curves show the fits to the signal plus background distributions, while the dashed curves
show the background contributions. Purity of the signal is 0.95 + 0.01.
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We report improved measurements of time-dependent CP violation parameters for B’(B%) — ¢(25)K?.
This analysis is based on a data sample of 657 X 10° BB pairs collected at the Y(4S) resonance with the
Belle detector at the KEKB energy-asymmetric e e~ collider. We fully reconstruct one neutral B meson
in the (2S)K? CP-eigenstate decay channel, and the flavor of the accompanying B meson is identified to
be either B or B® from its decay products. CP violation parameters are obtained from the asymmetries in
the distributions of the proper-time intervals between the two B decays: Sy K = +0.72 * 0.09(stat) *
0.03(syst), A o550 = +0.04 = 0.07(stat) = 0.05(syst). These results are in agreement with results from

measurements of B — J/yK°.

DOI: 10.1103/PhysRevD.77.091103

In the standard model, CP violation in B meson decays
originates from an irreducible complex phase in the 3 X 3
Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix [1].
In the decay chain Y(4S) — B°B" — fcpf,. where one
of the B mesons decays at time #-p to a CP eigenstate fcp
and the other decays at time f,, to a final state f,, that
distinguishes between B° and B, the decay rate has a time
dependence [2] given by

e A/70

——{1+q-[S;,, sin(Am,Ar)
470 ’

+ A, cos(AmyAn]}. (1)

P (A1) =

Here Sy, and A, , are the CP violation parameters, 7p
is the neutral B lifetime, Am, is the mass difference
between the two neutral B mass eigenstates, At = t-p —
tag» and the b-flavor charge g equals +1 (—1) when the
tagging B meson is a B® (B%). For fp final states resulting
from a b — cCs transition, the standard model predicts
Sp., = —&psin2¢y [3] and Ay, ~0, where &, = +1
(—1) for CP-even (CP-odd) final states and ¢, is one of
the three interior angles of the CKM unitarity triangle,
defined as ¢ = 7 — arg(V;,V,4/V:,V.q). Measurements
of CP asymmetries in b — c¢Cs transitions have been re-
ported by Belle [4,5] and BABAR [6]. Results from our
previously published B® — (25)K$ analysis were based
ona 140 fb~! data sample corresponding to 152 X 10° BB
pairs [4]. Here we report new measurements with an im-
proved analysis [7] incorporating an additional 465 fb™!
data sample for a total of 605 fb~! (657 X 10° BB pairs).

At the KEKB energy-asymmetric et e (3.5 on 8.0 GeV)
collider [8], the Y(4S) is produced with a Lorentz boost of

PACS numbers: 11.30.Er, 12.15.Hh, 13.25.Hw

By = 0.425 nearly along the z axis, which is defined as
opposite to the positron beam direction. Since the B® and
B° are approximately at rest in the Y(4S) center-of-mass
system (cms), At can be determined from the displacement
in z between the two decay vertices: At= Az/(Byc),
where c is the speed of light.

The Belle detector is a large-solid-angle magnetic spec-
trometer that consists of a silicon vertex detector (SVD), a
50-layer central drift chamber (CDC), an array of aerogel
threshold Cherenkov counters (ACC), a barrel-like ar-
rangement of time-of-flight scintillation counters (TOF),
and an electromagnetic calorimeter (ECL) comprised of
CsI(TI) crystals located inside a superconducting solenoid
coil that provides a 1.5 T magnetic field. An iron flux-
return located outside the coil is instrumented to detect K9
mesons and to identify muons (KLM). The detector is
described in detail elsewhere [9]. Two different inner
detector configurations were used. For the first sample of
152 X 10° BB pairs, a 2.0 cm radius beampipe and a 3-
layer silicon vertex detector (SVD-I) were used; for the
latter 505 X 10° BB pairs, a 1.5 cm radius beampipe, a 4-
layer silicon detector (SVD-II), and a small-cell inner drift
chamber were used [10].

We reconstruct #(2S) mesons in the 7/~ decay channel
(I=eor w)and J/m" 7~ decay channel. J/4 mesons
are reconstructed in the /" [~ decay channel and include the
bremsstrahlung photons that are within 50 mrad of each of
the e” and e~ tracks [denoted as e e~ (y)]. The invariant
mass of the J/i¢ candidates is required to be within
—0.150 GeV/c* < M+ () — myy < +0.036 GeV/c?
and —0.060GeV/c? <M+ ,- —my;, <+0.036 GeV/c?,
where m;,, denotes the world-average J/¢ mass [11],
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and M.+, (5 and M+ ,- are the reconstructed invariant
masses of the ee (y) and u* u~ candidates, respec-
tively. For the (2S) — [*1~ candidates, the same proce-
dure is used. In this case, the invariant mass is required
to be within —0.150 GeV/c? < M+, () — myqs) <
+0.036 GeV/c>  and  —0.060 GeV/c?> <M+ ,- —
My as) < +0.036 GeV/c?, where my 5 denotes the
world-average (2S) mass [11]. For the #(25)—
J/ym"w candidates, AM = M+ 4 .- — M+~ is te-
quired to be within 0.580 GeV/c? < AM <0.600 GeV/c>.
To reduce the fraction of incorrectly reconstructed (2S5)
signal candidates, we select 77" 77~ pairs with an invariant
mass greater than 400 MeV/c?. The K9 selection criteria
are the same as those described in Ref. [12]; the invariant
mass of the pion pairs is required to satisfy
0.482 GeV/c?> <M +,- <0.514 GeV/c>2.

We combine the #(2S) and K? to form a neutral B
meson. The B candidates are identified using two kine-
matic variables: the energy difference AE = E§™ — E;™

beam

and the beam-energy-constrained mass M. =
cms )2 _ cms)2 cms  ; H

(Excam (pg™)*, where Eg™ is the beam energy in

the cms, and EG™ and p@™ are the cms energy and mo-

mentum, respectively, of the reconstructed B candidate. In
order to improve the AE resolution, the masses of the
selected J /¢ and /(2S) candidates are constrained to their
nominal masses using mass-constrained kinematic fits. For
the CP asymmetry fit, we select the candidates in the
AE-M,, signal region defined as |AE| <0.03 GeV and
5.27 GeV/c? < My, < 5.29 GeV/c?. To suppress back-
ground from ete™ — g (¢ = u,d, s, or ¢) continuum
events, we require that the event-shape variable R, be
less than 0.5, where R, is the ratio of second to zeroth
Fox-Wolfram moments [13].

The b flavor of the accompanying B meson is identified
by a tagging algorithm [14] that categorizes charged lep-
tons, kaons, and A baryons found in the event. The algo-
rithm returns two parameters: the b-flavor charge ¢, and r,
which measures the tag quality and varies from r = 0 for
no flavor discrimination to r = 1 for unambiguous flavor
assignment. If » <0.1, the accompanying B meson pro-
vides negligible tagging information and we set the wrong
tag probability to 0.5. Events with » > 0.1 are divided into
six r intervals.

The vertex position for the f-p decay is reconstructed
using charged tracks that have a minimum number of SVD
hits [15]. A constraint on the interaction point is also used
with the selected tracks; the interaction point profile is
convolved with the finite B-flight length in the plane
perpendicular to the z axis. The pions from Kg decays
are not used for vertexing. The typical vertex reconstruc-
tion efficiency and z resolution are 95% and 78 um,
respectively [12]. The f,, vertex determination is obtained
with well-reconstructed tracks that are not assigned to fcp.
The typical vertex reconstruction efficiency and z resolu-
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tion are 93% and 140 wm, respectively [12]. After all
selection criteria are applied, we obtain 1618 and 1202
events for the [ [~ and J /7" 7~ modes in the A E-My, fit
region defined as 5.2 GeV/c? < My, <5.3 GeV/c? and
—0.1 GeV < AE <0.1 GeV, of which 680 and 712, re-
spectively, are in the signal region.

Figure 1 shows the reconstructed variables AE and M,
after flavor tagging and vertex reconstruction. The signal
yield is obtained from an extended unbinned maximum-
likelihood fit to the AE-M,,. distribution. We model the
shape for the signal component using the product of a
double Gaussian for AE and a single Gaussian for My,
whereas the combinatorial background is described by the
product of a first-order polynomial for AE and an ARGUS
[16] function for M. For the ¢(2S) — J/¢7" 7~ mode,
there is a background component that peaks like the signal
(peaking background) in the AE-M,, signal region. This
peaking background is mainly due to the J/yK,(1270)°,
J/WK*(892)” 7rt, and J/tngav'+ 7~ modes, with no real
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FIG. 1 (color online). (a) AE distribution within the M,
signal region, (b) M, distribution within the AE signal region
for BY — (28)K?. The solid curves show the fits to the signal
plus background distributions, while the dashed curves show the
background contributions. The small contribution from peaking
backgrounds is discussed in the text.
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TABLE 1. Number of signal B candidates (Ng,) and esti-
mated purity (p) in the signal region after flavor tagging and
vertex reconstruction.

Mode Niig )4
Y2S)IHI)KY 628 + 26 0.92 *= 0.01
W(28)(J /™ 7 )K 656 = 26 0.92 = 0.01

$(28) — J/art 7~ in the final state. The fraction of such
peaking events is estimated to be 1% from the AM side-
bands in data. The signal and background shapes for each
decay mode are determined from Monte Carlo (MC)
events; these shapes are adjusted for small differences
between MC and data using a control sample of B* —
¥(2S)K* [17] events, which have a final state similar to the
signal but with higher statistics. This sample, where no CP
asymmetry is expected, is also used to check the potential
bias in the measurements of CP violation parameters. The
signal yields and purity in the AE-My, signal region after
flavor tagging and vertex reconstruction are listed in
Table I. We define the purity as the ratio of the signal yield
to the total number of candidate events in the signal region.

We determine Sy, and Ay, by performing an un-
binned maximum-likelihood fit to the observed At distri-
bution for the candidate events in the signal region. The
likelihood function is

L (Sfcp' ‘Afcp) = nPi(Sfcf” ﬂf(-p; Ati)’ @

where the product includes events in the signal region. We
only use events with vertices that satisfy |Az| < 70 ps and
£ <250, where ¢ is the y? of the vertex fit calculated only
in the z direction. The probability density function (PDF) is
given by

T{ = (1 - fol) [UsigTsig(At/)Rsig(At[ - Al/)
+ fpeak 7:)peak(Al‘,)Rsig(Al‘i - At,)
+ (1 - fsig - fpeak)Tbkg(At,)Rbkg(Ati - At,)]d(At,)
+ fannl(Ati)- (3)

The signal fraction f, and the peaking fraction fe.x
depend on the r region and are calculated on an event-by-
event basis as a function of AE and M,.. The PDF for
signal events, P, (A1), is given by Eq. (1) and modified to
incorporate the effect of incorrect flavor assignment; the
parameters 70 and Am, are fixed to their world-average
values [11]. The distribution is then convolved with a
resolution function Ry, (A7) to take into account the finite
vertex resolution. The resolution function parameters,
along with the wrong tag fractions for the six r intervals,
w; (I = 1,6), and possible differences in w, between B°
and B° decays (Aw,) are determined using a high-statistics
control sample of semileptonic and hadronic b — ¢ decays
[4,12]. The PDF for non-peaking background events,
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Pyyg(At), is modeled as a sum of exponential and prompt
components and is convolved with a sum of two Gaussians,
which parameterizes the resolution function Ry, (A7).
Parameters in Py, (A7) and Ry, (Af) are determined
from a fit to the At distribution of events in the AE-M,,
data sideband (M, < 5.26 GeV/c?, —0.03 GeV < AE <
0.20 GeV). The PDF for peaking background events,
Ppeac (A1), is the same as Pg,(Ar) with CP parameters
fixed to zero. The term P (Az) is a broad Gaussian func-
tion that represents an outlier component with a small
fraction f,. The only free parameters in the final fit are
Sy, and A, _; these are determined by maximizing the
likelihood function given by Eq. (2).

The unbinned maximum-likelihood fit to the 1300
events in the signal region results in the CP violation
parameters,

S s K= +0.72 + 0.09(stat) * 0.03(syst),
Ay = +0.04 % 0.07(stat) = 0.05(syst),

where the systematic uncertainties listed are described
below. We define the raw asymmetry in each At bin by
(Ny —N_)/(Ny + N_), where N, (N_) is the number of
observed candidates with ¢ = +1 (—1). Figure 2 shows
the observed At distributions for ¢ = +1and ¢ = —1 with
no requirement on the tagging quality (top), and the raw
asymmetry for events with good tagging quality (r > 0.5)
(bottom).

-

N

o
+
-

-

o ® O

o © O
20
mnn
'
-

Events/(1 ps)
8

20

Raw Asymmetry

At (ps)

FIG. 2 (color online). The top plot shows the Af distributions
for ¢ = +1and g = —1 with no requirement on r. The dashed
curve is the sum of backgrounds, while the solid curves are the
sum of signal and backgrounds. The bottom plot is the raw
asymmetry of well-tagged events (r > 0.5, 45% of the total).
The solid curve shows the result of the unbinned maximum-
likelihood fit.
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MEASUREMENTS OF TIME-DEPENDENT CP VIOLATION ...

The systematic errors on S fer and ’AfCP’ summarized in
Table II, are evaluated by fitting the data with each fixed
parameter varied by its 1 standard deviation (o) error. The
MC-determined parameters are varied by =20 to take into
account possible imperfect modeling in the MC. We repeat
the CP fit procedure with the new value, add the differ-
ences in S, A quadratically, and then assign the result as the
systematic error. The largest contribution to Sy, comes
from vertex reconstruction (0.026). This includes the un-
certainties in the interaction point profile (the smearing
used to account for the B flight length is varied by —10um
and +20um), the tag side track selection criteria, the helix
parameter correction, the |A¢| range (varied by +30 ps),
the vertex quality cut ¢ (changed to ¢ < 150 and ¢ < 500),
the Az measurement, and imperfect SVD alignment. The
last two are obtained from a study of J/¢K 2. Each physics
parameter (7, Amy) is varied by the error in its world-
average value [11]. Systematic errors due to uncertainties
in wrong tag fractions are estimated by varying the pa-
rameters w;, Aw; in each r region by their =10 errors.
Systematic errors due to uncertainties in the resolution
function are estimated by varying each resolution parame-
ter obtained from data (MC) by =10 ( £ 20). The AE,
My, parameters and signal fraction in each r region are
varied to estimate the systematic errors. No significant bias
is seen by fitting a large sample of MC events. The system-
atic errors from uncertainties in the peaking background
are obtained by varying the peaking fraction, shape, as well
as its CP asymmetry parameters. The systematic errors
from uncertainties in the background Af shape are esti-
mated by varying each background parameter by its statis-
tical error. We also include the effects of interference
between CKM-favored and CKM-suppressed B — D tran-
sitions in the f,, final state [18]. We add each contribution
above in quadrature to obtain the total systematic
uncertainty.

We perform various cross-checks for this measurement.
A fit to the first data sample (SVD-I) results in the CP
violation parameter, S = 0.97 = 0.18, which is consistent
with our previous result [4]. A fit to the CP asymmetries of
the control sample gives the CP violation parameters, S =
0.02 = 0.05and A = —0.03 = 0.03, which are consistent
with no CP asymmetry. A fit to the sideband events in the
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TABLE II.  Systematic uncertainties.
Parameter AS 050 AA o5k
Vertexing 0.026 0.028
Wrong tag fraction 0.006 0.023
Resolution function 0.007 0.005
Fit bias 0.012 0.011
Physics parameters 0.001 0.001
Peaking background 0.006 0.005
PDF shape and fraction 0.001 0.003
Background Ar shape 0.003 0.003
Tag side interference 0.001 0.036
Total 0.031 0.053

B® — (25)K} data sample gives an asymmetry consistent
with zero (S = 0.02 = 0.21, A = —0.04 = 0.10). A life-
time fitto B® — (2S)K§ and BY — ¢(2S)K™ gives 70 =
1.51 =0.05 ps and 75+ = 1.62 = 0.03 ps, respectively,
which are consistent with the world-average values. We
also examine the CP violation parameters separately for
the ¢(2S) — 11~ (S =0.84 £0.13, A = 0.14 = 0.09)
and QS —J/ymTmT (S=061+013, A=
—0.09 = 0.10) decay modes. We find that all results are
consistent within errors.

In summary, we have performed improved measure-
ments of CP violation parameters sin2¢; and A, for
B® — (28)K? using 657 X 10° BB events. These mea-
surements supersede our previous result [4] and are in
agreement with results from measurements of B° —
J/yK® [19]. Combining the results from B — J/K°
[5] and B® — (2S)KY decays, we obtain a new Belle
average sin2¢; = 0.650 = 0.029 = 0.018.
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Abstract

We report the first observation of radiative decay B — ¢K%v using a data sample of 772 x 10°
BB pairs collected at the T (45) resonance with the Belle detector at the KEKB asymmetric-energy
ete™ collider. We observe a signal of 35 4 8 events with a significance of 5.4 standard deviations
including systematic uncertainties. The measured branching fraction is B(B? — ¢K%) = (2.66 +
0.60 + 0.32) x 107%. We also precisely measure B(B+* — ¢K*v) = (2.34 +0.29 & 0.23) x 1076,
The uncertainties are statistical and systematic, respectively. The observed Myx mass spectrum
differs significantly from that expected in a three-body phase-space decay.

PACS numbers: 14.40.Nd, 13.25.Hw, 11.30.Er
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Rare radiative decays of B mesons play an important role in the search for physics
beyond the standard model (SM) of electroweak interactions. These flavor changing neutral
current decays are forbidden at tree level in the SM, but allowed through electroweak loop
processes. The loop can be mediated by non-SM particles (for example, charged Higgs or
SUSY particles), which could affect either the branching fraction or the time-dependent C'P
asymmetry.

The current measured inclusive world average branching fraction for B — Xy ((3.55 +
0.26) x 107* [1]), is one standard deviation (o) higher than the SM prediction at next-to-
next-to-leading order (NNLO) (3.1540.23) x 10~* [2], and still allows significant new physics
contributions to radiative B decays. Exclusive b — sy decays have also been extensively
measured, but their sum so far accounts only for 44% of the inclusive rate. Therefore,
further measurements of branching fractions for exclusive B — ¢K+ modes will improve
our understanding of the b — sy process. The neutral mode B® — ¢ K%y [3] can be used
to study time-dependent C'P asymmetry, which is suppressed in the SM by the quark mass
ratio (2ms/my) [4, 5]. In several models beyond SM, the photon acquires an appreciable
right-handed component due to the exchange of a virtual heavy fermion in the loop process,
resulting in large values of time-dependent C'P asymmetries. Due to the narrow width of
the ¢ resonance, the decay B — ¢K+y is well separated from the background and can be
effectively used for measurements of photon momentum over a wide interval. In addition,
this mode can also be used to search for a possible contribution from kaonic resonances
decaying to ¢K. Furthermore, we can probe the photon polarization using the angular
distributions of the final state hadrons [6, 7].

The decay B® — ¢K 2y can be described by the conventional radiative penguin diagram
with the creation of an additional ss pair as shown in Fig. 1.

y
3
b 5 ¢
S
BY W
S 0
d . q s

FIG. 1: Feynman diagram for the radiative penguin penguin decay B® — czﬁng with ss pair
creation.

The branching fractions for B — ¢K~ decays have already been reported by the Belle
and BaBar collaborations. Belle measured B(B* — ¢K*v) = (3.4 +£0.940.4) x 1075 and
B(B® — ¢K%) < 8.3 x 107% at the 90% confidence level (C.L.) using 96 x 10° BB pairs [8].
BaBar measured B(BT — ¢K ) = (3.5+0.6+0.4) x 107% and B(B® — ¢K%y) < 2.7x 1076
at the 90% C.L. using 228 x 106 BB pairs [9]. BaBar also reported the direct C'P asymmetry
for B — ¢K*v, Acp = (—26+£1445)%. We report herein the first observation of radiative
decay B° — ¢K%y and an improved measurement of BY — ¢K*v using a data sample of
772 x 10° BB pairs collected at the Y(45) resonance with the Belle detector at the KEKB
asymmetric-energy ete~ collider [10]. This data sample is nearly eight times larger than the
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sample used in our previous measurement [8].

The Belle detector is a large-solid-angle magnetic spectrometer that consists of a silicon
vertex detector (SVD), a 50-layer central drift chamber (CDC), an array of aerogel threshold
Cherenkov counters (ACC), a barrel-like arrangement of time-of-flight scintillation counters
(TOF), and an electromagnetic calorimeter (ECL) comprised of CsI(T1) crystals located
inside a superconducting solenoid coil that provides a 1.5 T magnetic field. An iron flux-
return located outside the coil is instrumented to detect K9 mesons and to identify muons
(KLM). The detector is described in detail elsewhere [11]. Two different inner detector
configurations were used. For the first sample of 152 x 10 BB pairs, a 2.0 cm radius
beampipe and a 3-layer silicon vertex detector (SVD-I) were used; for the latter 620 x 10°
BB pairs, a 1.5 cm radius beampipe, a 4-layer silicon vertex detector (SVD-II), and a small-
cell inner drift chamber were used. A GEANT-based simulation of the Belle detector is used
to produce signal Monte Carlo (MC) [12] event samples.

The signal is reconstructed in the decays BT — ¢ Kty and B® — ¢K2v, with ¢ — KK~
and K% — 7tm~. All the charged tracks used in the reconstruction (except for charged
pions from Kg’s) are required to satisfy a requirement on the distance of closest approach
to the interaction point (IP) along the beam direction, |dz| < 5 ¢cm, and in the transverse
direction, dr < 2 cm. This eliminates poorly reconstructed tracks or tracks that do not
come from the interaction region. Charged kaons are identified using a likelihood ratio
L(K/m) > 0.6, based on information from the ACC, TOF and CDC (dE/dx) detectors. This
requirement has an efficiency of 90% for kaons with a 8% pion fake rate. A less restrictive
likelihood ratio requirement £(K /7) > 0.4 is applied to the kaon candidates, which are used
to reconstruct the ¢ meson. The invariant mass of the ¢ candidates is required to be within
—0.01 GeV/c* < Mg+g- —my < +0.01 GeV/c?, where my denotes the world-average ¢
mass [13].

Neutral kaon (K3) candidates are formed from the 777~ combinations with invariant
mass in the range 0.482 GeV/c? < M+, < 0.514 GeV/c?. The selected candidates must
pass a set of momentum-dependent requirements on impact parameter, vertex displacement,
mismatch in the z direction, and the direction of the pion pair momentum as described in
the Ref. [14].

The primary signature of this decay is a high energy prompt photon. These are selected
from isolated ECL clusters within the barrel region (32° < 6, < 129°, where 6, is the polar
angle of the photon in the laboratory frame) and center-of-mass system (cms) energy (Egms)
in the range 1.4 to 3.4 GeV. The selected photon candidates are required to be consistent
with isolated electromagnetic showers, i.e., 95% of the energy in an array of 5 x 5 CsI(Tl)
crystals should be concentrated in an array of 3 x 3 crystals and should have no charged
tracks associated with it. We also suppress the background photons from 7%(n) — ~v using
a likelihood Lr0(L,) < 0.25, calculated for each photon pair consisting of the candidate
photon and any other photon in the event [15].

We combine a ¢ meson candidate, a charged or neutral kaon candidate and the radiative
photon to form a B meson. The B candidates are identified using two kinematic variables:
the energy difference AE = EF™ — EYm°  and the beam-energy-constrained mass M. =

beam

\/ (Egms 12 — (p%=)2, where EP®S is the beam energy in the cms, and EZ™ and p3* are

the cms energy and momentum, respectively, of the reconstructed B candidate. In the M.
calculation, the photon momentum is replaced by (Efes, — ESE°) to improve resolution. The

beam
events that satisfy the requirements M. > 5.2 GeV/c? and |AE| < 0.3 GeV (defined as
the fit region) are selected for further analysis. Using MC simulations, we find nearly 12%
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(3%) of events have more than one B candidate for the BT — ¢K*vy (B® — ¢Ky) mode.
In case of multiple candidates, we choose the best candidate based on a series of selection
criteria, which depend on a x?* variable using the candidate’s ¢ mass (and the K2 mass in
the neutral mode) as well as the highest ES™ and the highest £(//7) in the charged mode.
For events with multiple candidates, this selection method chooses the correct B candidate
for the BT — ¢K vy (B® — ¢K%) mode 57% (69%) of the time. We define the signal
region as 5.27 GeV/c? < My, < 5.29 GeV/c* and —0.08 GeV < AE < 0.05 GeV. The AE
signal region is asymmetric in order to include the tail in the lower region due to photon
energy leakage in the ECL.

The dominant background comes from e*e™ — ¢ (¢ = u,d, s, or ¢) continuum events.
We use two event-shape variables to distinguish the spherically symmetric BB events from
the jet-like continuum events. A Fisher discriminant [16] is formed from 16 modified Fox-
Wolfram moments [17] and the scalar sum of the transverse momenta. The second variable is
the cosine of the angle between the B flight direction and the beam axis (cosfp) in the cms
frame. For each variable, we obtain the corresponding signal and background probability
density functions (PDFs) from large MC samples. A likelihood ratio Ry, = Ls/(Ls+ Ly) is
formed, where L (L£;) denotes the product of Fisher discriminant and cosfp PDF's for the
signal (background). The selection criteria on Ry, are determined by maximizing the figure
of merit, Ns/v/Ngs+ Np, where Ng (Np) is the expected number of signal (continuum)
events in the signal region. We require R/, > 0.65, which removes 91% of the continuum
while retaining 76% of the signal.

In addition to the dominant continuum background, various BB background sources are
also studied. In the B® — ¢K %y mode, some backgrounds from b — ¢ decays, such as D7°,
D% and D~ p* peak in the M, distribution. We remove the dominant peaking backgrounds
by applying a veto to ¢K 5 combinations consistent with the nominal D mass [13]. Some
of the charmless backgrounds, where the B meson decays to ¢K*(892), ¢K7¥ and ¢Kn
also peak in M. In these charmless modes, one of the photons from a 7° or 1 may not be
detected in the calorimeter while the other is reconstructed as the signal high-energy photon.
Therefore, these backgrounds shift towards lower AE. Another significant background is
non-resonant B — K1TK ™K+, which peaks in the AE-M,. signal region. The fraction of
such events is estimated to be (12.5 & 6.7)% using the ¢ mass sideband, 1.05 GeV/c? <
Mg+ - < 1.3 GeV/c?, in data.

The signal yield is obtained from an extended unbinned maximum-likelihood fit to the
two-dimensional AFE-M,,. distribution in the fit region. We model the shape for the signal
component using the product of a Crystal Ball line shape [18] for AE and a single Gaussian
for My.. The continuum background is modeled with a product of first order Chebyshev
polynomial for AE and an ARGUS [19] function for My.. The b — ¢ background is modeled
with a product of second order Chebyshev polynomial for AE and an ARGUS plus Gaussian
function for My.. The small charmless backgrounds (except the non-resonant component)
are modeled with a functional form that is the product of two Gaussians for AF and with
a single Gaussian for M. [20]. In the final fit the continuum parameters are allowed to
vary while all other background parameters are fixed to the values from MC simulation.
The shape of the peaking backgrounds are fixed to that of signal in My, and AE. In the
BT — ¢K 'y mode, the non-resonant background yield is fixed to the value from the ¢
sideband and assuming isospin symmetry, the same non-resonant fraction is used in the
neutral mode. The signal shapes are adjusted for small differences between MC and data
using a high statistics B® — K*(892)°(— K7~ )y control sample. The invariant mass of
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the K* candidates are required to satisfy 0.820 GeV/c* < M+~ < 0.970 GeV/c?. The fit
yields a signal of 136 +17 BT — ¢K T and 35+8 B® — ¢ K2y candidates. The projections
of the fit results onto AFE and M. are shown in Fig. 2. The signal significance is defined
as /—2 In(Lo/Luax), where Lyax is the maximum likelihood for the best fit and £ is the
corresponding value with the signal yield fixed to zero. The additive sources of systematic
uncertainty described below are included in the significance by varying each by its error and
taking the lowest significance. The signal in the charged mode has a significance of 9.6 o,
whereas that for the neutral mode is 5.4 0.

v
> S
o [0
(O] O
N S
~ o
-.g g
o
g i £
W oo Q@ ks
03 02 01 _0 01 02 03 (Ll 52 521522523524525526 5.275.285.29 53
AE (GeV) M, (GeV/c?)
ST
s 14 S 18
8 121 8 16
o 10f w4
=] : 12
S e 8
g . U] S %onib
m - -
A I N | ] S il LL'
g 2k, Jl >o J B E 2:,”1“ TW Il T‘ “'
N A 3 S o A R A S . )
0.3 01 _0 01 02 03 (Ll 52 521522523524 525526 527 5.285.29 53
A E (GeV) M, (GeV/c?)

FIG. 2: The AE and M, projections for BT — ¢K*+ (upper) and B® — ¢K%vy (lower). The
points with error bars represent the data. The different curves show the total fit function (solid
red), total background function (long-dashed black), continuum component (dotted blue), the
b — ¢ component (dashed-dotted green) and the non-resonant component as well as other charmless
backgrounds (filled magenta histogram).

We also examine the ¢K invariant mass distribution of the signal. To unfold the M,k
distribution, we subtract all possible backgrounds and correct the ¢ K invariant mass for
the efficiency. The background-subtracted and efficiency-corrected Mg distributions are
shown in Fig. 3. Nearly 72% of the signal events are concentrated in the low-mass region
(1.5 GeV/c? < Mygg < 2.0 GeV /c?). Tt is clear that the observed ¢ K mass spectrum differs
significantly from that expected in a three-body phase-space decay. The MC-determined
reconstruction efficiencies (defined as the ratio of signal candidates passing all selection
criteria to the total number of events generated) are corrected for this My dependence.
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TABLE I: The signal yields, significances, weighted efficiencies and branching fractions for the
Bt — ¢K*~ and B — ¢K% decay modes.

Decay mode Yield Significance (o) Efficiency (%) Branching fraction (10~)
BT — ¢K™Ty 136 £17 9.6 15.3£0.1 2.34£0.29£0.23
B — ¢K% 35+£8 5.4 10.0 £0.1 2.66 = 0.60 £ 0.32

From the signal yield (N,), we calculate the branching fraction (B) as Nyig/ (€ X Npg X Byec),
where € is the weighted efficiency, Ngg is the number of BB pairs in the data sample, and
By is the product of daughter branching fractions [13]. The results are summarized in
Table 1.
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FIG. 3: The background-subtracted and efficiency-corrected ¢K mass distributions for B¥ —
dK v (left) and B® — ¢K2v (right). The points with error bars represent the data. The yield in
each bin is obtained by the fitting procedure described in the text. The three-body phase-space
model from the MC simulation is shown by the circles (blue) and normalized to the total data
signal yield.

We fit the data with each fixed parameter varied by its £1 o error, and then the quadratic
sum of all differences from the nominal value is assigned as the systematic error on the
signal yield. We checked for possible bias in the fitter by doing ensemble tests with MC
peseudo-experiments. The statistical errors obtained from our measurements are within
the expectations from the ensemble tests and a systematic error of 0.2% (2.7%) is assigned
in the BT — ¢K*v (B° — ¢K%)) mode. The largest contribution comes from the non-
resonant yield (8.0%). The total systematic uncertainty assigned to the estimated yield
is 8.2% (8.8%). We also assign a systematic error of 3.3% (4.6%) due to uncertainty on
charged track efficiency, 1.4% due to particle identification, 2.4% due to photon detection
efficiency, 1.4% due to uncertainty in the number of BB pairs in Bt — ¢K*y (B — ¢K%)
mode. Furthermore, we assign a systematic error of 4.6% in the neutral mode due to K9
reconstruction. The statistical uncertainty on the MC efficiency after reweighting is 0.9%
(1.3%). The uncertainties due to daughter branching fractions account for a systematic
contribution of 1.2%. We add each contribution above in quadrature to obtain the total
systematic uncertainty of 9.9% (11.9%).

157



In summary, we report the first observation of radiative B® — ¢K%y decays in Belle
using a data sample of 772 x 105 BB pairs. The observed signal yield is 35 + 8 with a
significance of 5.4 ¢ including systematic uncertainties. The measured branching fraction
is B(B® — ¢K%) = (2.66 £ 0.60 £ 0.32) x 107%. We also precisely measure B(Bt —
dKty) = (2.34 £ 0.29 £ 0.23) x 1075 with a significance of 9.6 0. The signal events are
mostly concentrated at low ¢/K mass, which is similar to a two-body radiative decay. The
neutral mode has enough statistics to measure time-dependent C'P asymmetry in order to
search for new physics from right-handed currents in radiative B decays.
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