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Abstract

We present a measurement of the branching fractions for neutral B meson into the final
state J/irtn~. The B® — J/v¢p" is found to be the dominant component, and the
additional possible contributions of B® — J/4 f, and non-resonant (nr) B® — J/¢mTn~
is also probed. The analysis is based on a data sample corresponding to 449 million BB
has been collected at the Y(4S) resonance by the Belle detector at the KEKB collider.

Obtained branching fractions are as followings:

B(B® — J/yntr™) = (2.2 £ 0.3(stat.) £ 0.2(sys.)) x 1077,
B(B® — J/vp°) = (1.9 £ 0.2(stat.) + 0.2(sys.)) x 1072,
B(B® — J/¢fs) < 4.9 x 107%(@90%C.L.),

BnrB® — J/yrtrT) < 4.0 x 107%(@90%C.L.).
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Chapter 1

Introduction

In the universe we are living now, only matter exists while antimatter does not remain.
Since almost all the laws of nature are symmetric between matter and antimatter, solving
this puzzle (matter-antimatter asymmetry) is a fundamental issue. In order to understand
the matter-antimatter asymmetry, the C'P violation is one of the key item to study. In
the field of elementary particle physics, the Standard Model (SM) has been established
during the last several decades. The SM is a re-normalizable field theory incorporating
six quarks and six leptons as the basic constituent fermions, the gauge bosons mediating
strong, electromagnetic and weak interactions as well as the Higgs bosons that give the
masses of elementary particles.

In the SM, the C'P violation as well as the flavor mixing in the quark sector is described
by the Kobayashi-Maskawa (KM) theory[l]. In this theory, the quark-mixing matrix
among three generation has an irreducible complex phase that gives rise to C'P violation
in weak interactions. In particular, the SM predicts large C'P-violating asymmetries in the
time-dependent rates of B® and B’ decays into a common CP eigenstate fop[2]. So far,
the C'P violation in B system has been confirmed by Belle[3] and BaBar[4] collaborations
by B® — J/v¥K? together with other B® — (ce)K°decays as fop. However, studies on
various B decay modes play an important role in ascertaining whether or not the KM
model provides a complete description of C'P violation and flavor mixing in the quark
sector, because various B decay final states involve different KM matrix elements and have
different sensitivity to constrain the KM model as well as to probe new physics, especially
concerning so-called the “penguin” that is non-leading contributions. Therefore, attempts
to observe and to get comprehensive understanding of flavor non-specific neutral B meson
decays are still very important.

In this thesis, the branching fraction measurement for B® — J/¢7 ™7~ decay is pre-
sented. In the quark level, this decay process is governed by b — ccd transition and is

a flavor-non-specific final state. It is “Cabibbo-suppressed” decay compared to the B
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decays caused by b — c¢s transition, e.g. B — J/YK or J/{K* decays. Therefore,
so far, other experiments have provided only limited knowledge about B’ — J/¢mn—
decay because of the limited statistics. The leading contribution, tree diagram, of this
decay has same weak phase as b — c¢s decays. However, tree and penguin amplitudes all
contribute to b — ccd to the same order in the sine of the Cabibbo angle, in contrast with
the b — ccs case. Therefore, if penguin or other contributions are substantial, a precision
measurement of the time-dependent C'P asymmetry in b — céd may reveal the C'P vio-
lation parameters that differ from the values for b — c¢s. If it is the case, the branching
fraction may also deviate from a naive expectation from already measured B — J/¢¥K or
J/YpK* decays assuming simple tree-dominance with Cabibbo-suppression. In addition,
by observing the di-pion invariant mass spectrum, the sources of the pion pair are resolved
into the possible resonant and non-resonant contributions. The components contributing
to the di-pion are also an important information to understand the strong interaction
effect in the B meson decays.

In the following sections of this Chapter, the fundamental discrete transformations
such as C, P and T operations and symmetries under them as well as the quark flavor
mixing and the C'P violation are briefly reviewed, then the relevant physics to B® —
J/yrtm~ decay is described. The experimental apparatus, the KEKB energy-asymmetric
eTe™ collider and the Belle detector are described in Chapter 2, then the event selection
procedure and reconstruction are explained in Chapter 3. Measurement of the branching
fraction for B® — J/vn*m~ decay and the study on di-pion invariant mass spectrum are

discussed in Chapter 4, and the work is concluded in Chapter 5.

1.1 Fundamental discrete transformations

In nature, there are three fundamental discrete transformations known as C, P and T
operations. The charge conjugation operator, C' changes the sign of internal charges
such as electric charge, baryon number and so on. The parity operator, P produces the

operation of spatial inversion of coordinates
(.T, Y, Z) - (_'Ta -Y, _Z)a

and 7T is a time reversal transformation that inverse the time coordinate. If the rule
of a physics phenomena unchanged under such transformation, it is called “symmetry
is conserved”, while “ symmetry is violated” if there is a difference in the rule between
before and after a transformation. Since gravity is too small to affect elementary particle

reactions, the SM is treating three interactions. Among those, strong and electromagnetic

2
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interactions conserve each of C', P and T symmetries, while the weak interaction totally
violates C' and P symmetries. This weak interaction’s nature results in the fact that it
couples only left-handed fermions (or right-handed anti-fermions). Especially its coupling
to quarks is closely related to the C'P violation, therefore it is discussed more in the next

section. In appendix, the complete description of C, P and T symmetries can be found.

1.2 Flavor mixing and C'P violation in the quark sec-
tor

In the Standard Model, six quarks form the three doublets that are called as three quark

0 )

in terms of mass eigenstates. The flavor of quarks and leptons changes only via the

generations:

charged-current weak interaction. Since the weak interaction violates the parity (P)
conservation, the charged weak boson W* couples only left-handed quarks. Also, the
quark weak eigenstates are different from mass eigenstates. Thus the Lagrangian of

charged-current weak interaction is expressed as

U
g _ =z o _
L= 7 (@)Y WiVkn | s | +(d,5,b) "W, Vig | e ,
b/, t),
where
g : coupling constant,
~# v matrix,
W= : W bosons,
d u
S or | ¢ : left — handed quark,
b/, t)y

and Vi is mixing matrix called Kobayashi-Maskawa matrix. This describes the quarks’

eigenstates in the weak interaction by linear combinations of mass eigenstates.

Vud Vus Vub
Vem = | Vea Ves Ve (1.1)
Vie Vis Vi
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This model was proposed by M. Kobayashi and T. Maskawa in 1973[1] for explaining the
CP violation in the weak interactions. This model requires the existence of at least three
quark generations, i.e. six quarks, even though only three quarks had been observed,
at that time. After that, ¢, b, and ¢t quark were discovered in 1974, 1977 and 1995,
respectively, and thus Kobayashi-Maskawa mechanism became a essential part of the
Standard Model.
Since Vi is unitary matrix, it satisfies:
Ve Vaa Vi Vui Vs Vup
ViuViw=| V&, Vi Vg Vi Ves Vo | =1 (1.2)
w Vo Vi Vie Vis Vi

Thus,

> ViV =0 (i k=d,s,b). (1.3)
i=u,c,t
The matrix elements are parameterized by three real parameters and one complex
phase. This irreducible complex phase introduces C'P violation. It is convenient to
write the matrix in Wolfenstein parameterization[13] which is an expansion in powers of
A =sinf, ~ 0.22, where 6, is called Cabibbo angle.

1—2%/2 A ANX3(p — in)
Viu = - 1—22/2 AN? + 0\
AN(1—p—in) —AN 1

Among Equation 1.2, the relation involving Vi4 and V,;, which is related to B meson

decays, results in

VuaVp + VeaViy + ViaVyy, = 0.

C

Each term is expressed in Wolfenstein parametrization

Vud Jb = A/\3 (p + 277)7
VeV ~ —AN,
ViaViy, =~ AN’(1—p—in).

The three terms form a closed triangle in the complex plane, which is called ”unitarity

triangle”, as shown in Figure 1.1. The three angle of the triangles are defined as

VchJ)) (VudVJb> ( VedV, )
=ar , ¢y = ar , ¢3 = ar .

Since the length of all three sides are the same order of O()\®), we can expect large C' P

violation such as ©O(0.1) ~ O(1) in the B meson systems.

4
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Summarizing the discussion in this section, the study of the B meson decays plays
very important role to test the Kobayashi-Maskawa model. Next section will describe the
physics related to B® — J/vnt7~ decays.

ImA

Vea Vi Re

Figure 1.1: The unitarity triangle.

1.3 Physics in B' — J/yrTn™

In B® — J/yn 71~ decay, the p° meson is known to be a dominant source of the di-pion, so
the tree and penguin diagrams for the B® — J/vp° decay are shown in Figure 1.2. Here,
not only p° but also other resonances can contribute if they contain the dd wave function
and can decay into 7T7~. The non-resonant process, the dd pair fragments hadronize
into pion pair without forming any resonance as intermediate state, would contribute as
well. Since both B® and B° are able to cause this transition, it is a flavor non-specific
neutral B meson decay.

Now, focusing on B® — J/¢p°® decay, there are two important points. One is the
fact that the tree diagram contains V,, and V.4 which have no KM complex phase, same
as the decays B® — J/¢ K™ that are caused by the b — c€s transition. Therefore the
time-dependent decay rate asymmetry between B® and B’ is caused by the complex phase
of V4 in B® — B mixing and the asymmetry is thought to be connected to sin 2¢;. The
other thing is this is the B decay to two vector mesons (J/v and p°). The spins of the

two vector mesons can add up to give a total spin of 0,1, or 2, while the B is a spin-less

5
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A
/
N

Figure 1.2: The tree and penguin Feynman diagrams for the decay B —J Jvp°.

particle, therefore the final state can have an orbital angular momentum of L = 0,1 or
2 between J/1 and p°, in order to conserve the total angular momentum. That means
the final state is a linear combination of L = 0,1 and 2 components in general. Taking
account of the fact that both J/1 and p° mesons have eigenvalues of P = —1 and C = —1,
the C'P eigenvalue of the final state is given by

CP(|J/$)1p%) = (=1)"(17/%)1p")). (1.4)

Therefore this final state is not a pure C'P eigenstate, but is an admixture of C'P-odd
and CP-even, due to the presence of the different angular momentum (L) partial waves.
In spite of the dilution factor given by the amount of the L = 0,2 (C'P-even) and L =1
(CP-odd) in the final state, this kind of decays can still be used to measure the unitarity
angles, because amounts of C'P-even and C P-odd partial waves can be determined by the
decay products’ angular distribution. The determination of the partial wave amounts is
called polarization measurement. Because of the points mentioned above, if tree diagram
is dominant, being same as B® — J/¢YK*(— K27°), we will obtain sin2¢; by doing
time-dependent C'P violation together with polarization measurement. The detailed de-
scription of B° -B mixing, mixing-induced C'P violation and principle of time-dependent
CP violation measurement can be found in the appendix.

However, C P violating asymmetries and polarization in B — J/1p° decay may differ
from the expected ones by B® — J/1K*® decay if penguin diagram or other non-standard
contribution is substantial. This is because the penguin amplitude contains the V;; which
is corresponding to an additional complex phase in the decay. In such case, branching
fraction can be also affected. Because, the branching fractions can be estimated by simply
scaling the measured branching fractions of the corresponding Cabibbo favored modes by
assuming that the modes are dominated by the tree diagram (shown on the left of Figure
1.2), With the PDG [16] values for the branching fractions, the B® — J/1p" branching

6
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fraction is estimated as

2
Br(B° = J/yK™) x %

CS

1
X5 = (3.740.5) x 1072, (1.5)

where the factor of a half comes from the coefficient of the dd content in the p° meson in
SU(3) flavor symmetry. The significant contribution of penguin diagram may cause the
branching fraction deviating from this naive estimation.

In the experimental point of view, it is necessary to study the whole neutral B meson
decay processes which result in the J/v7* 7~ final state, because the p® meson has a large
decay width. Here, a search for other resonant contributions than p® is quite interesting.
For example, the f, meson is one of the possible candidates. Also, determination of the
amount of non-resonant B® — J/y7 7~ contribution is important to obtain the net B® —
J/p° signal yield. Therefore we should attempt to resolve the entire B® — J/ymtr™
decays into the possible resonant and non-resonant contributions. The di-pion invariant
mass spectrum is the suitable observable for this purpose.

So far, CLEQ[5] and BaBar[6] collaborations have been reported the branching fraction
measurements of B® — J/¢7rTn~ decays with their data sample corresponding to 5.1
million BB and 56 million BB, respectively. In this thesis, the measurement of the
branching fraction of B® — J/yn* 7~ process as well as the di-pion mass spectrum study
are performed with the 449 million BB data sample which is much higher statistics data
than the previous studies. It is an important step for polarization and time-dependent

C P violation measurements in future.
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Chapter 2

Experimental Apparatus

The Belle experiment is in operation employing the KEKB accelerator and the Belle
detector at the High Energy Accelerator Research Organization (KEK), Tsukuba, Japan.
The main physics goal is to test the Kobayashi-Maskawa mechanism of C'P violation in
B decays. The experiment has started data taking in June, 1999 and has achieved many
physics results until now [23]. In this chapter, we briefly describe the KEKB e*e™ collider
and the Belle detector.

2.1 KEKB accelerator

The KEKB is an asymmetric energy ete~ collider with the energy of electrons and
positrons are 8 GeV and 3.5 GeV, respectively. The center of mass energy is 10.58
GeV, which corresponds to the mass of the Y(4S) that is the fourth resonance of b and
b quarks. The Y(4S) decays nearly 100% into a BB meson pair. Figure 2.1 illustrates
the configuration of the KEKB. The electrons (positrons) are accelerated to their full
energies by the linear accelerator (Linac) and are injected into the HER (LER) of about
3 km circumference. These rings are built side by side in a tunnel 11 m below the ground
level. The KEKB has only one interaction point (IP) in the Tsukuba experimental hall,
where the electron and positron beams collide at a finite angle of =11 mrad to avoid
parasitic collisions. To measure the time-dependent C'P asymmetry in B decays, KEKB

is designed with the following special characteristics,
e Asymmetric energy collider
e High luminosity

In the following, we describe these items.
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2.1.1 Asymmetric energy collider

KEKB consists of two storage rings for 8 GeV electron and 3.5 GeV positron. To measure
CP asymmetry, we have to determine the decay time difference of B® and B°, At. How-
ever, B meson lifetime (~ 1.6 ps) is too short to determine At directly. If electron and
positron collide with the same energy, B meson which is decayed from Y (4S) is almost at
rest and its flight length is only 20 gm. While, the produced B meson is boosted due to
the asymmetric energy with a Lorentz factor Sy ~ 0.425 and fly about 200 um on average

along the electron beam direction. Thus, At can be determined with enough resolution.

2.1.2 High luminosity

Luminosity £ represents beam intensity parameter defined as R = Lo, where o and R is
cross section and event rate. The branching fractions of B decays used for C'P asymmetry
measurements are order 10~* ~ 10%. Thus, KEKB is designed to achieve high luminosity,
10 x 10%3cm—2s~! which corresponds to 10® BB pairs a year.

The £ can be expressed as

L£=22x10*1+7) (EB'*I) (2.1)
Y +

E : beam energy [GeV]
I : circulating current [A]
¢ : beam-beam tune shift parameter
(this parameter reflects the strength of the beam-beam collision)
r aspect ratio of the beam shape (1 for a round and 0 for a flat beam)
B; : vertical beta function at interaction point [cm]

where - and + sign represent electron and positron cases, respectively. Each ring can store
at most 5000 bunches, which are clusters of a few hundred billion electrons (positrons).
The main parameters of the KEKB are summarized in Table 2.1. Until July 2006, the
KEKB has achieved the world record peak luminosity of 17.118 x 1033*cm2s~! and data
recorded by the Belle detector correspond to the integrated luminosity of 710 fb*.

2.2 The Belle Detector

The Belle detector surrounds the IP to catch particles produced by the ete™ collisions.
To measure time-dependent C' P asymmetry, it is required that we fully reconstruct B

meson decays efficiently, determine decay time difference and identify charged particle

10
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Table 2.1: Main parameters of KEKB.

Ring LER HER
Energy E 3.5 8.0 GeV
Circumference C 3016.26 m
Luminosity L 1x10% cm~2s7!
Crossing angle 0, +11 mrad
Tune shifts & /&y 0.039/0.052
Beta function at IP 37 /8> 0.33/0.01 m
Beam current 1 2.6 1.1 A
Natural bunch length o 0.4 cm
Energy spread . 71x 107" 6.7x 1074
Bunch spacing Sh 0.59 m
Particle/bunch N 3.3x 10" 1.4 x 10!
Emittance exfey, 1.8%x107%/3.6x 107 m
Synchrotron tune Vs 0.01 ~ 0.02
Betatron tune vy /vy 45.52/45.08 47.52/43.08
Momentum oy 1x107% ~ 2x 107
compaction factor
Energy loss/turn U, 0.811/1.5% 3.5 MeV
RF voltage V. 5 ~ 10 10 ~ 20 MV
RF frequency frF 508.887 MHz
Harmonic number h 5120
Longitudinal Te 43t/23% 23 ms
damping time
Total beam power P, 2.7t/4.5% 4.0 MW
Radiation power Psg 2.11/4.0% 3.8 MW
HOM power Prowm 0.57 0.15 MW
Bending radius p 16.3 104.5 m
Length of bending lp 0.915 5.86 m

magnet

T: without wigglers, {: with wigglers

11
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TSUKUBA

OHO

WIGGLER
WIGGLER

Figure 2.1: Configuration of the KEKB collider.

(e*, u*, 7+ and K*) for the B-flavor determination as well as the reconstruction of B
decays with high purity. The Belle detector is designed to satisfy those requirements.

Figure 2.2 and 2.3 show the detector configuration. The B meson vertices are mea-
sured by the silicon vertex detector (SVD) situated just outside of a cylindrical beryllium
beam pipe. Charged particle tracking is performed by the central drift chamber. Particle
identification is provided by dF/dz measurements in CDC, aerogel Cherencov counter
(ACC), and time-of-flight counter (TOF) placed radially outside of CDC. Electromag-
netic showers, which are used to identify photons and electrons, are detected in an array
of CsI(T1) crystals (ECL) located inside the solenoid coil. The super-conducting solenoid
provide a magnetic field of 1.5 T for momentum measurement of charged particles by
CDC. Muons and K? mesons are identified by arrays of resistive plate counters inter-
spersed in the iron yoke (KLM). In addition to these sub-detectors, the Belle detector
has extreme forward calorimeter (EFC) to improve the experimental sensitivity to some
physics processes such as B — 7v, as well as the luminosity measurement. The detector
performance is summarized in Table 2.2.

Figure 2.4 illustrates the Belle coordinate system which is defined as:

e z: horizontal, outward to the KEKB ring,

12
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,, -
Superconducﬂ/n ‘,,__ :
Solenoid ;

T
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—

Figure 2.3: Side view of the Belle detector.

13



CHAPTER 2. EXPERIMENTAL APPARATUS

>

Figure 2.4: Definition of the coordinate system.

e y: vertical, upward,
e z: opposite of the positron beam direction,
o 7 \/x2 +y?

f: the polar angle from z axis,

and ¢: the azimuth angle around z axis.

The detailed description of the Belle detector is found in the reference[25]. We give

the brief description of the major detector subsystems

2.2.1 Beam Pipe

The beam pipe is designed to minimize its thickness to reduce multiple coulomb scattering
which deteriorate the vertex resolution. Figure 2.5 shows the cross section of the beryllium
beam pipe at the interaction region. The beam pipe which was used up to 2003 summer
consists of two cylinders with different radii, the inner is 20.0 mm and the outer is 23.0
mm. Each cylinder have 0.5 mm thickness. A 2.5 mm gap between the cylinders provides
a channel for cooling a beam-induced heating. Helium gas is used as a coolant in order to
minimize the material in the beam pipe. Outside the outer beryllium cylinder, a 20 ym
thick gold sheet is attached in order to reduce the low energy photon background from
the HER. The total thickness of the beam pipe corresponds to 0.9% of a radiation length.

After 2003 summer, according to SVD upgrade, it was replaced by the one which as
two cylinders with the radii of 15.0 mm and 18.0 mm. PF200 liquid is flowing in a 2.5

mm gap between two cylinders in order for cooling.

14
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Readout Performance

Detector Type Configuration

Beam pipe Beryllium
(~2003)  double-wall

Beam pipe  Beryllium

He gas cooled

Cylindrical, =20 mm
0.5/2.5/0.5(mm)=Be/He/Be

Cylindrical, =15 mm PF200 liquid cooled

(2003~)  double-wall 0.5/2.5/0.5(mm)=Be/PF200/Be
Double 3-layers: 8/10/14 ladders ¢ : 40.96k oa, ~137.9 pm
SVD1 sided Strip pitch: 25(p)/50(n) um z : 40.96k for B® - J/¢Y K
(~2003) Si strip
Double 4-layers: 6/12/18/18 ladders ¢ : 55.296k oa, ~125.1 pm
SVD2 sided Strip pitch: z : 55.296k for B® - J/¢Y K}

Si strip 75(p)/50(n) pm (layer1-3)

(2003~)
73(p)/65(n) um (layer4)
Small cell Anode: 50 layers A: 84K oy = 130 pm
CDC drift Cathode: 3 layers C:15K o, <200 ~ 1,400pm
chamber r = 8.3-86.3 cm O/ = 0.3%/p? + 1
-77< 2 < 160 cm Oar/)ds = 6%
n:1.01 ~12x12x12 cm?® blocks Npe > 6
ACC ~ 1.03 960 barrel K/7 separation :
1.2<p<3.5GeV/c

/ 228 endcap

Silica
aerogel FM-PMT readout 1,788
TOF Scintillator 128 ¢ segmentation 128 x 2 oy = 100 ps
r =120 cm, 3 m-long K /7 separation :
TSC 64 ¢ segmentation 64 up to 1.2GeV/c
Csl Barrel : 7 = 125 - 162 cm 6,624 op/E=1.3 %/VE
ECL (Towered- End-cap : z = 1152 (F) Opos = 0.5 cm/v/E
structure) -102 cm and +196 cm 960 (B)
Magnet Super inner radius = 170 cm B=15T
conducting
Resistive 14 layers 0:16 K A¢p=A0=30 mrad
KLM plate (5cm Fe+4cm gap) $:16 K for K7,
counters 2 RPCs in each gap ~ 1 % hadron fake
EFC BGO 2x1.5x12 c¢m? 6:5 op/E=
$:32 (0.3~ 1)%/VE

Table 2.2: Performance parameters expected (or achieved) for the Belle detector (p; in

GeV/e, E in GeV).
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Figure 2.5: The cross section of the beryllium beam pipe at the interaction point.

2.2.2 Silicon Vertex Detector(SVD)

SVD detects the B meson vertex position which is essential for the measurement of time-
dependent C'P asymmetry parameters.

Figure 2.6 shows the geometrical configuration of the SVD which was used up to 2003
summer. It consists of three concentric cylindrical layers of silicon sensors and covers a
polar angle 23° < # < 139°. This corresponds to 86% of the full solid angle in the Y (45)
rest frame. The radii of the three layers are 30, 45.5 and 60.5 mm. The three layers are
constructed from 8, 10 and 14 ladders. Each ladder is made up of two long or short half
ladders that are mechanically jointed by a support structure but electrically independent
of each other. Each long half-ladder contains two double-sided silicon strip detectors
(DSSDs) and a hybrid unit. Each short half-ladder contains a DSSD and a hybrid unit.
The innermost layer ladder consists of two short half-ladders. The middle layer ladder
consists of a short and a long half-ladder. The outermost layer ladder consists of two long
half-ladders.

We use S6936 DSSDs fabricated by Hamamatsu Photonics, which were originally
developed for the DELPHI[26]. The size of DSSD is 57.5 x 33.5 mm? with thickness
of 300 pm. The schematic view of DSSD is shown in Figure 2.7. One side (n-side)
of DSSD has n* strips oriented perpendicular to the beam direction to measure the z
coordinate. The other side (p-side) with longitudinal p™ strips allows the ¢ coordinate
measurement. The n™-strips are interleaved by p* implants, which are called p stops,

to separate the consecutive strips electrically. The bias voltage of 75V is supplied to the
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SVD sideview

SVD endview \ CDC -
Sy =< — e —— — — = —
B = = @‘ """
S — _— Q@*Q
[ l”wo
Be beam pipe P

Figure 2.6: Detector configuration of SVD.

Figure 2.7: Schematic drawing of the DSSD.

17



CHAPTER 2. EXPERIMENTAL APPARATUS

n-side, while p-side is grounded. A charged particle passing through the depletion region
of the n bulk silicon generates pairs of electron and hole. The electrons and holes drift to
each strip and make two dimensional hit signals. The strip pitch is 25 pym for p-side and
42 pum for n-side. On the n-side, adjacent strips are read out by a single channel. This
gives an effective strip pitch of 84 ym. On the p-side, every other strip is connected to a
readout channel. Charge collected by the floating strips in between is read from adjacent
strips by means of capacitive charge division. The signal of DSSDs are read out by VA1
chips[27] [28]. The VA1 chip is a 128 channel CMOS integrated circuit fabricated in the
Austrian Micro Systems (AMS). Five VA1 chips are on both side of each hybrid unit. A

total number of readout channels is 81,920.

The performance of SVD is parameterized by the SVD-CDC track matching efficiency
and the impact parameter resolution of tracks with associated SVD hits. The SVD-
CDC track matching efficiency is defined as the probability that a CDC track within
the SVD acceptance has associated SVD hits in at least two layers, and in at least one
layer with both the r-¢ and r-z information. Figure 2.8 shows the SVD-CDC track
matching efficiency for hadronic events as a function of time. The average matching
efficiency is better than 98.7%, although we observe slight degradation after one year
operation as a result of the gain loss of VA1 from radiation damage[29]. The momentum
and angular dependence of the impact parameter resolution are shown in Figure 2.9.
They are well represented by the following formula: o,, = 19 ® 50/(pBsin*?6) pm and
0, = 36 ® 42/(pBsin®? ) pm, where “@” indicates a quadratic sum.

In summer 2003, a new vertex detector, SVD2, was successfully installed. SVD2 has
four detector layers, comprising 6, 12, 18, 18 ladders in the first, second, third layer,
respectively. Detector acceptance is also improved to have larger coverage, 17° < 150°,
which is the same as CDC. The first layer is even closer to the interaction region than
for the previous SVD (SVD1). The beam pipe is replaced by a new and smaller (1.5 cm
in radius) one as describe in the previous subsection.. Two kinds of DSSDs are installed;
34.9 x 76.4 mm? DSSDs are used for the fourth layer, and 28.4 x 79.6 mm? DSSDs are
used four other three layers. For the inner three layers, the z-strip pitch is 75um and the
¢-strip pitch is 50 pm. For the fourth layer, the z-strip (¢-strip) pitch is 73 (65) pm. Four
VAI1TA chips are installed on each hybrid. Each VA1TA chip consists of 128 channels
and amplifies the signals from 128 strips. These VA1TA chips can be read in parallel, and
the readout deadtime is reduced. They also have higher radiation tolerance than the VA1
chips. The sideview of SVD2 system is illustrated in Figure 2.10, while a typical hadronic
event recorded by SVD2 is shown in Figure 2.11.
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Figure 2.8: SVD-CDC track matching efficiency as a function of the date of data taking.
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Figure 2.9: Impact parameter resolution of charged tracks with associated SVD hits.
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Figure 2.10: An illustration of the second version of silicon vertex detector, SVD2

Figure 2.11: An typical hadronic event recorded by SVD2. Four DSSD detector layers
can be clearly seen. The dots denote the SVD2 hits associated with reconstructed charged
tracks. The open circle represents the CDC hits.
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2.2.3 Central Drift Chamber(CDC)

The main role of Central Drift Chamber(CDC) is detection of charged particle tracks
and reconstruction of their momenta from their curvature in the magnetic field of 1.5
T provided by the superconducting solenoid. CDC also provides particle identification

information in the form of dE/dx measurements for charged particles.

The structure of CDC is shown in Figure 2.12. The length is 2,400 mm, and the
inner and outer radii are 83 and 874 mm, respectively. The polar angle coverage is
17° < 0 < 150°. CDC is a small cell drift chamber containing a total of 50 anode sense
wire layers (32 axial wire layers and 18 stereo wire layers) and 3 cathode strip layers. The
axial wires are configured to be parallel to z axis, while the stereo wires are slanted by
approximately £50 mrad. The three dimensional information is provided by this wire
configuration. Eight field wires surround a sense wire to provide drift electric field, and
the field wires and a sense wire form a drift cell. The cell structure is shown in Figure 2.13.
CDC has 8,400 drift cells. A mixture of helium (50%) and ethane (50%) gas is filled in
the chamber with atmospheric pressure. A charged particle passing through CDC ionizes
the gas. The electrons, liberated from the ionized gas, drift to a sense wire with a specific
drift velocity and cause charge avalanches, then the measured signal height and the drift
time provides information of the energy deposit and the distance from the sense wire. In
the innermost radii, the three cathode strip layers are installed to provide the z position
measurements of tracks for the trigger system. The number of readout channel is 8,400

for anode sense wires and 1,792 for cathode strips.

Figure 2.14 shows the transverse momentum (p;) resolution as a function of p;. The p,
resolution is (0.20p; & 0.29)%, where p; is in unit of GeV/c. Figure 2.15 shows a scatter
plot of measured dFE/dx and particle momentum. Populations of pions, kaons, protons
and electrons are clearly seen. Figure 2.16 shows the distribution of dE/dx for minimum
ionizing particles measured with pions from K9 decays. The dE/dz resolution is measured
to be 7.8%

2.2.4 Aerogel Cherenkov Counter(ACC)

The aerogel Cherenkov counter (ACC) provides separation between K* and 7+ with
momentum ranged from 1.2 GeV/c to 3.5 GeV/c.

ACC detects if the particle emits Cherenkov light or not and distinguishes particle
species. A charged particle passing through a matter emit Cherenkov light if its velocity

is larger than the light velocity in the matter. The condition to emit Chrenkov light is
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Figure 2.12: Overview of the CDC structure. The lengths in the figure are in units of
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Figure 2.13: Cell structure of CDC.
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Figure 2.15: The measured dE/dz versus momentum observed in collision data.
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Figure 2.16: Distribution of (dE/dz)/(dE/dxeyp) for pions from K decays,where (dE/dx)
is the measured specific ionization and (dE/dz.s,) is the expectation by Bethe-Bloch
formula.

written as

m < pvn?—1, (2.2)

where m and p are the particle mass and the momentum and 7 is the refractive index of
the matter.

Figure 2.17 shows the configuration of ACC. ACC consists of 960 counter modules
segmented into 60 cells in the ¢ direction for the barrel part and 228 modules arranged
in 5 concentric layers for the forward endcap part of the detector. Each counter module
consists of a block of silica aerogel in an aluminum box of 0.2 mm thickness and one or two
fine-mesh type photomultiplier tubes (FM-PMTs) which can work in the 1.5 T magnetic
field. The silica aerogel with five different refractive indices, n = 1.010,1.013,1.015,1.020
and 1.028 are used for the barrel modules depending on the polar angle. The refractive
indices are selected to cover up to the maximum momentum of two body B decays. For
the endcap module, the silica aerogel with n = 1.030 is used for low momentum particles,
which is necessary for flavor tagging, to cover lack of TOF in the endcap. The number of
readout channel is 1,560 for the barrel modules and 228 for the endcap modules.

Figure 2.18 shows measured pulse height distributions for barrel ACC for e* tracks in
Bhabha events and K* candidates in hadronic events, where K* candidates are selected
by TOF and dFE/dxr measurements, together with the expectations from Monte Carlo

simulation. Clear separation between K* and e™ is seen.
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Figure 2.18: Pulse-height spectra in units of photoelectrons observed by barrel ACC for
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CHAPTER 2. EXPERIMENTAL APPARATUS

2.2.5 Time of Flight Counter(TOF)

Time of flight counter (TOF) detector system using plastic scintillation counters is used
to distinguish K= from 7% up to 1.2 GeV/c. TOF measures the elapsed time between a
collision at the interaction point and the time when the particle hits the TOF layer. A

relation between measured time T and the particle mass m is expressed as

c2T?
m = p4/ T2~ 1, (2.3)

where p is the particle momentum and L is the flight path length. For K* and 7% with a

momentum of 1.2 GeV/c and a flight path length of 1.2 m, which is the distance between
the interaction point and TOF, give T of 4.3 ns and 4.0 ns, respectively. TOF is designed
to have 100 ps time resolution which separate these K* and 7% by 3 o significance.
In addition to particle identification, TOF provides fast timing signals for the trigger
system. To sustain the fast trigger rate in any beam background condition, the thin
trigger scintillation counters (TSC) is appended just inside the TOF counter.

TOF system consists of 128 TOF counters and 64 TSCs. Two trapezoidally shaped
TOF counters and one TSC counter form one module. Figure 2.19 shows the configuration
of a TOF/TSC module. In total 64 TOF/TSC modules located at a radius of 1.2 m from
the interaction point cover a polar angle ranged from 34° to 120°. Each TOF counter is
read out by a FM-PMT at each end. Each TSC counter is read out by only one FM-PMT
from the backward end. The total number of readout channels is 256 for TOF and 64 for
TSC.

Figure 2.20 shows TOF time resolution for forward and backward PMTs and for the
weighted average as a function of z position in TOF module measured by p-pair events.
The resolution for the weighted average time is about 100 ps with a small z dependence.
Figure 2.21 shows the mass distribution obtained from TOF measurement. Clear peaks
corresponding to 7%, K* and protons are seen. The data points are in good agreement

with the Monte Carlo expectation assuming time resolution of 100 ps (histogram).

2.2.6 Electromagnetic Calorimeter(ECL)

The main purpose of the electromagnetic calorimeter (ECL) is the detection of electrons
and photons from B meson decays with high efficiency and good energy and position
resolutions. For our analysis, ECL plays important role in J/i¢) — e*e™ reconstruction.
Electron identification relies primarily on a comparison of the charged particle track mo-
mentum and the its energy deposit in ECL, as described in section 2.5.2. Electrons deposit

most of its energy in the ECL by electromagnetic shower, while hadrons or u* deposit
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Figure 2.19: Dimensions of a TOF/TSC module.

6(ToF) vs. Zhit
0-25 T T T I T T T I T T T I T T T I T T T ! T T T

| @ The s?veighted a\fferage of bcé)th ends |
-V Backwardend | A Forwardend:

0.20

0.15

o(TOF) (ns)

0.10

0.05
-70 -30 10 50 90 130 170
Zhit (cm)

Figure 2.20: Time resolution for y-pair events.
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Figure 2.21: Mass distribution from TOF measurement for particle momenta below
1.2GeV/c. Histogram shows the Monte Carlo expectation assuming time resolution of
100 ps. The points with error bars are data.

small fraction of their energies. Thus, good energy resolution of ECL is indispensable for
electron identification. In addition to this, we need to detect the photons radiated from
the electron or positron in J/1) — e*e™ decays in order to reduce the radiative tail in the
invariant mass distribution as described in section 3.4.1.

The overall configuration of the ECL is shown in Figure 2.22. ECL consists of 8,736
thallium doped Csl crystal counters, and the total weight is 43 tons. The calorimeter
covers the polar angle region of 17° and 150°, corresponding to a total solid-angle coverage
of 91 % of 47. The barrel part has 6,624 crystals segmented 46 in 6 and 144 in ¢. The
forward (backward) endcap has 1,152 (960) crystals segmented 13 (10) in 6 and 48-144
(64-144) in ¢ depending on . Small gaps between the barrel and endcap crystals provide
a path way for cables. The loss of solid angle associated with these gaps is approximately
3 % of the total acceptance.

Each CsI(T1) crystal has a tower-like shape as shown in Figure 2.23. Typical size of a
crystal is 30 ¢cm long, 5.5 cm x 5.5 ¢cm in the front face, and 6.5 cm x 6.5 cm in the rear
face, respectively. The length corresponds to 16.2 radiation lengths. According to Monte
Carlo simulation, approximately 80% of the total energy deposited by a photon injected
at the center of the front face of the crystal is contained in that crystal. A single CsI(T1)
counter is assembled as indicated in Figure 2.24. All sides of the crystal except for the
end face for light readout are covered by a single layer of 200 pym thick Teflon. It is then

covered by a 25 um thick layer of aluminaized mylar for light and electrical shielding.
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Figure 2.22: Configuration of ECL.
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Two photodiodes, each having an active area of 10 mm X 20 mm, are glued at the center
of crystal end surface via an acrylic plate of 1 mm thickness.

A block diagram of read out system is shown in Figure 2.25. Each counter has two
photodiodes and preamplifiers attached at the end of the crystal in order to read out
scintillation. The preamplifier output is transmitted to a shaping circuit where the two
signals from the same crystal are summed. Then, the summed signal is split into two
streams: one is for the signal to measure energy and the other is for the trigger signal
with 200 ns shaping time.

The energy resolution is measured with the beam test before installation into the Belle
structure to be op/E = 1.34 ® 0.066/E & 0.81/EY* %, where E in GeV. The position
resolution is 0.27 +3.4/E'/? +1.8/E'/* mm. Figure 2.26 shows the energy resolution and

the position resolution.

2.2.7 Solenoid Magnet

The super-conducting solenoid provides a magnetic field of 1.5 T over the tracking volume
for measurement of charged particle momentum. The super-conducting coil consists of
a single layer of niobium-titanium-copper alloy embedded in a high purity aluminum
stabilizer. It is wound around the inner surface of an aluminum support cylinder with 3.4
m in diameter and 4.4 m length. Indirect cooling is provided by liquid helium circulating
through a tube on the inner surface of the aluminum cylinder. Figure 2.27 shows the

structure of the solenoid.

2.2.8 K? and Muon Detector(KLM)

KLM detects Ky and muons. For our measurement, KLM provides muon detection for
J /1 reconstruction.

KLM consists of alternating layers of charged particle detectors and 4.7 cm thick iron
plates. There are 15 resistive plate counter (RPC) superlayers and 14 iron layers in the
octagonal barrel region and 14 RPC superlayers in each of the forward and backward
endcaps. The iron layers also serve as a return yoke of the magnetic flux provided by
the super-conducting solenoid. Figure 2.28 shows the barrel part of the iron yoke. A
cross section of a RPC superlayers is shown in Figure 2.29. Each RPC superlayer consists
of two RPC modules and provides #-¢ two dimensional information. A charged particle
traversing the gas gap ionizes the gas and initiates a streamer in the gas. The streamer
results in a local discharge of the glass plates. This discharge is limited by the high
resistivity of the plates and induces a signal on external pickup strips. The iron plates

provide a total of 3.9 hadronic interaction lengths for a particle traveling normal to the
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Figure 2.23: The CsI(T1) crystal shape.
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Figure 2.24: The mechanical assembly of the CsI(T1) counter.
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Figure 2.26: The energy resolution (left) and the position resolution (right) of ECL as a
function of incident photon energy.
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detector planes. K interacting with the iron produces a hadronic shower of ionizing

particles and is detected by RPC layers.
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Figure 2.28: Barrel part of the iron yoke. The unit is mm.

2.2.9 Trigger and Data acquisition

The trigger system is required to catch BB event by ~ 100 % efficiency, while it is needed
to suppress the trigger rate for uninteresting events. Because of the high beam current
of KEKB, the trigger suffers from severe beam background. Since the beam background
rates are very sensitive to actual accelerator conditions, it is difficult to make a reliable
estimation. Therefore, the trigger system is required to be flexible so that background
rates are kept within the tolerance of the data acquisition bandwidth and is also needed
to have redundant triggers to keep the high trigger efficiency for physics events of interest.

Figure 2.30 shows a schematic view of the Belle Level 1 trigger system. It consists of
the sub-detector trigger systems and the central trigger system called the global decision
logic (GDL). The GDL combines the sub-detector trigger signals and make a final decision
to initiate a Belle wide data acquisition within 2.2 ys from beam crossing. There are two
major types of triggers prepared for the hadronic events. One is based on the charged
track information from CDC. The other is provided by the energy information from ECL.
These two redundant triggers provide more than 99.5 % trigger efficiency for BB events.
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Figure 2.29: Cross section of a KLLM super-layer.

The typical trigger rate is 300-350 Hz.

A schematic view of the Belle data acquisition system is shown in Figure 2.31. In
order to keep DAQ dead time fraction less than 10 % up to a maximum trigger rate of
500Hz, the entire system is segmented into 7 subsystems running in parallel. The signals
from sub-detectors are converted to timing signals by the Q-to-T converters (MQT300A)
except for KLM and SVD and digitized by FASTBUS multi hit TDC (LRS1877S). KLM
hits are processed by the multiplexer system and fed to LRS1877S. SVD signals digitized
by the flush ADC system and processed by DSP (Digital Signal Processing) for noise
reduction. The data of each subsystem are sent to the event builder. The event builder
converts “detector-by-detector” parallel data streams to an “event-by-event” data river
and sent the data to an online computer farm. The online computer formats an event data
into an offline event format and performs a background reduction (the Level 3 trigger)
after a fast event reconstruction. The data are then sent to a mass storage system located
at the computer center 2 km away via optical fibers. A typical event data size is about

30 kB, which corresponds to the maximum data rate of 15 MB/s.
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Figure 2.30: The Level-1 trigger system for the Belle detector.

2.2.10 Offline Software and Computing

Collected data by the Belle detector are analyzed at the offline computer farm. To cope
with large data which accumulate at a rate of 400 GB a day, the parallel processing scheme
by multi-CPU-servers is developed. Belle has a PC farm equivalent to 650 GHz Pentium
III for data analysis. The PC farm is capable of processing ~ 2 fb~! data a day.

All software for the data acquisition and the data analysis except for a few HEP specific
and non HEP specific free software packages has been developed by the members of the
Belle collaboration. In particular, the mechanisms to process events in parallel on large
SMP (Symmetric Multiple Processor) computer servers have been developed locally using
C and C++ programming languages. The users’ reconstruction and analysis codes run
on the event processing framework, called BASF (Belle AnalySis Framework), as modules
and are linked dynamically at the run time. The BASF takes care of input/output of
event data, parallel processing and HBOOK]30] output.

2.3 Monte Carlo Simulation

An important part of high physics data analysis is comparing real data to Monte Carlo

expectations using simulated data. This enables the detector response to certain process
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to be predicted and understood. It is vital for our understanding of how efficiently the
Belle detector will record specific types of events. Monte Carlo is also used to study the
detector response to very rare types of events, enabling us to deduce ways to increase the
sensitivity to such events.

Generating Monte Carlo data takes place in two stage. First, the underlying par-
ticle physics process, such as collision and subsequent decays of daughter particles, are
simulated. Then, the detector response to these particles is simulated. The first step
uses the EvtGen package[32] [33]. It incorporates particle properties compiled from many
experiments in the form of world averages and also position entries. The Monte Carlo
simulation data used in this analysis is described in section 3.2.

The generated events are then passed to a BASF module called GSIM. This module
simulates the detector response and is very computationally intensive. GSIM is based on
the CERN package GEANT3([37] and simulates the interactions between the final state
particles and the detector. The simulated data is then reconstructed in the same way as
real data with the final MDSTs containing the additional event generator information.

Many efforts are made to keep the simulation as accurate as possible. Background
events are added by taking random trigger events and inserting them into the Monte
Carlo data set. The varying size and position of the IP is incorporated as well as any

changes in the sub-detectors, such as dead channels.

2.4 Particle Reconstruction

The final state particles’ energy, momentum and species have to be reconstructed from
the recorded detector hits. In this chapter, the key reconstruction techniques for charged

particles and showers are described.

2.4.1 Charged particle reconstruction

The first step of charged particle reconstruction is finding track-segment-hit-patterns in
the CDC. The tracks projected onto the r — ¢ plane are searched for with axial wire
hits, then hits of the stereo wires are used to determine z positions of the track. Track
parameters (momentum and position) of the found track are obtained by the fitting based
on the Kalman filter technique [38], which minimizes the effects of the multiple Coulomb
scattering and non-uniformity of the magnetic field in the CDC in the determination of
the track parameters. Then, all of the hit points are connected and fitted to a helix to
obtain the particle momentum and position. Finally, the reconstructed charged particle

trajectory is extrapolated toward the SVD to be connected to the SVD hits to improve
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the resolution of track parameters. Here, the track parameters are computed again with
combination of the hits on the CDC and the SVD.

The track momenta are calibrated by a scaling constant so that reconstructed invariant
masses of J/¢p — pTu~ and D° — K 7' decays become consistent with the world
averages. The calibrations are made for every run range typically a few month data taking.
The major source of a change in the calibration constant comes from the fluctuation of a
current supplied to the solenoid magnet and the amount of the correction is O(1072). The
estimated errors of track parameters are also calibrated by a scaling constant using the
cosmic ray events in which a cosmic ray particle penetrates detector and is recognized by
the track finding algorithm as two individual tracks. Since the “two” tracks must possess
same track parameters, the difference between these “two” tracks is suitable to calibrate
the estimated errors of the track parameters. Typical amounts of the corrections by the

scaling constants are 10 - 15 %.

2.4.2 Shower reconstruction

Photon or electron cause electromagnetic shower at the CsI(T1) crystal in the ECL, then
its energy is measured. An electromagnetic shower spreads over several crystals that are
neighboring each other. Therefore, such a group of crystal hits, which is called cluster,
has to be found to reconstruct a shower. First, a local maximum energy crystal, whose
energy deposit exceeds 10 MeV, is picked up as a ”seed crystal”. The surrounding crystals
of 5x5 matrix is the basis of the shower reconstruction. Figure 2.32 shows the cluster of

5x5 crystals.

AN

-
N\ il

4

Figure 2.32: Schematic view of the shower reconstruction based on the cluster of 5x5
crystals. Hatched crystal with most dark color is a seed crystal, and the hatched one with
lighter color denote the recorded hits.

The crystal hits less than 0.5 MeV are suppressed by the readout TDC(LRS 1877S).
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All the recorded hits(i.e. at least 0.5 MeV) in the 5x5 matrix are summed up to get
the incident particle’s energy. The incident position is calculated by the energy-weighted
average position of the recorded crystal hits inside 5x5 matrix. Here, since naive calcu-
lations of the energy and position have some systematic behavior due to electromagnetic
shower development characteristics and finite crystal size(~5.5x5.5 cm at the front face),
so we apply the appropriate corrections which are determined by Monte Carlo simulation.

To check the matching among the reconstructed showers and tracks, a track is extrap-
olated up to the calorimeter crystal front face. When the extrapolated track go across a
Csl crystal front face, the shower including the hit crystal, where the extrapolated track
arrived, is regarded as an associated shower with the charged track.

Among the showers that are not associated with any charged tracks, we accept all the
reconstructed ones as photons if they exceed 0.5 GeV. Below 0.5 GeV, we require the
following criteria to be recognized as a photon; having at least 20 MeV, shower width
is less than 6 cm and E9/E25 is greater than 0.75, where, shower width is the lateral
spread of the shower calculated as the energy-weighted distance between crystal hits and
the shower center, E9/E25 means the ratio of between the energies contained by 3x3 and

5x 5 crystal matrices surrounding the seed crystal.

2.5 Particle Identification

The particle identification play an important role in efficient reconstruction of particle.

In this section, the method of particle identification is described.

2.5.1 K¥*/r* Identification

In this analysis, the separation of kaons from pions is crucial for eliminating bacgrounds
coming from B — J/¢pK®*) decays. The K* /7% identification is carried out by combining
information: dF/dx measurement by CDC, information from TOF, and measurement of
the number of photoelectrons in the ACC. For each charged track, we calculate probability
with kaon and pion hypothesis for each sub-detector. The probabilities of each sub-
detector is combined to form a likelihood ratio defined as PID(K) = Pk /(Px+Py), where
Py and P, are product of sub-detectors’ probabilities for K* and 7, respectively. The
K#* /7% identification is performed with the PID(K). The K* identification efficiency
and wrong identification probability of 7% as K+ measured with D** — D°(— K¥r*)n*
decays are shown in Figure 2.33. For most of the momentum region, the measured K+
identification efficiency exceeds 80 %, while the 7 fake rate is kept below 10 %. This

performance allows us to reduce backgrounds by rejecting the tracks identified as charged
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Figure 2.33: K efficiency and 7 fake rate as a function of momentum.

2.5.2 Electron Identification

For electron identification, we use the following discriminants that are based on the in-
formation from CDC and ECL.

e Matching of an extrapolated track position and a cluster position in the ECL
It is important for electron identification to find out a right combination of a cluster
and track position. The ECL cluster position is determined by the center-of -gravity
of the ECL hits in the cluster as described in section 2.4.2. Figure 2.34 shows the
difference in ¢ (A¢) and 6 (Af) between a cluster position and a position of an
extrapolated electron track. Since the lateral spread of electron is narrower than that
of hadronic showers, the electron’s cluster position matches with the extrapolated

track position better than that of hadron’s.

Using the A¢ and Af, we form the matching x? to identify electrons as follows:

2 2
e= () +(5)
OA¢ OAl
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Figure 2.34: A¢ (left, top), Af (left, bottom), and cluster-track matching x? (right)
distributions for electrons and charged pions.

where op4 and oag are the widths obtained by fitting the A¢ and A6 distribution
of electrons with Gaussian. The x? distributions for electrons and charged pions are
shown in Figure 2.34 For each charged track, a cluster that gives the minimum x?
and that have the x? less than 50, is take for the matched cluster.

e Ratio of cluster energy measured by ECL (F) and charged track momentum (p)
measured by CDC : E/p
The E/p is use as a powerful discriminant to distinguish electrons from hadrons.
Since electron deposites almost all energy in ECL, the electron’s E/p becomes close
to unity. While, the deposit energy of hadrons in ECL is smaller than their mo-
mentum (E < p). Figure 2.35 shows E/p distribution for electrons and pions. The
momentum range is 0.5 GeV/c < pjap < 3.0 GeV/c in the laboratory frame. The tail
in the lower E/p side of electrons comes from interaction of electrons with materials
in front and the shower leakage in ECL. As shown in Figure 2.35 which shows the

momentum dependence of E/p, E/p is more efficient in high momentum region.

e Shower shape
Since electromagnetic shower and hadronic shower have different shape in both
transverse and longitudinal directions, this difference can be used as a significant
discriminant. The shower shape in the transverse direction can be evaluated with
E9/E25, which is defined as a ratio of energy summed in 3 x 3 crystals to that in 5
x b crystals. Figure 2.36 shows E9/FE25 for electrons and charged pions. Electrons
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Figure 2.35: E/p distribution (left) and momentum dependence distribution of E/p (right)
for electrons and charged pions.

have a peak at around 0.95 with relatively small low-side tail, while pions have more
events in the lower F9/E25 region.

e dF/dx measurement by CDC
Energy deposit in CDC is measured as dE/dz. As shown in Figure 2.37 which
shows dE/dx of electrons and pions, the dEdzx enables us to distinguish electrons
and hadrons effectively. The averaged dF/dx as a function of momentum is shown
in Figure 2.37. From the distribution, the separating power is higher in the lower

momentum region and this feature is supplementary to the ability of E/p.

In addition to above discriminants, light yield in ACC is also incorporated for the elec-
tron identification to eliminate kaons. The likelihood ratio £, computed with combination

of above quantities is defined as

. ILRO
© IL Pe(d) + IT; Pas)

where P.(i) and P, (i) are the probabilities to identify electrons and hadrons respectively,

which are calculated from i-th discriminator. Figure 2.38 shows the electron identification
efficiency measured with ete™ — ete~"eTe™ data and the fake rate for charged pions from
K2 — 7t~ decays as a function of momentum. The efficiency of electron identification
is greater than 90 % and the hadron fake rate is less than 1% for pj, > 1 GeV/c. The
detailed description of electron identification are given in [39].
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Figure 2.39: Muon identification efficiency versus momentum in KLM (left). Fake rate
for charged pions versus momentum in KLM (right).

2.5.3 Muon Identification

KLM provides muon identification for charged particles with momenta greater than 0.6
GeV/c. Charged particles with momenta less than 0.6 GeV/c cannot reach KLM. The
muon identification is performed based on the range and the transverse scattering in KLM.
Muons pass through KLM with small deflections, while hadrons, which are dominated by
pions, are deflected by the strong interaction with iron and then stop within less iron
layers than muons. These information is parametrized by the number of penetrated iron
plates and the reduced x? calculated with the extrapolated charged track and the position
of KLM hits. A likelihood ratio of the muon hypothesis and the pion hypothesis is made
combining these two information and is used to separate muons from hadrons. Figure
2.39 shows the muon identification efficiency measured with cosmic muons as a function
of momentum and the fake rate for 7* measured with K3 — w7~ decays. Typical
efficiency for momentum grater than 1 GeV/c is better than 90 %, while fake rate for 7

is smaller than 2 %. The details of muon identification are given in Ref.[40].
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Chapter 3

Event Selection and Reconstruction

In this chapter, we describe the procedure of event selection and reconstruction for B® —
J/Ymtn~ candidates. First, we select hadronic events from the data sample collected by
the Belle detector. Next, we reconstruct J/i then combine 7*7~ to reconstruct B meson

candidates.

3.1 Data Sample

The data sample used for this analysis is collected by the Belle detector from January 2000
to July 2005. The integrated luminosity at the Y (4S) resonance is 414 fb~!, corresponding
to 449 million BB pairs. The obtained data is filtered by requiring the hadronic event
selection described in section 3.3, then processed by further reconstruction procedure to
obtain B — J/¢7t7~ candidates.

3.2 Monte Carlo sample

As describe in the earlier chapter, in order to know the detection efficiency for B® —
J/yYmtn~ signal decays and to estimate a background, a Monte Carlo (MC) simulation
data has to be prepared. In this subsection, the Monte Carlo datasets used in this analysis
is briefly described. The events are generated by the EvtGen software that is described in
the section 2.3 by specifying the proper B decay model and giving an appropriate input

parameters.

3.2.1 Signal Monte Carlo

As described in section 1.3 , there can be several sources of the di-pion system in B% —
J/rta~ decays. The B® — J/1p° is known to contribute predominantly. About other

possible resonant contributions, a hint of B — J /v f, are gotten as described in the next
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chapter. Therefore the Monte Carlo sample for these two decay modes are prepared. In
order to generate the B® — J/¢p° Monte Carlo events, the SVV_HELAMP decay model is
used. This decay model is the proper one to treat the B meson decay into two vector
mesons. The polarization parameters are set to be same as B — J/¢K* mode[43],
as it can be regarded as a reasonable assumption to estimate the detection efficiency.
The p° — wt7~ decay is treated by the VSS decay model that carries out a vector
particle decay into two spin-less particles. The B° — J/vf, Monte Carlo events are
generated by the model in which B° decays into J/1 and f, according to the available
phase space distribution, that is called PHSP model. The f, decay into 77 is taken
care by the TSS decay model that handle the kinematics tensor decay to two spin-less
particles. The BY decay into J/v, 7™ and 7~ with PHSP model is also simulated, in
order to model non-resonant B® — J/yn 1~ and to estimate the detection efficiency
as a function of the di-pion invariant mass (M,+,-). The decay model used here are
described in Ref.[42]. Table 3.1 summarizes the Monte Carlo samples for different di-pion
components among B — J/v7rt7r~ final states considered in this analysis. Each B°

| B? Decay Channel | Number of Events | Decay model |
BY — J/vyp° 100,000 SVV_HELAMP
BY — J/yfy 100,000 PHSP and TSS
B — J/¢Y7mtm~ non-resonant 100,000 PHSP

Table 3.1: The Monte Carlo sample to treat various B° decays into J/ymn.

decay channel is generated 100,000 events and processed by GSIM detector simulation
and reconstruction programs for two different detector configuration, SVD1 (till 2003
summer) and SVD2 (after 2003 summer).

3.2.2 Inclusive J/¢¥ Monte Carlo

In the analysis presented in section 3.5 and later, the background estimation is carried
out by the inclusive J/1 Monte Carlo[41] that is the simulated BB events in which one
of the B decays into the final state having a J/v. Not only the J/v directly coming from
B but also the higher charmonium states decaying into J/1, e.g. ¥(2S5), X0, X1 and Xeo
are also taken into account. In the inclusive J/¢) Monte Carlo sample the J/i coming
from one of the B is forced to decay to either electron or muon pair because these are
the only decay modes in which J/ is reconstructed in this analysis. The amount of the

simulated events is equivalent to 3.88 x 10'° BB.
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3.3 Hadronic Event Selection

The data sample contains not only T (4S) production but also several other processes
such as continuum e*e” — ¢q (¢ = u, d, s, ¢) processes, muon pair productions, tau pair
productions, Bhabha (including radiative Bhabha ) and two-photon (yy — ¢g) processes.
The cross section of these processes are listed in Table 3.2. The data sample also contains
cosmic ray events, and beam background, which occur from spent electrons that are off
the beam orbit due to the bremsstrahlung, and the interactions between the electron (or

positron) and beam gas. To suppress these unnecessary events and to select hadronic

Process Cross section (nb)
ete™ — T(45) 1.2
ete”™ = qq (¢ =u,d, s, c) 2.8
ete” = It~ (l=p,71) 1.6
Bhabha (Olab > 170) 44.
two-photon (04, > 17°, p; > 0.1 GeV) ~ 15

Table 3.2: Cross section for each process in ete™ collisions at the center of mass energy
of \/s = 10.58 GeV [44]. 6, and p; are the polar angle in the laboratory frame and p; is
transverse momentum of the final state particle, respectively.

events that comes from continuum and Y (4S) production, we apply the following require-

ments:

e The number of good charged tracks > 3.
Where the good charged track is defined to satisfy (1) transverse momentum, P, >
0.1 GeV/e, (2) the impact parameter to the nominal interaction point in the x-y
plane, |dr| < 2.0 cm, (3) the impact parameter to the nominal interaction point

along z-axis, |dz| < 4.0 cm.

This requirement is effective to suppress Bhabha and p pair productions. It also
reduces the cosmic rays and the beam background because the tracks from these
events come from arbitrary points while the tracks from hadronic events come from

the nominal interaction point.

e At least one "good” ECL cluster should be within the fiducial volume of —0.7 <
cosf < 0.9. The good ECL cluster is defined as the cluster having the energy more
than 100 MeV. This requirement reduces Bhabha events because most clusters for

Bhabha events have a very shallow angle.
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The total visible energy E,;; > 0.24/s where /s represents the cms (center of mass
system) energy of Y(4S). The E,; is calculated from the good tracks assuming the
pion mass and good photons in an event, where the good photon is defined as the
good ECL cluster within the CDC acceptance (17° < 6 < 150° in the laboratory

frame) with no associated tracks from the CDC.

The energy sum of the good ECL clusters within the CDC acceptance, Ey,,, is re-
quired to satisfy

0.1 < Egum/V's <0.8.

The average cluster energy defined as Ej,,,/(Number of good ECL cluster), includ-

ing the ones outside the CDC acceptance, is required to be

FEgum/(Number of good ECL cluster) < 1 GeV.

This requirement is used to suppress the Bhabha process.

The momentum sum of good tracks and good photons is required to be balanced in

the z direction in the cms to eliminate the beam background.

|P,| < 0.5y/s

The position of the primary vertex is required to satisfy |ryertez| < 1.5 cm and
|Zyertez| < 3.5 cm, where primary vertex is obtained from all good charged tracks, r
and z represent the position of the primary vertex in the r-¢ plane and the z-axis,

respectively.

To suppress tau pair, beam gas, and two-photon events and to regain continuum
events which are inconsistent with tau pair events, we adopt the following require-
ments. At first, we separate the event into two hemispheres by a plane perpendicular
to the event thrust axis, then the invariant mass of tracks in each hemisphere is cal-
culated assuming a pion mass for each track. In tau pair events, this invariant mass
does not exceed tau mass. In the event, we regard the lager invariant mass as heavy

jet mass, Mj¢. It is required to satisfy

M;e; > 1.8GeV/c® or Egyny/3 > 0.18 or Mo/ Eyis > 0.25

where E,,, includes the cluster outside the CDC acceptance.
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The efficiencies of the hadronic event selection is 99.1 % for BB events and 79.5 % for
continuum process, while the contamination of the non-hadronic components is less than
5 % [45].

3.4 B"— J/Yntr~ Reconstruction

To suppress continuum process, we require the event shape variable Ry to be less than
0.5, where R, is the ratio of the second to the zeroth Fox-Wolfram moment [46]. R is
defined as

_ 30 1Bl - (3 cos® ¢y — 1))
- 23 325 19l 13 ]

where p; is a momentum vector of i-th particle, ¢;; is an angle between p; and p; in

Ry (3.1)

the cms, and N is a total number of particles in the event. For jet-like events, such
as continuum, most cosg;; are likely to be ~ £1 and the denominator in Equation 3.1
becomes similar number. Therefore Ry becomes 1 in the limits of narrowest two-jet event.
While, in the case of spherical events like B decays, Ry ~ 0. The efficiency loss due to
Ry selection is estimated to be smaller than 0.5 % [45].

In order for J/1) mesons reconstruction and charged pion pairs forming, the charged
tracks are required to have |dz| < bem and 0.4 rad < 6 < 2.43 rad, where dz is the z
component of the track’s closest approach with respect to the origin and @ is polar angle of
the track. The former requirement is introduced to eliminate the wrongly reconstructed
tracks and the latter is to require the tracks to be detected within good fiducial volume
throughout SVD1 and SVD2 data as shown in Figure 3.1. With this # requirement,
the detection efficiencies are almost identical between SVD1 and SVD2 environment (see
section 4.4, Table 4.6).

3.4.1 Reconstruction of J/¢

J/v mesons are reconstructed via their decays into opposite charged lepton pairs (e*e”
or ). Both lepton tracks must be identified to have opposite charges.

In the ete™ mode, ECL clusters that are within 50 mrad of the track’s initial mo-
mentum vector are included in the calculation of the invariant mass, in order to include
photons radiated from electrons/positrons. The invariant mass M+~ (I = e or p) is

calculated

2
M = (Va4 e+ 3+ b ) i (32

where ete™ case, pi+ and pi- are the corrected with the four-momentum of the included

photons. Figure 3.2 (a) and (b) show the invariant mass distributions of ete™ pairs for
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Figure 3.1: Charged tracks’ 6 distribution for B® — J/vnt7~ phase space (PHSP) signal
Monte Carlo. Here, 100,000 events are generated for both of each SVD1 and SVD2 Monte
Carlo. Upper: Comparison between two Monte Carlo datasets processed under SVD1 and
SVD2 environment. Lower: Difference between the number of tracks as a function of 6.
The arrows show the window to accept tracks to reconstruct B candidates.

Monte Carlo and experimental data, where the arrows indicate the edges of the mass
window. Although the radiative photon’s effect is included, a broad tail in the lower mass
region is seen in the distribution. It is due to absorption of photon by the material in front
of the ECL. Thus, the invariant masses of ete™, M,+.-, is required to satisfy the range
—150 MeV/¢® < (Mg+e- — My)y) < 36 MeV /c?. Here My, denotes the world average of
the J/1¢ mass [16]. Figure 3.2 (c) and (d) show the invariant mass distributions of p*p~
pairs. For the invariant mass of p*u~, M,+,-, it is required to satisfy —60 MeV /c* <
(M- — M) < 36 MeV/c?. The invariant mass window is asymmetric due to missing
energy carried away by radiative photon, though the effect is much smaller than ete™

case.
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For the J/1 candidate events after the invariant mass selection, we apply the fit with
vertex and mass constraint, where we vary the momentum of lepton tracks within their
error under the constraint that these tracks come from same decay vertex point, and the
invariant masses of lepton pair become the world average J/1¢ mass. It improves the

reconstructed B° momentum resolution.
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Figure 3.2: The invariant mass distribution of electron pairs for (a) B — J/¢m*7— PHSP
signal Monte Carlo 100,000 events and (b) data, muon pairs for (¢) B® — J/¢r "7~ PHSP
signal Monte Carlo and (d) data. Arrows indicate the invariant mass ranges.

3.4.2 Reconstruction of B’

J /1 and two charged pions are combined to form B candidates. The B candidate selection
is carried out using two observables in the Y(4S) cms, i.e., the beam-energy constrained

mass (My) and the energy difference (AFE), which are defined as follows:
\/(EWI))I(eam)2 - Z ‘p_jPa
Z Ez* - Elfeam’

where Epeam = 1/5/2 is the cms beam energy, and p;* and E} are the cms three-momenta

My = (3.3)

AE = (3.4)

and energies of the B meson decay products, respectively. In order to improve AE and
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M, resolutions, we applied the fit with vertex to 7+7~ pairs. To reduce the B® — J/¢ K}
events and the backgrounds due to accidentally formed pion pairs, we require the distance
between the reconstructed vertices of the J/1 and the 77~ pair to be less than 3 mm.

The fraction that we find more than one J/¢7"7~ combination in —0.2 < AE < 0.2
and 5.2GeV/c? < My, in a event is 14 %. The candidate events are selected by requiring
the smallest x? of the vertex fit of charged pion tracks in the final state, because such
multiple candidate events are totally due to the number of 77~ combination in the event.

The B meson signal region is defined as 5.27 GeV/c* < M. < 5.29 GeV/c? and
—0.04 GeV < AFE < 0.04 GeV. Figure 3.3 and 3.4 show scatter plot of M. and AFE
for signal Monte Carlo and data sample. The number of reconstructed B® — J/wrtn~

candidates passing the all selection criteria is 1098 events.
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Figure 3.3: Upper left: M, .-AF 2D distribution, upper right: AFE projection in 5.27 <
M. < 5.29 GeV/c?, lower: M, projection in —0.04 < AE < 0.04 GeV for B® —
J/vmt 7~ PHSP signal Monte Carlo 100,000 events. Dashed lines indicate the signal region.

3.5 Inclusive J/¢¥ Background

Since the main background source is B meson decays having a J/¢, we checked the
background components using the inclusive J/¢ Monte Carlo sample (see section 3.2.2).
Table 3.3 shows the remained background events of the decays in the signal box.

Some decay modes make a peak structure at signal value of My.. The order of the

branching fraction for these decays is 1.0 x 1072 which is far greater than the signal
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Figure 3.4: Upper left: My.-AFE 2D distribution, upper right: AE projection in 5.27 <
My < 5.29 GeV/c?, lower: My, projection in —0.04 < AE < 0.04 GeV for candidate
events found in the experimental data corresponding to 449 million BB. Dashed lines
indicate the signal region.

Neutral B Monte Carlo Charged B Monte Carlo
B = JJy K" 261 BE = J/YK*(392)% 118
B — J/pK*(892)° 150 B* — J/yK,(1270)* 47
B — J/$ K, (1270)° 30 B* — J/yK*rtn- 24
B — J/y K1t n~ 24 B* — J/¢YyKr*n0 20
BY — J/yK*r+ 70 23 B* — J/K;3(1430)% 16
B — J/yK;(1430)° 18 B* — J/pp* 18
B® — J/4 others 518 B* — J/v others 95
total 1025 (events) total 338 (events)

Table 3.3: Background B decay modes expected with the inclusive J /1 Monte Carlo
sample that corresponds to 3.88 x 10'°BB
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branching fraction (due to the extra level of Cabibbo suppression in B® — .J/10° decay).
This background is therefore a potential problem, but it can be separated using AE

distribution.

3.5.1 AF distribution

The experimental data AFE distribution superimposed with the background expectation
obtained by inclusive J/1¢ Monte Carlo is shown in Figure 3.5. The AE distribution for
J/YK*(K*m~) peaks at a lower value (AE ~ —0.12 GeV) than that for signal, this is due
to assigning the mass of the pion to kaon in the construction of the B candidate. And there
is no peak structure around zero in AE projection except for B® — J/YK2(— 7ntr).
In the inclusive J/v Monte Carlo, B — J/¢K}(1430)° and B® — K;(1430)° are also
taken into account[47]. The branching fraction of each background mode is summarized
in Table 3.4.

Since the peaking structure in the signal region is B® — J/¢ K% only, it’s contribution
can be easily subtracted by using M, +,- distribution as described in section 4.4.2. Because
there is no peaking structure in the signal region except for it, the B® — J/¢rtm~
signal yield can be obtained by the fit to this AFE distribution. A detailed explanation is

mentioned in the next chapter.

Background mode Branching Fraction
B® — J/YK)Y (8.72 £033) x10~*
BY — J/¢yK*(892)° | (1.33 4+ 0.06) x1073
B® — J /K (1430)° 5.0 x107° %

B — J/yK3;(1430)° 2.6 x107* x

BY — J/yK* (1.008 & 0.035 ) x10~3
BY — J/ym* (4.9+06) x107°

Table 3.4: Branching fraction for each decay mode in AE background. The values marked
by * are the ones in the EvtGen program, otherwise the value and uncertainty are taken
from the PDGJ16].
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deltaE 414/fb

25 histograms
— Data
B JAy K
T A K (892F
20 N Ky(1 4309
1[ B Jhy K (1430§
S

LN
J[ _ others

Figure 3.5: AFE distribution of experimental data(dots with error bar) superimposed with
the background expectation obtained by inclusive J/1) Monte Carlo(histograms) in 5.27
GeV/c’< My, < 5.29 GeV/c?. Note that the contribution named “Others” contains only
B — J/¢¥X other than B — J/¢Y K™ and B* — J/¢n* modes; i.e. the continuum
background (ete™ — i, dd, s3 and c¢) is not considered in the background expectation
shown here.
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Chapter 4

Measurement of the Branching
Fractions

4.1 Signal yield extraction

4.1.1 Fitting to the AF distribution

As mentioned in the previous section 3.5.1, The BY — J/vr"n~ signal yield is obtained
by the fit to the AFE distribution. The signal distribution is expressed by Gaussian.
Among B — J/9X backgrounds, AFE distributions for the decays,

B® = J/WK®, B - J/yK;(1430)°, B — J/$K;(1430)°,
B* —» J/YyK*  and B* — J/yr®,

are expressed by smoothed histograms according to the Monte Carlo simulation, be-
cause the branching fractions for these B decay modes are relatively well-measured|[16].
Other backgrounds do not form significant peaking structure so that their sum up is ex-
pressed as a 1st order polynomial. The fit result is shown in Figure 4.1. The peak around
AFE = 0 comes from B’ — J/yrtr signal and B® — J/YK2%(— 777 ), and correspond
to 435 + 29 events. The B — J/¢ K} subtraction is done by M, +,- distribution to
obtain the net B® — J/yntm~ signal yield. To obtain the number of J/9 K2, a fitting
to the M, +,- is performed. The function used in the fit is a double Gaussian, because
the natural width of the K is so small that the observed distribution is completely dom-
inated by the Gaussian detector resolution. First, their mass, width values and the ratio
of fitted yields between two Gaussian components are determined by fitting the M+, -
distribution with Monte Carlo expectation (see Figure 4.2). The resultant numbers are

summarized in Table 4.1. Then the fit to the data is performed with fixing those values
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hdata
delta E 41 4/fb Entries 5418
Mean -0.01045
RMS 0.09585
= i i Norm K”° 1+0.0
250— x/n.d.f.=1.22 Norm K(1430) 1+0.0
L N s656.6 | : Norm K(1430) 1200
- E E Norm K* 1+0.0
| | | Norm 1+0.0
' ' Pol, 45.28 +1.50
B , ! Pol, -172.8 +13.1
— : : Area 435.3+29.4
200_ Mean 0.0006148 +0.0005055
' ' G 0.007387 +0.000519
Bin Width 0.0068 +0.0000
histograms
Jyrn'w
150 Jy K(892)° |
Jhy K(1430)
== Jhy K(1430)°
= Jy K
— J/\Vni
100 others
50

-0.1 -0.05 0 0.05 0.1 0.15 0.2

Figure 4.1: AF distribution with the fit result. Gaussian to describe B® — J/¢mn~
signal + B — J/¢YKo(— 7t7~) and first order polynomial to describe the“Others”
background, while background contributions due to exclusive B decay modes into J/
are fixed(see text). Here, first order polynomial takes not only BB background but also
the potential continuum background into account.

Mass (GeV/c?) | Width (GeV/c?) | Yield ratio
Gaussian 1 0.4977 0.002171 0.7618
Gaussian 2 0.4956 0.005002 0.2382

Table 4.1: Mass, width and the ratio of fitted yield to fit the M,+,_ distribution of
B — J/y K.
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(see Figure 4.3), and obtained 101+10 events of B® — J/¢YK3(— 7t7~) decays.

After subtracting this contribution, the net B® — J/vntm~ signal yield is obtained
to be 334+40 events.

| | Number of events |
Number of gross B® — J/ymtm 435 + 29
Number of B® — J/¢Y K 101 £ 10
Number of net signal B — J/¢nt ™ 334 + 40

Table 4.2: The numbers to calculate the signal B® — J/¢m ™7~ events.

The same procedure is applied to the subsamples which are divided according to M, +,-

subregions to obtain the background contribution as a function of M+ ,- (section 4.3.4).

In the next section, we describe the fit to the pion pair invariant mass spectrum in

order to resolve the contributions of decays in B® — J/¢7" 7~ final state.

h100
Entries 3902

. Mean 0.4971

L W RMS 0.004374
600— ( %2/ ndf 26.49 / 31

r Pol, 44.35+ 15.56

r { Pol, -81.33+ 30.36
500 | Area, 2606+ 131.3

- Mean, 0.4977+ 0.0001

L { 6,  0.002171+0.000070
400 Area, 815.4+118.2

L { Mean;  0.4956+0.0004
300} J w S, 0.005002+ 0.000373
200 (

N J L
100 J’( WL

L Jf‘J "\L

0000 ”F'V_ﬁT\\\‘\H\‘\\\\‘\\H}TT*QOJ—t‘AJJ—iAlJllll«J—X

0.4750.480.4850.490.495 0.5 0.5050.510.5150.520.525

Figure 4.2: M, .- distribution around K§ peak using signal Monte Carlo. Double Gaus-
sian is capable to describe the peak shape.
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Figure 4.3: Fit to M;+,- distribution around K?% — 77 peak of the events passing the
selection criteria in 449 million BB experimental data. 101+10 B% — J/YK3(— 777 ™)

events are found.

4.2 Pion pair invariant mass (M +,-) spectrum

Figure 4.4 shows the distribution of the charged pion pairs’ invariant mass(M;+,-) for
the B® — J/¢rTm~ candidate events found in the signal region(5.27 GeV/c?< My, <
5.29 GeV/c? and -0.04 GeV < AE < 0.04 GeV). The sharp peak at 0.5 GeV/c? due to
K? — 77 and p° contribution around 0.77GeV/c? are apparent. There is an bump-like
structure around M+, = 1.25GeV/c?, that might be the B® — J/4) f, contribution.

We take the following five contributions into account to describe the observed M, +,-

distribution and perform a binned maximum likelihood fit to determine each contribution.

1. B — J/¢p°

2. B = J/ibfo

3. non-resonant BY — J/¢mTn~

4. BY = J/pKD

5. Background (not B — J/ynt7™)
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Figure 4.4: The pion pairs’ invariant mass(My+,-) distribution for the B — J/¢m*n~
candidate events found from experimental data corresponding to 449 million BB.

A probability density function (PDF) is constructed for each of these five contributions.
Note that the B — J/¥ K2 mode is not considered as signal. The detailed procedure is

described in the following subsections.

4.3 Probability Density Functions to fit the M_+ -
distribution

4.3.1 B — J/¢p" and B° — J/9fs

In order to handle a resonance which comes from B decays, a relativistic Breit-Wigner
function[48] is used. The Probability Density Function(PDF) is written as;

A4%+W*IKA4%+W*)}DZLMT+1
(M(? - M? )2 + M(?F(MFJFF—)Q’

rta—

F(Myt,-) = (4.1)

where My, I'y and J is mass, natural width and spin of the resonance, respectively. Here
M +,- dependent width I'(M,+,-) is introduced in order to take the final state’s phase

space into account,

I(My+r-) =Ty <2>2H1 ( My ) G(R,q,q), (4.2)

4o A4%+W—
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here G(R, g, qo) is the Blatt-Weiskopf barrier factor given in Table 4.3;

Spin J | Blatt-Weiskopf barrier factor G(R, ¢, qo)

0 1
1 1 ()
14+ (R+hc)2q?

9+3(R/hc)®qo*+(R/hc) q0?
9+3(R+he)2q2+(R+he)qg?

Table 4.3: Blatt-Weisskopf barrier factor for each spin state.

The meanings of the other parameters in PDF are as follows:

¢ is the pion momentum in the di-pion rest frame;

M7T+7l'_ 2 9
= -m
q 2 7

where m, is the mass of charged pion.

go is the pion momentum for M, +,- = M, case.
My\®
w=\{7) ~m

P is the J/v momentum in the B° rest frame expressed as follows;

R T Ty T
- 2MBO B J/’lﬁ’

where Mpo and My, are masses of B and J/4, respectively.

(4.3)

(4.6)

Leys is the effective orbital angular momentum between the J/v and the p° or fo,

which can take any value in the range from 0 up to 2 (from 1 up to 3 in fo case).

Here we use 1 in this analysis to extract the central value of signal yield. The

difference in other fitting results are taken into account as a systematic uncertainty.

R is the Blatt-Weiscopf barrier-factor radius[49]. The fit is performed in case of R
equal to two values (0.5 and 1.0 fm[50]), and we used 1.0 fm in the nominal fit. The

difference in other fitting result is taken into account as a systematic uncertainty.
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The function F(My+,-) is a result from squared absolute value of the Breit-Wigner
amplitude, M (M +,-). Since the normalization of F(M,+,-) is not easy to be analyt-
ically obtained, a normalization factor NV is needed to be introduced. This N is to be
adjusted in accordance with the numerical integration of F'(M,+,-). Hence, the amplitude
M(M,+,-) can be written as:

NMey T (M- ) P?Pess 1
L ' A7
AA( mtm ) (AJQ __A4g)—%iﬂ4br(ﬂ4%+w*) ( )

mta—

Therefore, its real and imaginary parts are:

M? — M?

R = \/NMi ;T (Mt - ) P?Lesst1 i 0 4.8
6(/»1) \/ mtrw ( ntrw ) (A4z+w_ —'A43)-+-A£§P(A4z+w_)’ ( )

—MoT (M +.-)
Im(M) =/NM+,-T(M,+,- ) P?Less+1 . 4.9
(M) = /N My D (M) o, -+ groe,, ) 4

Then overall phase f is applied to this amplitude, i.e.

M — Me?. (4.10)

So real and imaginary parts are modified to be:

\/NMw+7r—F(M7r+7r—)P2Leff+1 ) \ .
- Metn- — M, 0 + MoI'(My+,-)sin6}, (4.11
Re(M) (M2, _ — M)+ M(?I’(Mﬁﬂ_)?{( mtm o) cost + MoD(My+,-)sin 6}, ( )

\/fVA4%+W_ITAJ%+W_)])ZLMT+1
(M2 - Mg)Z + MgF(Mﬂ+r—)2

mrr—

Im(M) = {(M2 - — MZ)sin@ — MoT(My+,- ) cos 0}. (4.12)

If there is only one resonance contributes to the decay, such overall phase does not
have any physical meaning, since overall phase does not give us any change of the ob-
served quantities. However, when we consider the case that two different resonances
contribute, the phase has an important meaning. Their amplitudes are M; and Mo,
both are expressed as Equation 4.7. In general, there is a phase difference between these

two resonances. Therefore in order to take this fact into account,
.M2 — Mg@ie (413)

has to be done, where € becomes the phase difference the two resonances. Finally, the

function to be used to fit real M, +,- is obtained to be:
My + Mye® ). (4.14)
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Test of PDF for B° — J/vp" with signal Monte Carlo

The PDF used to model the p° resonance is a relativistic p-wave Breit-Wigner function
with the parameters listed in Table 4.4. The fitting result for signal Monte Carlo events
is shown in Figure 4.5. The phase is fixed to 0, because this fitting considers a single

resonamnce.

Parameter value
J 1
Iy 146.4 MeV/c?
M, 775.5 MeV /c?
phase 0

Table 4.4: The parameter values in the Breit-Wigner function for B® — J/10°

Mpipi | hmpipi

Entries 22860

B Mean 0.7985

- RMS 0.1907

2500 x?/ ndf 5.109e+05/43

B N(rho) 2.261e+04+151
2000
1500
1000
500~

07 L1 ‘ L1 ‘ L1 ‘ L1 L\J_AJ J] LLA_IJ 1
04 06 08 1 1.2 14 16 18 2 22

Figure 4.5: Fit to M,+,- distribution of B® — .J/1p® signal Monte Carlo with p-wave
Breit Wigner function.

Test of PDF for B° — J/v f, with signal Monte Carlo

The PDF used to model the f; resonance is a relativistic d-wave Breit-Wigner function
with the parameters listed in Table 4.5. The fitting result for signal Monte Carlo events
is shown in the Figure 4.6. The phase is fixed to 0, because this fitting considers a single

resonarmnce.
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Parameter value
J 2
Iy 185.1 MeV/c?
M, 1275.4 MeV /c?
phase 0

Table 4.5: The parameter values in the Breit-Wigner function for B® — J/1 f,

Entries 25675

r Mean 1.289

2500 RMS 0.1494

L %%/ ndf 9.466e+04 / 39

F N(f2) 2.715e+04 +170
2000
1500
1000
500

Gl\lJJAL‘\LlJJ \\\‘\\\‘\\\‘\\ L\\l
04 06 08 1 12 14 16 18 2 22

Figure 4.6: Fit to M +,- distribution of B® — J/4f, signal Monte Carlo with d-wave
Breit Wigner function.

4.3.2 Non-resonant B’ — J/yrn~

We assume that the M +,- distribution for non-resonant B® — J/¢rT7~ is same as
B® — J/yaTn~ PHSP decays. Therefore based on B® — J/yn™n~ PHSP Monte Carlo
sample, an empirical function to describe the M, +,- distribution is obtained as shown
in Figure 4.7 by comparing the results for several orders of polynomials (see Figure 4.8),
we use a sixth order polynomial function as a PDF used to model the non-resonant
B — J/vntm™ mode. The obtained formula Fxg(My+,-) is

Fxg (M=) = n(—6170 + 44400 M +,- — 113000M72, _ + 150000M2, _  (4.15)
—105000M2, - + 37100M?, _ — 5232M%, _)
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,where n is the normalization factor that is treated as a floated parameter in the fitting
t0 M+ ,-.

svd1+svd2*300/150 poly6
Entries 40
Mean 1.37
RMS 0.4666
x2/ ndf 89.15/32
Py -6167£13.9
P, 4.441e+04+38
P, -1.128e+05: 29
P, 1.498e+05+: 16
P, -1.05e+05: 8
Py 3.71e+04:4
Pg -5232+1.5

2.5 3 3.5

Figure 4.7: M, +,- distribution obtained from B® — J/¢r"n~ PHSP Monte Carlo. The
parametrized curve is 6th order polynomial used to model the non-resonant J/im*mw~
contribution. Different hatchings are corresponding to SVD1 and SVD2 Monte Carlo.
The ratio between SVD1 and SVD2 Monte Carlo sample is determined by the number of
BB in experimental data.

4.3.3 B’ — J/¢YK)

As described in section 4.1.1, K — 77~ contribution is described by double Gaussian
function. The mass and width values of each Gaussian function and the ratio of their
fitted yield are fixed with the results listed in Table 4.1.

4.3.4 Background (non B° — J/¢rt717)

As explained in section 3.5.1, AFE distribution is appropriate to obtain the background
yield as well as the signal. Therefore, in order to obtain the background distribution as a
function of M +,-, we divide the candidate event sample according to M +,- in every 0.1
GeV/c? bin from 0.25 GeV/c? to 2.25 GeV/c?. Then the fitting to the AE distribution
in each M+, bin is performed with the same way used in section 4.1.1. Figure 4.9 ~
Figure 4.27 show the results of the M;+,- bin-by-bin fits. The signal width value is fixed
to 7.327 MeV/c? according to the signal Monte Carlo expectation.
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Figure 4.8: The reduced x? (= x? divided by the number of degree of freedom of the fit)
values are plotted as a function of the orders of the polynomial functions which were used
for the fitting to the M+, distribution of non-resonant B® — J/¢7 7. The 6th order
of polynomial was adopted as the proper function.
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Fjigurle 4'9_: AE within My Figure 4.10: AFE within M, Figure 4.11: AFE within M,
Signal reglon. signal region. signal region.

2
(0-25< Mrx <035GeV/C) (0 35< M,, <0.45CGeV/c2) (0.45< My <0.55GeV/c?)

tFor Figure 4.9 ~ Figure 4.28, the dots with error bars show distribution of experimental data. The
red line is Gaussian to describe signal. The dashed lines are smoothed histograms of Monte Carlo to
describe background distributions listed in Table 3.4. The green line is first order polynomial to describe
other backgrounds. The fitting procedure is same as described in subsection 4.1.1.
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Figure 4.12: AFE within My, Figure 4.13: AFE within My, Figure 4.14: AFE within M,
signal region. signal region. signal region.

(0.55< My, <0.65GeV/c2) (0.65< My, <0.75GeV/c?) (0.75< My, <0.85GeV/c?)

0.85-0.95 0.95-1.05 1.05-1.15
5 5 (I
L m.df=2.44 L ¥n.d.f=2.45 [ ¥indtf.=2.25
Ngy=51.90 [ Ngg=63.49 18] :* Ngy=51.90
20T 201~ 16F

il

S
-0.1 -0.05 .05 0.1 0.15 0.2

|
ﬁo

Figure 4.15: AFE within My, Figure 4.16: AFE within My, Figure 4.17: AFE within M,
signal region. signal region. signal region.
(0.85< M, <0.95GeV/c?) (1.05< M, <1.15GeV/c*) (1.05< M,, <1.15GeV/c?)
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Figure 4.18: AFE within My, Figure 4.19: AFE within My, Figure 4.20: AFE within M,
signal region. signal region. signal region.
(1.15< M, <1.25GeV/c?) (1.25< M, <1.35GeV/c*) (1.35< My, <1.45GeV/c?)
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Figure 4.21: AFE within My, Figure 4.22: AFE within My, Figure 4.23: AF within M,
signal region. signal region. signal region.

(1.45< My, <1.55GeV/c?) (1.55< My, <1.65GeV/c?) (1.65< My, <1.75GeV/c?)
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Figure 4.24: AFE within My, Figure 4.25: AFE within My, Figure 4.26: AF within M,
signal region. signal region. signal region.
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Figure 4.27: AFE within My, Figure 4.28: AFE within M,
signal region. signal region.

(2.05< My <2.15GeV/c2) (2.15< My, <2.25GeV/c?)

We performed the fits to the obtained background as a function of M, +,- with several
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order of polynomials (see Figure 4.30) then obtained the proper function shown in Figure
4.29. The resultant background PDF formula Fy g (M;+,-) is

Fag (Mpiqg-) = —99 + 528 M4 ,- — 631 M7, _ (4.16)
+307M72, - — 54M 7y .

Because this PDF is determined model-independently by data, this does not have any
free parameters (i.e. normalization factor is 1).

Here, the signal yields are obtained as a function of M,+,- at the same time. Since
the bin width is coarse (0.1 GeV/c?), those signal yield values are used to perform a cross

check of the nominal fit to resolve p°, f, and non-resonant contributions as shown in

section 4.6.
22/ ndf 15.17 /15
po -99.43 18.5
80— p1 528+88.27
. p2 -631.4:129.3
70 p3 306.7:74.07
N p4 -54.13+ 14.5
60—
50—
40—
30—
20—
10—
0:\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\\

02040608 1 121416 18 2 22

Figure 4.29: Background PDF as a function of M +,-, expressed as a 4th order polyno-
mial. The amount of the background is extracted from the fit to AE distribution of the
subsample divided by 0.1 GeV/c?:-wide M+, bins.

4.4 Detection efficiency correction

In principle, the detection efficiency can have a dependence on M, +,-. If it is the case,
this effect has to be taken into account during the fit to M, +,- distribution. Using
the B — J/vnt7~ PHSP, B® — J/¢p’ and B® — J/+f, signal Monte Carlo events

mentioned in section 3.2.1, we investigated the behavior of detection efficiencies for each
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Figure 4.30: The reduced x? (= x? divided by the number of degree of freedom of the fit)
values are plotted as a function of the orders of the polynomial functions which were used
for the fitting to the background distribution. The 4th order of polynomial was adopted
as the proper function.

subsample divided by proper M, +,- bins. The detection efficiency (¢;) for i-th bin is

defined as
Ndet

~ N
where N2 is the signal yield obtained by the fit to AF distribution and N is the

number of generated events in ¢-th M+, bin.

(4.17)

€

As shown in Figure 4.31, detection efficiencies exhibit consistent behavior between
SVD1 and SVD2 environment. The numerical results are summarized in Table 4.6, where

the ratio of the efficiency difference is defined as

Raipy =

€svD1 — €SV D2 (4.18)
€svD2
For these three processes of B® — J/yntn~ PHSP, B® — J/1p® and B® — J/v f,, the

ratio of the difference is defined as

€J/9p0 or J/pfs — €EPHSP
” = £ 2 . (4.19)

€pHSP

The detection efficiencies are found to be also consistent each other with considering the
error of the efficiency in each M, +,- bin. Therefore we use the efficiency curve obtained

by B® — J/+v7nTm~ PHSP signal Monte Carlo as an universal one to perform acceptance
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BY = J/gmtr PHSP | B° — J/up° | B — J/uf
€sv D1 0.280 =+ 0.005 0.247 £ 0.005 | 0.273 £ 0.005
€sv Do 0.279 + 0.005 0.242 + 0.005 | 0.272 + 0.005
Raif 0.5% 2.0% 0.4%

Table 4.6: The efficiency of B® — J/¢r*x~ PHSP, B® — J/¢p® and B® — J/1 fo modes
for SVD1 and SVD2. The ratios of the differences between SVD1 and SVD2 are shown

in the bottom.

BY — J/ymtm PHSP and
B® — J/p°

B — J/ymtm PHSP and
B° — J/¢fo

1
diff

6.0%

1.5%

Table 4.7: The ratio of the efficiency difference among three modes.

correction for all three considered processes. This efficiency curve is parameterized with

6th order polynomial then considered in M, +,- fittings mentioned in section 4.5. For
the calculation of total B® — J/wntm~, € =0.281 4 0.005 is used which is the weighted
average value of B® — J/vp® and B® — J/v f, modes.
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Figure 4.31: The efficiency curve as a function of M, +,- obtained by

Left; B® — J/¢m"n~ PHSP signal Monte Carlo, Center; B® — .J/1p° signal Monte Carlo,
Right; B® — J/1 f, signal Monte Carlo.
B® — J/+vntr~ PHSP is used as an universal one to obtain an efficiency correction func-

tion.
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4.5 M+, .- fitting results

A binned maximum likelihood fit is performed with PDF's described in section 4.3. Here, in
order to examine the existence of the B® — J/v f, and the non-resonant B® — J/¢rtm—

decays, the fit is carried out in three different cases;
(i) B® = J/¢p°, B® — J/9 K2 and Background,
(i) B® — J/4 f, contribution is additionally taken into account,

(iii) non-resonant B® — J/¢mT 7~ contribution is additionally taken into account to

case (ii).

(i) is shown in Figure 4.32. This includes only well-known decay modes. (ii) and (iii) are
shown in Figure 4.33 and 4.34, respectively. The interference between B® — J/1p" and
B — J/1 f, is taken into account in those fits.

The results are summarized in Table 4.8. The calculation of the branching fractions
are done by using the results of (iii) Figure 4.34 in section 4.8.1, because it’s likelihood of
the fit is the best value.

(i) Figure 4.32 | (ii) Figure 4.33 | (iii) Figure 4.34
N(B® = J/¢p") 1098 + 93 997 £ 99 091 + 99
N(B° — J/1f) — 74 + 44 60 + 45
Nxr(B° = Jjprtn™) | ——— S 73 + 92
phase difference (rad) — 1.08 £ 0.66 1.09 £ 0.77
-2InLL 246.6 239.6 238.9

Table 4.8: Summary of fitting results. Note that N(B® — J/¢p°), N(B° — J/vf2) and
Nxgr(B® = J/¢mTn) are efficiency corrected values.

4.6 Cross Check

As mentioned in section 4.3.4, the signal yield extracted as a function of M, +,- provides
a good cross check. It is performed as shown in Figure 4.35 and 4.36 for (ii) and (iii)
cases. The results are summarized in Table 4.9.

The yields of p° and f, as well as the phase difference between them are found to be
consistent with the resultant values obtained by the fit results shown in previous section

4.5 within their statistical errors.
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Figure 4.32: Fit to My+,- distribution with J/vp® + J/¢ K + Background.
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Figure 4.33: Fit to M+, distribution with J/v¢fy + J/vp® + J/ K2 + Background.
The interference between J/¢p° and J/4 f, is taken into account.
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Figure 4.34: Fit to M +,- distribution with non — resonantJ/yrn~ + J/ fo + J/1p® +
J/YKY + Background. The interference between J/v¢p® and J /4 f5 is taken into account.

(ii) Figure 4.33 | (iii) Figure 4.34

N(B" = J/4p") 924 + 82 927 + 82
N(B® — J/1f) 76 + 33 84 + 36
NNR(BO — J/¢7T+7Ti) E— -32 + 58

phase difference (rad) 1.13 £ 0.48 1.12 + 0.45

Table 4.9: Summary of fit results as a cross check. Note that N(B® — J/¢p°), N(B® —
J/f3) and Nxgr(B® — J/¢m™n) are efficiency corrected values.
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Figure 4.35: Fit to the signal yield extracted as a function of M,+,- with f, + p° contri-
butions. The obtained values are found to be consistent with the resultant values obtained
by the fit shown as Figure 4.33 within their statistical errors.
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Figure 4.36: Fit to the signal yield extracted as a function of M, +,- with non-resonant

ntn~ + fo + p° contributions. The obtained values are found to be consistent with the
resultant values obtained by the fit shown as Figure 4.34.
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4.7 Systematic uncertainties

We consider the following sources for systematic errors. The considered systematic errors
and their contribution to each decay mode are listed in Table 4.18 and 4.19. The total

systematic uncertainty is calculated by a sum of them in quadrature.

4.7.1 Track reconstruction

It is estimated by the measurement of the data-Monte Carlo relative efficiency of charged
tracks using n — 7t7 7% and n — v7y. The efficiency ratio between data and Monte
Carlo is obtained by taking the ratio

epara(m™m™)  Npara(n = 777 7°) /Npara(n — v7)

_ , 4.20
o)~ Naoly = w7 1) [Naro(n = 77) (4.20)

where NV is the signal yield for data and Monte Carlo of the relevant decay. The systematic
error arising from the photon detection is assumed to be canceled out by taking the ratio,
since the 7+ also decays into two photons. The tracking efficiency for a single track can

be obtained from the ratio. The single 7* finding efficiency ratio can be determined by

e emo(mtn) '

The statistical error for this method is very small thanks to the large amount of  mesons,
so if the ratio, Equation 4.21, deviates from 1, it directly indicates probable systematic
effect of charged particle detection.

The systematic uncertainty of finding one charged track is estimated to be 1.2 %.
These errors have to be added linearly and to be rounded into proper digits. As a result,
we have a 4.9 % systematic error arising from tracking efficiencies in the final state of
B — J/vntr~ decay.

4.7.2 Particle identification

e Lepton ID
The systematic uncertainties related to lepton identification are estimated by the
J/v decays into ete™ or utu~ modes. In the case of J/1) — eTe™ mode, first of all,
one charged track is required to be identified as electron (or positron) with very tight
likelihood ratio criteria. Then two kinds of combinations are made; (i) combined
with all the oppositely charged tracks and (ii) combined with the oppositely charged
track that is identified as electron with the nominal likelihood ratio criteria. By the

fit to the invariant mass distributions for the above two cases, the J/¢ — ete”
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signal yields are extracted. The difference in the J/1 yield between (i) and (ii)
corresponds to the electron identification efficiency. This method is also applied to
a large statistics BB MC sample. The ratio of electron identification efficiencies
between the experimental data and MC is found to be 1.025 4 0.011 for SVD1 and
1.023 4 0.013 for SVD2 data. Being weighted by the corresponding number of BB
pairs, the central value’s deviation from unity and statistical errors are summed in
quadrature. As a result, the uncertainty of electron identification is estimated to be
2.7 % per track. Since we require both tracks are identified as electron (or positron),
the effect to the branching fraction is 5.4 %.

In the J/1¢p — p*p~ mode, a simpler procedure is applied. The two kinds of
combinations; (iii) one track is identified as muon with the nominal likelihood ratio
requirement and is combined with all the oppositely charged tracks (single tag) and
(iv) both tracks are required to be identified as muon with the nominal criteria to
reconstruct B — J/¢mT 7~ signal. This is because the QED process background is
much less in the lepton pair’s invariant mass distribution in u*pu~ case, i.e. ete™ —
uwrp~ or utpTvy processes have much smaller cross section than ete™ — ete~
or eTe~y processes. The muon identification efficiency is estimated by the fit to
invariant mass distributions for (iii) and (iv), then probable difference between the
experimental data and MC is regarded as the uncertainty of muon identification.
The resultant value is 1.3 % and 1.1 % per track for SVD1 and SVD2, respectively.
Again both tracks are required to be identified as muon, the effect to the branching
fraction is estimated to be 2.4 % after weighted by the corresponding number of
BB pairs.

By taking weighted average of these values according to J/v decay branching frac-
tion, it is estimated to be 3.9 %.

Pion ID

The pion identification efficiency is studied in data and Monte Carlo using the decay

Dt - DO gt

S

D' — K nt,

and its conjugate decay
D™ — ﬁo Ty
D’ = Ktn.
Due to the small mass difference between the D*t and D° mesons, the pion from

the D** decay has a low momentum (less than 200 GeV/c) and is denoted by 7.
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The existence of 7,, the narrow width of the D meson and the small D°-D** mass
difference enables these decays to be reconstructed with a good signal to noise ratio
without relying on the PID information. The K and m mesons in the D° decay can
be identified, or tagged, by comparing their charge to that of the slow pion without
any other information. This enables us to study the PID efficiencies in the data on
particles that are known to be kaons or pions. Samples of tagged kaons and pions
are obtained by reconstructing the D* decays in data and Monte Carlo. The PID
efficiency for pions, €, is defined as the number of events with a true pion remaining
after the pion likelihood selection criteria has been applied, divided by the original
number of tagged events. The ratio of total PID efficiency in data and Monte Carlo
is found to be 0.84% deviation from unity per track. So the final systematic error

of pion identification is 1.7%.

4.7.3 Background B decay modes branching fraction

In order to take branching fractions’ uncertainty, the normalization factors of BY —
J/YK*, B® — J/¥K;(1430)°, B® — J/¢K;(1430)°, B — J/¢YK* and B* — J/y7*
are varied by +10 of its branching fraction(see Table 3.4) and perform again the fit to
AFE to see the change of B® — J/yntn~ signal yield. The results are summarized in
Table 4.10. All the listed yield changes are summed up in quadrature. The effect on
Br(B® — J/vyntn) is estimated to be 3.2 %.

Background mode Signal yield change
BY — J/4K*(892)° 1.2 %
B — J/¢K}(1430)° 1.1 %
B — J/¢K3(1430)° 2.8 %
BY — J/yK* 0.2 %
B — J/pn* negligible

Table 4.10: Systematic error for each decay mode branching fraction uncertainty in A E
background.

4.7.4 Non-J/¢ background parametrization in AFE distribution

As discussed in section 4.1.1, the non-.J/v background is expressed as a first order poly-
nomial. For comparison, the fit using second order polynomial is also performed in Figure
4.37. Here, we obtain 447 + 30 events as the signal yield of B® — J/¢7"7~ including
BY — J/¢%K?. The systematic error of B® — J/¢nt7~ is calculated as 2.8 % by the
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deviation from the number of signal (=435 £+ 29) obtained by the nominal fit (Figure
4.1).

Same procedure is applied also to the subsamples divided by M,+,- bins, and the
background M, +,- function is remade as Figure 4.38. With this remade background
M, +,- PDF, the it to M, +,- distribution is performed. In this fit, the efficiency-corrected
signal yields for B® — J/¢p° B® — J/4v f, and non-resonant B® — J/¢wr ™7~ decays are
obtained to be 1008 + 97, 106 + 49 and 56 £+ 95 events, respectively. The deviations
from those by the nominal fit 991 + 99, 60 & 45 and 73 4+ 92 are regarded as a systematic
error; 1.8 %, 77.8 %, 22.9 %.
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Figure 4.37: AF distribution with the fit result for systematic study. Not a first order
polynomial but a 2nd order poly nominal is used to describe the non-.J/v background.

4.7.5 Background M,+,- PDF parameterization

The background PDF was parameterized with 4th order polynomial as shown in Figure
4.29. The difference in the obtained signal yields from the case of 5th order is taken into
account as a systematic error, 2.0 %, 21.7 % and 11.5 % for B® — J/¢p°, B* — f, and

non-resonant B® — J/vnt 7™, respectively.

4.7.6 Background M,, PDF normalization

Fixing the shape of the background M, +,- distribution, normalization factor is floated in

the fit shown in Figure 4.39. By this fit, the error for the normalization factor is estimated
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Figure 4.38: Background PDF as a function of M, +,- ,expressed as a 4th order polynomial
for systematic study.

Background PDF Signal Yield
BY — J/vp® | BO — J/¢fy | nr-B® — J/yrtr
5th order 1010 + 106 72 £+ 53 64 + 94

Table 4.11: Signal yields for each component by the background M +,- PDF described
as a bth order polynomial.
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to be 3.8 %. The amount of the background is varied by this error (o = 3.8%) and perform

again the fit to M,,. The change of the signal yield is taken into account as a systematic

error.
Background Yield change
Normalization | B® — J/vp° | B® — J/¢fy | n1-B® — J /¢t m
+3.8 % 22 % 6.3 % 70 %

Table 4.12: Systematic error for the normalization of background PDF in M, +,- fit.

2 1 ndf 19.04 /19
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Figure 4.39: Fitting result with the background PDF to obtain possible normalization of
this function.

4.7.7 The number of BB

The number of BB pairs produced and measured with Belle experiment as 449.3 + 5.7

x 108 events. The error is due to the uncertainties in the hadronic events selection.

4.7.8 €(M;+,-) modeling

We used the efficiency curve obtained by B — J/¢wTn~ PHSP signal Monte Carlo as

a universal one to perform an acceptance correction for all three considered process:
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BY — J/ymtr~ PHSP, B® — J/vp® and B® — J/1f,, as described in section 4.4. The
differences of efficiency values among these three modes listed in Table 4.7 are considered

as systematic errors.

4.7.9 Breit-Wigner model uncertainty

The fit is carried out by changing the effective orbital angular momentum L.;; within
possible range. Two different Blatt-Weiscopf barrier-factor radius R are also compared.
The results are summarized in Table 4.13 and 4.14. The maximum variations of the signal

yield of each decay is assigned as systematic errors.

Less(p°), Legys(f2) Signal Yield
B = J/yp® | B°—= J/Yfy| nr B — J/ymtae
0,1 1034 27 65
0,2 1032 29 60
0,3 1030 34 58
1.1 1004 37 82
1.2 1001 39 79
1,3 998 44 78
2,1 998 47 87
2,2 984 50 86
2,3 979 55 86
‘ average value H 1006 ‘ 40 ‘ 76 ‘

Table 4.13: Fitted area numbers for each L.;s value in case of R=0.5.

Les(0°), Les(f2) Signal Yield
B = J/yp® | B = J/Yfy| nr B — J/ymtae
0,1 1019 41 61
0,2 1013 49 59
0,3 1006 59 58
1,1 998 52 74
*1,2 991 60 73
1,3 982 69 72
2,1 984 62 78
2,2 975 70 78
2,3 964 79 78
‘ average value H 992 ‘ 60 ‘ 70 ‘

Table 4.14: Fitted area numbers for each L.s; value in case of R=1.0. *These fitting
results are used used for the final fit.
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4.7.10 Uncertainties of masses and widths of p° and f, mesons

Table 4.15 shows mass and width of p° and f, meson from PDG[16]. The M +,- fits
are made for the error variation of each parameter. The errors are added in quadrature
to give a total uncertainty 0.4 %, 0.9 % and 1.4 % for B® — J/¢p°, B® — J/1 f, and

non-resonant B® — J/yrtr.

PO f2

Mass (MeV/c?) | 7755 + 0.4 | 1275.4 + 1.1
Width (MeV/c?) | 146.4 + 1.1 | 184.4 + 3.9

Table 4.15: PDG value related to p° and f,.

Parameter Systematic Error
B — J/yp° | B = J/ipfo | nr-B® — J/pmtw™
Mass(p%) 0.12 % 0.61 % 0.15 %
Width(o%) | 0.41 % 0.19 % 134 %
Mass(f2) 0.03 % 0.47 % 0.21 %
Width(f,) | 0.06 % 0.50 % 017 %

Table 4.16: Systematic error for the normalization of background PDF in M, +,- fit.

4.7.11 Branching fractions of sub-decay modes

The uncertainty arising from the sub-decay branching fraction is listed in Table 4.17. We

estimate the amount of these uncertainties’ effect on the final branching fractions.

Mode Branching fraction
J/p =1t | (11.87 £ 0.12) %
fo—mtn™ (56.5 +£ 1.7) %

Table 4.17: Branching fractions and uncertainties of sub-decay modes related to this
analysis[16].

4.7.12 Total systematic uncertainties

A detail of the considered systematic errors and their contribution to the total B(B® —
J/yrTr~) is shown in Table 4.18. The errors are added in quadrature to give a total

uncertainty of 7.5 %.
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BY — J/pmta
total +84%
Track reconstruction +4.9 %
Lepton-1D +38%
7*-ID +1.7%
B.G. B decay mode br. +32%
Non-J/¢ B.G. parametrization +28%
Background PDF normalization +28%
Nio +13%
€ +12%
B(J /4 — I11) +1.0%

Table 4.18: A beakdown of the considered systematic errors and their contribution to the
B(B® — J/ymTn).

A details of the considered systematic errors and their contribution to the B(B° —
J/p®), B(B® — J/1f5) and non-resonant B® — J/v7 "7~ is shown in Table 4.19. The
errors are added in quadrature to give a total uncertainty of 12.9 %, 75.4 % and 87.1 %,

respectively.

4.8 The branching fractions

The branching fraction of total B® — J/¢7Tn~ is obtained from the result shown in
Figure 4.1. The branching fraction of B® — J/¢p° B — J/v¢f, and non-resonant
B — J/vnt7 is obtained from the result shown in Figure 4.34.

4.8.1 The total branching fraction for B — J/¢¥n*r~ decay

The branching fraction of total B® — J/v7r 7~ is calculated using the formula

N -
0 + -\ J/ymtw
B(B® = J/yrTn ) = Now X ex B0 S 1) (4.22)

® Nj/yrtr : the total signal yield obtained from the fit to AE distribution
e Npo : the total number of neutral B mesons in the data sample
e ¢ : the efficiency for B® — J/ymTn~ decays

The values used for the calculation are shown in Table 4.20. The branching fraction is

obtained to be

B(B® — J/yrtr ) = (2.2 £ 0.3(stat.) &+ 0.2(sys.)) x 107°.
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BY — J/p® | B — J/¢fy | nr B — J/yntr
total + 108 % | 976 %| £77.4 %

Track reconstruction +49% +49% +49%
Lepton-ID +38% +38% + 3.8%
71D +1.7% +1.7% +1.7%
Non-J /1 B.G. parametrization +1.8% +77.8 % +229%
Background PDF normalization +22% +6.3% + 69.8 %
Background PDF parameterization +2.0% +21.7% +11.5 %
Npo +13% +13% +1.3%
Signal Monte Carlo statistics +1.8% +1.8% +18%
€(M+--) modeling + 6.0 % +15% —
Unknown parameters in BW +44 % +539% +20.3 %
Mass(p°,f2) & Width(p°, fo) + 0.9 % + 0.6 % + 1.4 %
B(J /4 — 1117) +1.0% +1.0% +1.0%
B(fo — nta™) — + 3.0 % —

Table 4.19: A details of the considered systematic errors and their contribution to the
B(B® — J/vyp°), B(B® — J/vf;) and B(nrB® — J/¢ntr).

Systematic error estimation is described in section 4.7.12.

Ny jpmtn 334 £ 40
Ngo (44.93 £ 0.57) x107
€ 0.281 + 0.005
B(J/v — IF17) 0.119 + 0.001

Table 4.20: The relevant numbers to obtain B(B® — J/ynt7™).

4.8.2 The branching fraction for B® — J/¢p° mode
The branching fraction of B® — J/1p° is calculated using the formula

N0
B(B® = J/yp°) = N Bl j//’i’; ST (4.23)

® Ny : the total signal yield obtained from the fit to M, distribution
e Npo : the total number of neutral B mesons in the data sample

The values used for the calculation are shown in Table 4.21. Note that Nj/y,0 is efficiency

corrected numbers as described in section 4.5. The p° — 77~ branching fraction is
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assumed to be 100 % with no uncertanies, because other p° decay modes have negligibly
small branching fractions composed to all other statistical and systematic errors in this

analysis. The branching fraction is obtained to be
B(B® — J/vp°) = (1.9 £ 0.2(stat.) £ 0.2(sys.)) x 107°. (4.24)

Systematic error estimation is described in section 4.7.12.

Nj/gpo 990 + 99
Ngo (44.93 + 0.57) x107
B(J/Y —1T1) 0.119 + 0.002

Table 4.21: The relevant numbers to obtain B(B® — J/v°).

4.8.3 The upper limit of branching fraction for B — J/+ f, mode
The branching fraction of B — J/v f, is calculated using the formula

Nijyr,
Npo x B(JJtp — I1°) x B(B® = J/ifs)°

B(B® — J/¢f>) = (4.25)

® Ny, ¢ the total signal yield obtained from the fit to M, distribution
e Npo : the total number of neutral B mesons in the data sample

The values used for the calculation are shown in Table 4.22. Note that N;/y s, has been
corrected by efficiency as described in section4.5. The branching fraction is obtained to
be

B(B® — J/vf;) = (2.0 £ 1.5(stat.) &+ 1.9(sys.)) x 10°°.

The significance is calculated as

s = \/2InLpy —2InL, (4.26)
= 2.60,

where L,,,, and L, is the maximum likelihood of the fit, and —21In L,,,, and —21In L,, is
obtained from the results shown in Figure 4.33 (considering only p° resonance) and 4.32
(considering f, resonance also), respectively. If we assume that the uncertainty of the

result follows a Gaussian distribution, we can calculate the upper limit (Ny ) as
NU.L. = Nval + Ne'r'r X 128, (427)
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where N, is the center value of the obtained signal yield, N, is the quadratic sum of
statistic and systematic errors. 1.28 corresponds to the limit giving 90 % C.L.[16]. The
obtained value is

B(B® — J/4¢fy) < 4.9 x 107%(@90%C.L.).

Systematic error estimation is described in section 4.7.12.

Nyjwts 60 + 45

Npgo (44.93 4 0.57) x107
B(J/y — 1F17) 0.119 + 0.002

B(f, = mfr) 0.5654 0.170

Table 4.22: The relevant numbers to obtain B(B% — J/vf5).

4.8.4 The upper limit of branching fraction for non-resonant
BY — J/yntm™ mode

The branching fraction of non-resonant (=nr) B® — J/yn 7~ is calculated using equation

N. -
0 o) — nrJ /¢yntw 49
B(nrB" — J/¢ymnTnT) Noo x B0 > 1717)° (4.28)

® Nprj/yrtn— : the total signal yield obtained from the fit to My, distribution
e Npo : the total number of neutral B mesons in the data sample

The values used for the calculation are shown in Table 4.23. Note that ;s has been
corrected by efficiency as described in section 4.5. The branching fraction is obtained to
be

BnrB® — J/yrtrT) = (1.4 4+ 1.7(stat.) + 1.1(sys.)) x 1079,

the upper limit is calculated using Equation 4.27.
B(nrB® — J/yrtrT) < 4.0 x 107%(@90%C.L.)

Systematic error estimation is described in section 4.7.12.

4.9 Comparison with previous experiments

The previous measurements for the branching fractions for B® — J/¢r™7~ and B° —
J /1 p° have been reported by the BaBar collaboration with their data sample correspond-
ing to 56 million BB pairs[6]. Figure 4.40 shows our results compared with that of
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Nowsjpmtn 73+ 92
Ngo (44.93 £ 0.57) x107
B(J/Y —177) | 0.119  0.001

Table 4.23: The relevant numbers to obtain B(nrB° — J/ymta ).

BaBar. Our result on B(B® — J/¢p°) is in good agreement with BaBar, while their
B(B® — J/y7mtm™) exhibits slightly higher value than ours. This is mainly because
they claimed that there is an existence of non-resonant B® — J/¢r"7~. This time we
are using 8 times larger data sample. Its very rich statistics enabled us to perform the
model-independent determination of background’s M, +,- distribution as described in sec-
tion 4.3.4, and the binned maximum likelihood fit taking the interference among possible
contributions into account. Under such improved situation, we have not observed any
significant signature of non-resonant B® — J/yntr~ decay. The deviation is still 20
level, so it can be understood as a statistical fluctuation.

Belle ®©
BaBar
+ o
J/yrTTT ———
J/\IIPO e
\l\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\l\

-2 A1 0 1 2 3 4 5 6
(x10%)

Figure 4.40: The branching fractions for B® — J/yn*tr~ and B% — J/1p°. The blue
and green circles show the results from the Belle and BaBar experiments|[6], respectively.
Both statistical and total errors are shown by shorter and longer error bars.
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Chapter 5

Conclusion

We have measured the branching fractions for B’ meson decay to the final state J/¢r ™

and its sub-processes:

B(B® — J/yrtr™) = (2.2 £ 0.3(stat.) &+ 0.2(sys.)) x 1072,
B(B® — J/vp°) = (1.9 + 0.2(stat.) + 0.2(sys.)) x 102,
B(B® — J/¢f,) < 4.9 x 107¢(@ 90% C.L.),

BnrB® — J/yrtrT) < 4.0 x 107%(@ 90% C.L.),

based on data samples of 449 million BB pairs recorded by the Belle detector at the KEKB
collider. We found that B® — J/1p° is the dominant decay mode in the final state B® —
J/yYrtr~ and determine its branching fraction most precisely. We set the upper limit
for B® — J/v f(1270) decay at 90% C.L. Among the same kind of measurements carried
out so far, the most recent one is BaBar’s measurement[6] based on their data sample
corresponding to 56 million BB. The analysis presented in this thesis has superseded it
with 8 times larger data sample, a model-independent determination of the background
M.

~+q— distribution function and the binned maximum likelihood fit taking the interference

among possible contributions into account.
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Appendix A

C'P Violation in the B Meson System

A.1 Definitions of P, C' and T' Operators

The parity operator, P produces the operation of spatial inversion of coordinates
("Ija Y, Z) = (_Ia -y, —Z).

Let us define a spin and momentum of particle f as ¢ and p, respectively.
The state of |f; & p) is transformed by the operator P as

P\f;d p) =npl|f;0 D),

where np is a phase of parity transformation. Since P? is an identical operator, np? is 1,
and thus np = £1.

The Charge conjugation operator, C' changes the sign of internal charges such as
electric charge, baryon number and so on. This operation replaces particle f with thier

antiparticles f (and vice versa) as
Clf; & p) = nclf; & p),

where 7¢ is a phase.
The third fundamental operator, 7" is a time reversal transformation which inverse the

time coordinates:

T|f;3 py =nr|f; =3 —p),

where 77 is a phase. Table A.1 is shown the effects of P, C' and T transformation on each

parameter.
According to the C'PT theorem, the combined operation C'PT is invariant in relativis-
tic field theory.
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C P T

r  (spatial coordinates) T —-r T
p  (momentum) P —p —p
J  (angular momentum) J J —J
o (spin) o o —0

E  (electric field) -E -E E
B (magnetic field) -B -B -B
o-p ( helicity) o-p —0-p 0D

Table A.1: Behavior of various basic observables under C', P and T operations.

Until the early 1950’s, one believed that all are conserved under each of these trans-
formation, C, P and T'. In 1956, however, T. Lee and C. Yang pointed out the violation
of the parity conservation[7], and the subsequent experiments by C. Wu et al. and by
R. Garwin et al. in 1957 independently demonstrated that weak interactions violate C-
invariance just as they violate P-invariance in weak decays of nuclei and of muons [8] [9].
This violation is visualized by the longitudinal polarization of neutrinos and antineutri-
nos. Neutrino has helicity of —1 (left-handed), and antineutrino has a helicity +1. As
illustrated in Figure A.1, left-handed neutrino applied P or C' operation is not observed
experimentally. However, the combine operation CP, which transforms a left-handed
neutrino into right-handed neutrino, is not forbidden.

—G> P i"
- vV _ vV >
p p
C l CP
c c
— —
-— = 5 -
p v v p

Figure A.1: Results of the C';, P and C'P operations on neutrino states. Only left-handed
neutrino (left-top), and right-handed neutrino which is result of appliying C'P operation
to left-handed neutrino (right-bottom), are observed in nature.
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A.2 (CP Violation in K Meson System

Following the discovery of parity violation in weak decay processes in 1957, it was believed
that the weak interactions were at least invariant under the C'P operation. However, L. H.
Christenson, J. W. Cronin, V. L. Fitch, and R. Turlay discovered the violation of the C'P
system in K° meson decays[10]. There are two neutral strange mesons, K° and K°. The
quark contents of them are
K°Gd), K'(sd).

As shown in Figure A.2. K° and K° can mix via exchange of W bosons, which is called
"box diagrams”.

u,c, 1

< < «— —< «—
d uct s d W s

Figure A.2: K° — K mixing

We define that operation of C'P on the states K° and K gives CP|K°) = |K°) and
CP|K®) = |K?). We can form the linear combinations of K° and K° as a CP eigenstate
of neutral K mesons:

1 0 -0
K1) = E(IKHIK )
1 0 —0
|K2) = E(\K)—IK )
where
CP|K)) = +|Ky) (CP =+1)
CP|Ky) = —|K,) (CP=-1)
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Experimentally, it was observed that there are two lifetime of neutral K mesons,
where the shorter lived was named Kg, and the longer lived was named K. Since it was
measured that Kg decays into two-pions of which C'P eigenvalue is +1, and K} decays
three-pions of which C'P eigenvalue is —1, it was considered that Ks and K correspond
to the K7 and K5 respectively, at that time. The longer life of K is due to limited phase
space. Under the C'P conservation, K;, — 7+ 7~ is forbidden. However, L. H. Christenson
et al. group discovered the small fraction decay of K; — wt7~. The branching fraction
was order of ~ 1073. Thus, K}, should be rewritten as

1 0 —0
KL) = m((l"‘G)\K)— (1-el|K))

It means there is C'P violation with ¢ between K° and K . Charged asymmetries in
K — m*eTy[11] and K, — 7*uTv[12] also confirmed the C'P violation in neutral K
meson system. The theoretical explanation within the Standard Model for the origin of
the C'P violation was proposed by Kobayashi and Maskawa in 1973[1], which is described
in the next section.

A.3 Kobayashi-Maskawa Model

In 1973, M. Kobayashi and T. Maskawa proposed that the existence of at least three quark
generations, six quarks, can explain the C'P violation, even though only three quarks had
been observed, at that time. After that, ¢, b, and ¢ quark were discovered in 1974, 1977
and 1995, respectively, and thus Kobayashi-Maskawa mechanism becomes a essential part
of the Standard Model.

In the Standard Model, six quarks form the three doublets that are called as three

quark generations:
U c t
d s b

in terms of mass eigenstates. The Lagrangian of charged-current weak interaction is
expressed as

u
g _ _ = — — T —
L= E (U, ¢, t)L’qu:VKM 8 + (d> S, b)L’Y“Wu VI];M ¢
b t
L L
where,
g : coupling constant
v* : v matrix

W* . W bosons

w
o
=
Q

left — handed quark
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and Vi is mixing matrix named Kobayashi-Maskawa matrix.

Vud Vus Vub
Vikm = | Vea Vs Vb (A1)
Vie Vis Va

Since Vi s is unitary matrix, it satisfy:

qud Vcti Vtti Vud Vus Vub

VigVew = V25, vy V2 Ve Vs Vo | =1 (A.2)
Jb c?) t)ll; th Vts th
Thus,
Z V* ik — Ojk (jak:dasab) (AS)
t=u,c,t

The matrix elements are parametrized by three real parameters and a complex phase.
The complex phase introduces C'P violation. It is convenient to write the matrix in
Wolfenstein parametrization[13] which is an expansion in powers of sin of Cabibbo angle,
A =sinf, ~ 0.22:

1—)%/2 A AN (p —1n)
Ve = -2 1-— )\2/2 AN? + O(/\4)
AN(1—=p—in) —AN 1

Among Equation A.2, the relation involving V;; and V,;, which relate B meson decays,
results in

Vudvb+Vd +‘/;§d‘/;b—0

Each term is expressed in Wolfenstein parametrization

VudVay, ~ AXN(p+in)
ViaVi o~ —AN
ViaVy = AXN(1—p—in)

The three terms form a closed triangle in the complex plane, which is called ”unitarity
triangle”, as shown in Figure A.3. The three angle of the triangles are defined as

VchZ) (VudVJb) ( VeaViy )
=ar , 09 = ar . =arg | —2
o1 g <V¥th3§ (05 g th‘/;b O3 = Vuqub

Since the length of all three sides are the same order of O(\?), we can expect large CP
violation such as O(0.1) ~ O(1) in the B meson systems.
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Im

Vea ij Re

Figure A.3: The unitarity triangle.

A.4 The different types of C'P violation

There are three ways in which C'P violation can manifest itself in the SM.
These are:

1. C'P violation in decay;
2. CP violation in mixing;

3. CP violation in the intereferenc between decays with and without mixing.

A.4.1 (P violation in decay
CP violation in decay is described by the quantity

Az

=13 (A.4)

,where A = (B°|H|f) represents the amplitude of a B decaying to a final state f, and

Ay = (FO\H |f) represents the amplitude of a B® decaying to the anti-particle of f. It
turns out that [ is independent of phase conventions and therefore has physical meaning.
CP violation in decay occurs if [ # 1 and is also called direct C'P violation. This type
of C'P violation comes from interference between different terms in the decay amplitude.

In the SM the amplitude can pick up phases from two different sources. Electroweak
interaction terms gain phases through the CKM matrix elements (as discussed in sec-
tion A.3 ) These are C'P violating phases, which contribute with different signs to the
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amplitudes Ay and ZT' They are called weak phases because they originate from the
electroweak interaction term in the SM Lagrangian. So called Strong phases can also
contribute to the amplitudes. These come from the contribution on intermediate on-shell
states in the decays. The strong phases do not violate C'P so they appear in both the
amplitude (A f’ZT) with equal signs.

Both these types of phases are convention dependent, but the difference between any
two weak or strong phases is independent of convention and is physically meaningful.

For C'P violation in decay to occur there must be more than one amplitude contribu-
tion to the decay B — f. The total amplitude is then given by

Ap = Z A0 (A.5)

where the sum is over all the possible diagrams which contribute to the decay. A; is the
magnitude of the amplitude for the specific diagram and ¢; and J; are the weak and strong
phases respectively. The quantity [ is now given by following equation.

(A.6)

EZ.ZZ__ei(&'—@)
‘ EiAiei(érHﬁi)

For direct C'P violation to occur, there have to be at least two terms in the overall
amplitudes that have different weak phases and different strong phases. This is because

AP = [A = —224,4;sin(6, — ¢;) sin(6: — ) (A7)

which shows that if either the strong or weak phases are the same for a contributing
diagram then the difference in amplitude magnitudes vanishes, which is equivalent to
I = 1. Thus for direct C'P violation to be observed we look for decays in which penguin
(or loop) diagrams contribute with a different weak phase from the tree diagram. The
amplitudes for the tree and penguin diagrams should have a large similar magnitude as
this will ensure relatively large interference terms. Direct C P violation is generally looked
for in the decays of charged particles, although it also occurs in the decays of neutrals.
In charged modes, however, it can not be confused with the other possible types of CP
violation, which only occur in neutral decays. An example of a mode which satisfies
these criteria, and is therefore a good candidate for observing direct C'P violation, is
B* — p*rT (the tree and penguin diagrams for this decay are shown in Figure A.4).

Typically the asymmetry

BT fH-TB =f) 1-01
- I(Bt—= f)+(B-—=f) 1+

(A.8)

is used to look for C'P violation in decays. Currently the world average [14], [15], [16] for
this is
at =—0.48 £ 0.14 (A.9)

pm
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Y

o

A

Figure A.4: The tree and penguin Feynman diagrams for the decay B - pTr.

A.4.2 (P violation in mixing

Although the explanation is done in section A.5, C'P violation in mixing is often called
indirect C'P violation. It was C'P violation of this type which first showed that CP is
not an exact symmetry of nature[10]. The value of C'P violation in mixing is measured
in kaon decays using the semileptonic asymmetry.

x _ DKL = U'DX) —T(Kp, = IvX) _1—|g/p[*
DK = X))+ (K= L vX 14 g/p

(A.10)

a

This asymmetry is thought to be small, of order 10? because in the B system |q/p| ~ 1.
The further explanation is done in section A.5.

A.4.3 (P violation in the intereference between mixing and de-
cay

It can be shown that the quantity

\ = q Zf CP

pAfcp

is independent of phase convention and thus physically meaningful. Here Ay, is the
amplitude for the decay of a B® to a C'P eigenstate (f¢ p)._The comvention deoendence of

(A.11)

the mixing part (1) cancels with that of the decay part (4)- The condition A # 1 allows
CP violation in the inter ference between mixing and decay to occur. -

This can occur along with both other types of C'P violation e.g. || # 1 and/or 4] #1
but can also occur in the absence of these e.g. |A| =1 but () # 0. In this case X is a
pure phase which can be calculated without hadronic uncertainties.

The time-dependent amplitudes for the decay of a B° (FO) to a C'P eigenstate fop
are given in following Equations (these come from using the time-dependent states in
Equation A.36 ,A.37).

(forlHIBY(8)) = Agep(g+() + Ag_(2)) (A.12)
(forlHIB'(8)) = Asop(a/p)(g-(t) + Ags (1)) (A.13)
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where 1
g+ = i(e’i’”’t + e Ity (A.14)

The time-dependent decay rates, which come from taking the modules squared of these
amplitudes, are

L)(B® — fep) = |(fer|HIB°)) (A.15)
- ) ) ;
= |AcplPe ™! ! +2|)\‘ + ! _2‘)\| cos(Amt) — I(\) sin(Amt)| ,
(B = for) = ferlHB ()P (A.16)
- 2 2
= |Acp|le™ ! +2|)\‘ 1 _2‘)\| cos(Amt) + () sin(Amt)| .

The time-dependent asymmetry is shown in Equation A.17. It is constructed by taking
the difference between the two rates and dividing by the sum of the two.

0

apon (1) (B°(t) —» fcp) —T(B (t) — fcp)
“ T(B(t) = fop) + T(B (t) = fop)
|

(T = |XP) cos(Amt) — 2F(A)sin(Amt)
- — (A.17)

(
°(

This quantity is non-zero if any of the three types of C'P violation occur. If there is no
direct or indirect C'P violation (ie. |A\| = 1) the asymmetry reduces to

aiop = S(A) sin(Ampt) (A.18)

As will be seen in section A.8, this type of C'P violation is the easiest to measure in
B system. This is because the measured asymmetry can be related to the CKM elements
without hadroninc uncertainties. For most B decays A = 1, so both direct and indirect
CP violation occur at a negligible level, while C'P violation in the interference between
mixing and decay can occur at a much greater level.

For kaons this is not the case as S(A(K® — 777 )) &~ O ®. This is one of the big
advantages of the B system, over the kaon system, for studying C' P asymmetries.

A.5 CP Violation in B Decays

A.5.1 B BY Mixing with no CP violation

We start a neutral meson, which is made up of two quarks of different flavors, \?0>. These
are eigenstates of the strong force and are useful to talk about as they have definite quark
content. However due to the possibility of mixing from electroweak process, these states
are not eigenstates of the electroweak Hamiltonian and therefore are not stationary.
A general state |P(t)) can be constructed using the flavor eigenstates |P°) and |ﬁ0),
as
P(8)) = P°(8)|P°) + P () P"). (A.19)
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The time-dependence of |P(t)) is given by the Schrodinger equation

LOP(t)
ih— = = H|P(t)) (A.20)

where H is the Hamiltonian matrix. C' PT invariance (which is prerequisite of quantum
field theory and assumed to be true) leads to the diagonal elements of the Hamiltonian
matrix being equal (ie. Hy; = Hgp). If we assume C'P is an exact symmetry then the
off-diagonal elements of H are also equal. So that H can be written as

H:(g ﬁ)

EquationA.20 represents two couple modes. The modes can be decoupled by deagonalising
the matrix H, which leads to two new states

1
V2

which obey the decoupled equations

PL(®) = —=(1P) + [P}, [P-()) = —=(|P) - [P)) (A.21)

S

2

P P_
ia‘6:> = M,|P,) —iT,/2|P,), ia|at ) M_|P_) —il'_/2|P_). (A.22)
The masses and widths of the new states are
M, =R(A+B), —-T./2=%(A+B). (A.23)

The decoupled states are eigenstates of mass and C'P, such that
CP|P.) = +|Py). (A.24)
In dealing with mixing it is useful to define the mass and mass difference as
m=(M;+M_)/2, Am = |M,; — M_|, (A.25)
and the lifetime and lifetime difference as

=y +0.)/2, AT =0, —I_|. (A.26)

A.5.2 B B° Mixing with CP violation

As same as K° meson system, B® and B° can mix through second order weak interactions
via box diagrams shown in Figure A.5. Due to mixing, arbitrary neutral B meson state
is written as linear combination of B’ and B°

—0
[B(t)) = a(t) |B®) + B(t) [B") (A.27)
The time-dependent Schrédinger equation of |B(t) ) with the Hamiltonian of # is

0
15| Bt) ) = HIB(1)) (A.28)
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b uct d b w d
— N
B w w B B § | B
Uu,c,t
—\ N
d uct b d W b

Figure A.5: The box diagrams responsible for B® — B mixing

H is defined as

g b (M — 5T Mip— 3T
H=M-gl= (Mu ity My, - gPﬂ) (4.29)
where, M and I' are Hermitian matrices, which are called the mass and decay matrices,
respectively. M;; and M, are the BY and FO mass, and I'y; and ['gy are the decay
width of the flavor eigenstates, B® and PO, respectively. Mio(My;) and I'j9(I'9;) represent
transition amplitude from B° to B® (from B° to BY).
Since C'PT invariance requires M = Myy = M, and T'y; = T'yy = Ty, eigenvalues .
of Schrodinger equation of (A.28) can be written as

1
MHL = ML — EPH,L

— (M- gro) | (3= 1) (311 - 5112 ) | (A.30)

which correspond to eigenvectors |By 1) that are given as

D=

—=0
|Bur) = p|B°) £ qB), (A.31)
. 1
¢ _ (MazzsTh) (A.32)
p Mo — %F12 .

where p and ¢ are normalized as |p?| + |¢?| = 1. H, L represents ”light” mass eigenstate
of |By) and "heavy” mass eigenstate of |By), and we defined mass and width of By 1 as
mpu,, and 'y 1, respectively. Using Equation A.30, time evolutions of |By) and |By) are
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given by

Bu(t)) = (p|B%) + q[B"))e un (A.33)
Bu(t)) = (p|B%) — q[B"))e st (A.34)

From Equation A.31, flavor eigenstates, B° and B are expressed as

BY) = ZipUBm + |By), B) = ;—q(\Bm 1B, (A.35)

Thus, time evolutions of B® and B° are given by

BO(t)) = g+(t>|B°>+§g_(t>|E"> (A.36)
B'(t)) = gg_<t>\B°>+g+<t>|F°> (A.37)

where .
g+ = 5(6"”* + et (A.38)

and Am AT are the difference of mass and width of the two mass eigenstates as

Am = myg — mg
AF == FH - FL

1 1
= —4Im\/<M12 — §P12> (Mﬁ - 511’{2)

In the B meson system, the neutral B meson mass is heavy enough to reduce such an
effect to a level of (I'y — I'z)/T ~ O(1073). Therefore, we set I'y = ', = I'. Thus, are
represented with AI' =0 as

g = %exp { <-¢M _ g) t} (14 exp(—iAm) (A.39)

A.5.3 B Meson Decays into C'P Eigenstates

In this subsection, we consider time evolution of neutral B mesons decays into a C'P
eigenstate, fop that is possible for both B? and B° decays. we define the amplitudes of
these processes as

A(fep) = (for|H|B% , A(fep) = {(fcrp|H|BO)
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Using equations A.36 and A.37, the time-dependent decay rates for initially pure B° or
B’ states decaying into fop are given by

1 A ? 1—cosA
T(BY(t) = fer) = e "|AP +C+mt+ ‘%‘ \ﬁ(fCP)P%mt
—Im [(2) ﬁ(fcp)] sin Amt]
P i (A.40)
_ —0 |1 Amt 1-— Amt
D(B'(t) = for) = ¢ TAP | =TT 4 ‘g\ plfer) P — =
p .
—Im [(5> ,O(fcp):| sin Amt}
where,
A
p(fCP) = (fCP)a
A(fCP) (A 41)
p(fep) = Alcr) |
A(fep)
Let Acp define as ¢
)\CP = ]—Jﬁ(fcp), (A42)
The decay rates are written as
Aepl?—1 2ImA
T(B°(t) = fop) = e "t A]? [1— PAor =1 o Amt — AP At
S per (443
—0 Tt 9 ‘)‘CPP —1 QIm)\Cp . .
= ——————cos A —————sinA
(B (t) = fop) =€ ‘|A] {1 + DorE+1 cos Amt + DorE+1 sin Amt

Thus, the time-dependent C'P asymmetry is defined as the normalized decay rate differ-
ence:

_T(B°(t) = for) = D(B(t) = fop)

Ufcp = —H

(JAcp|* = 1) cos Amt + 2ImAgp sin Amt
Acp?+1

7

A.5.4 CP Violation in B° — J/$ K2 Decays

BY — J/¢ K2, which is governed by the b — ccs transition, is promissing decay mode
to extract ¢, experimentally. This decay mode is so-called ”golden mode”, because of
relatively large branching fractions with small backgrounds. In addition, the final state has
only negligible theoretical uncertainty in ¢; measurement. In the following, we describe
time-dependent CP violation in B® — J/¢ K2 decays briefly. Therefore, we can neglect
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the contribution from the weak phase in the tree diagram for B® — J/¢ K3 as shown in
Figure A.6,

A(B” = J/YKY) _ VaVy,

A(B® = J/yKg)  ViVes
The dominant penguin contribution has the same weak phase as the tree. Therefore, we
can neglect the contribution from the weak phases other than the tree diagram.

—1. (A.45)

. Vieb .
b .
; . JAY
B 1%
cs Ky
d . a K

Figure A.6: J/9Ks decays

Here, we calculate ¢/p. The main contribution to the box diagrams of BB’ mixing
in Figure A.5 is the top quark because of its heavy mass, and the CKM matrix elements
contributing to the mixing are V3, V), on the vertices of the box diagrams. Theoretical
calculations [17] [18] on M, T'15 and their ratio yield:

Mg oc (Vi Vi)*m3,

L1y oc (Vi Vig)*m,
I
My,

where m,, is the bottom quark mass and m, is the top quark mass. Using Equation A.32

and A.46, the ¢/p becomes
M, r
L Jizvo (52
p 12 12 (A.47)

*
~ VisVea — 2t
ViV

) (A.46)
my -3

~ —~1
m? 0

Therefore , A /K9 which corresponds to Equation A.42 by replacing fop = J/YKY,
becomes

\ _AB - JWKY (4
RS XA — JJKY) (p>
 VaVe ViV
‘/C);)‘/CS V;bvtfi

- _ 672“#1.
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The minus sign in front of Equation A.48 corresponds to the state of |J/1¥K?2) being CP
odd. Because of |BY — J/YK2| = B’ - J/YKg| and |g/p| =1, [A;yko| = 1 holds, as a
result Equation A.43 becomes:

[(B°(t) — fop) = e M| A]*(1 — sin 2¢ - sin Amt),

0 (A.48)

L(B (t) — fep) = e M| A]*(1 + sin 26, - sin Amt),

and time-dependent asymmetry for B® — J/¢¥ K2 decays is given by
ajpxo = sin2¢; - sin Amt. (A.49)

C P violation in these decays involving the b — c¢s transition has been established by the
Belle[3] and BaBar[4] collaborations. The measured results are in good agreement with
the Standard Model expectation. Therefore, we can regard the C P-violating parameter
sin 2¢; measured in B® — J/¢K?2 decays as the value for the Standard Model.

A.6 Principle of the Measurement

At the Belle experiment, B mesons are produced through the ete~ — Y(4S) — BB
process. The mass of Y(45), which is a bound state of a b quark and a b quark, is 10.58
GeV/c?. The value is just above the B meson pair production threshold 5.28GeV /c? x 2 =
10.56GeV/c2. Thus the T(4S) meson decays nearly 100 % into BB’ or B*B~ with

almost the same branching fraction. In the Belle experiment, the B'B’ pair is produced
with the Lorentz boost of Sy = 0.425 by an asymmetric collision of a positron and an
electron with energy of 3.5 GeV and 8 GeV, respectively. Because, to measure time-
dependent C'P asymmetry parameters, we need to determine the initial flavor of B meson
and the decay time. The boosted BB’ pair has a characteristic feature suitable for these
measurement.

A BB’ pair from Y (49) is produced as a C-odd state. Although B% — B oscillation
then starts, the state preserves the C-odd configuration and is not allowed to be B°B° or
B°B’. The time evolution of the pair is given by

(1)) = e~ [V (t = 0)),

Wt =0)) = S [BEB () - |B(-FB (), (8.50)

where 7po is the lifetime of the neutral B meson, and k and —k are the B mesons’
momenta in the YT (4S5) center of mass system. This coherence is preserved until one B
meson decays. Hence, if we detect a decay of one of the B meson pair, which we call By,
and tag its flavor from the decay product at the time ¢;,5, we can determine the flavor of
the other B meson, which we call B¢p, to be the opposite flavor of Byyg at t4,,. We then
detect Bep decay into J/1 K2 at the time tcp by a probability given by
_1ag
e "BO

4TBO

(A.51)
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Decay Time Difference Measurement

1 AZ~200um
At =7 5=0.425

7 (n*)

b () Flavor Tagging

Figure A.7: The schematic picture of the experiment.

where At = tcp — tqy and g denotes the flavor of By,,: ¢ = +1 corresponds to By, = B°
and ¢ = —1 corresponds to B,y = B’. The CP asymmetry becomes

0 =
VRS T Pla = 1,06 Ayyrgs Syjprs) + Pla = —1 A0 Aypyie, Sappre. (A52)
= Aj/prg €08 AmMAL + Sy kg sin AmAL.

The probability equation A.51 is normalized in —oo{A#{+o0.
Considering the discussion above, we have to carry out the following major items:

e Reconstruction of Bep decays into J/yr°,
e Measurement of decay time difference At between Bcp and By,
e Flavor tagging of By,.

These are shown schematically in Figure A.7. Since B mesons are nearly at rest in the
Y (4S) center of mass system, they fly along the electron beam direction thanks to the
boost and make decay vertices with an average distance of Sycrgo ~ 200 pm. The At is
determined from the distance to be

ZCP — Zta
At ~ =2 7Y A53
e (A.53)
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where the z axis is defined to be anti-parallel to the positron beam direction, z¢p is the z
position of the Bop decay vertex and z,4 is the 2 position of the By, decay vertex. We
can measure the Az by using micro-strip silicon detectors with a spatial resolution better
than 200 pm.

A.7 Current knowledgement of the CKM parameters

The CKM sector of the SM can be expressed using the four parameters Ay, A, p, 7 from
the Wolfenstein paramterisation. These are related to the original p and n by

p=p(1=Ny/2), 7(1 = Xy /2). (A.54)

The parameter Ay (which is |V,,|) is known to be 0.26 from K — wlv decays, with an
accuracy of ~ 1% [16]. Here the theoretical and experimental uncertainties are approxi-
mately equal.

A (which is V) is also fairly well known from exclusive and inclusive B decays to
charm states. The weighted mean from both these methods yields [16]

V| = (41.6 £0.6) x 1072 (A.55)

where the dominant theoretical error comes from the uncertainty of the validity of the
quark-hadron duality approximation.

Current constrains on the unitarity triangle in the p, 77 plane, are summarised in Figure
A.8 The main constraints come from measurements of the side lengths and from recent

0.4 0.2 ¢ 0.2 13 0.4 0.6 0.8 1

Figure A.8: The constraint on p—7 plane from neutral B meson mixings (AmgandAmy),
|Vus/Vep| and the C'P violation in neutral K meson (ex) with the sin 2¢; measured by
B® — J/¥K3 and others ceK*)° decays overlaid.
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measuremsnts of sin 2¢,[3] [4]. The two side lengths can be written as

Vub

Ve

_ 1
-

Via

Veb

_1-03/2

R, oy

. R, , (A.56)

|Vis| can be measured using semileptonic B decays to charmless final states. The endpoint

VYup
Veo

These methodes allow R, to be known to an accuracy of ~ 20% with the majority of the
error coming from theoretical uncertainties[19].

R; can be determined by measuring AMp, from mixing analyses (Amp, o |[VigVjj|)
where theoretical hadronic uncertainties lead to an uncertainty in the measurement of
|Via| of the order of 20 %.

Measurement of ex also act as a constraint on the possible values of p and 7, this is
shown on Figure A.8 as Am,/Amy.

of the inclusive semileptonic momentum spectra can be used to determine the ratio

A.8 Measurement of the angles ¢, ¢ and ¢

The angles of the unitarity triangle (section A.3) can be measured in a model independent
way by looking at the decays of B® and BV to C'P eigenstates. Equation A.18 shows that
the imaginary part of A can be measured using the time dependent asymmetry (given
by Equation A.17). The phase of A\ depends on the specific decay mode being looked
at. Here three modes which lead to possibly the best three measurement of the unitarity
angles are discussed.

If Fop is chosen to be the state J/9 K2 the unitarity angle ¢, can be measured. In
this case A is made up of three terms

wor-() 0, oo

The first term on the right hand side of this equation comes from B® — B mixing, the
next term comes from the actual B® — J/¢¥ K2 decay amplitudes. The final term comes
from K° — KO mixing in the produced K. The overall phase of A can be determined
by combining the phases from these three terms. The term which comes from the decay
amplitude can be rewritten as

chp Afc—P
=7 (A.58)
AfCP Jor AfCP

where 7., is the C'P eigenvalue of the final state (fcp), which must be 1. From looking
at the tree Feynman diagram for B® — J/9 K2 (shown on the left of Figure A.9) it can
be seen that the amplitude A oc V, V. Therefore the amplitude term in Equation A.57

becomes
A 3 Ves 3 Ves
— | = ¢ =__¢ A.
(A) MKy Ve T ViV (A.59)

112



APPENDIX A. CP VIOLATION IN THE B MESON SYSTEM

b c b d
Cl NN
< ‘C -
d S
e

Figure A.9: The tree and penguin Feynman diagrams for the decay B = J JUK?.

(because the C'P eigenvalue of J/yK? is —1). The final term from K°— K mixing (which
is dominated by the ¢ quark in the box-diagram loop) looks like

ViVe
(9) = Lesod (A.60)
P VeV
This gives

Vs Vi ViVes V2V
Cx )\ BO J KO — (&% tb td _ cb¥cs . cs cd — . 2
S(A(B” = J/YKg)) J(vad*s TV ViV sin 2¢q

(A.61)

So the time-dependent asymmetry between the rates of B® — J/¢ K9 and B® — J/¢ K}
is given by

aJ/ng (t) = —sin 2¢1 Sin(Ath). (A62)

A similar thing can be done to measure ¢,, using the decay B — ntn~. The tree

b d
d _ -
,4 T o -
o L e s \u :
EO [ ; : Tt :
N Y - T[:+
d d i

Figure A.10: The tree and penguin Feynman diagrams for the decay B’ = rtrm,

diagram for this mode is shown on the left of Figure A.10. In this case A is given by

ViV, VoV ViVia\ [ VasVo:
05 ey — (B85 (g B () (B01)
(A N=\vw: ) vv,) =\ ) \n,) B8
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(here there is obviously no contribution from K° mixing). The imaginary part of ) is
then

S(A(B® — J/yrta)) = sin(2(m — ¢1 — ¢3)) = sin 2¢ (A.64)

The angle ¢3 can be measured using the same technique for the decay B? — pK?2. Here
we have the K mixing term again, as well as BY mixing term, so

ViV ViV, VsVt
S(NB° — K9 = thVts \ ubVud \ csVed
OB PKY = (1E) - (s i) - (7272

_ (Y (VW) (Ve (A.65)
Vi Vi VioVua VeVea) ' '

S(A(B? — pK2) = —sin 2¢;3. (A.66)

giving

Other C'P final states can be used to measure ¢; and ¢,. Table A.2 shows which angles
can be measured from different quark decays, and gives examples of the final states that
these could use.

Quark decay Fianl state SM prediction
for syammetry
b—ces | J/YKG, J[WKO(Kgr®) | —nfopsin24,
b— ced DD, J/yr®, J/pp® | —nfcpsin 24,
b — vud ata—, pOr? —nfcop sin 2¢,
b — ssd KIK? 0

Table A.2: Examples of C'P asymmetry for B decays into C'P eigenstates.

A.8.1 Problems from penguins

The above methods have potential uncertainties which come from so called penguin pol-
lution. These arise when a penguin diagram contributes a different phase to the decay
amplitude part of )\(%). A penguin diagram is one with an internal quark loop which
radiates a gluon, photon, or Z°. The penguins are suppressed by having an additional
two vertices (this suppression factor is of order 2 % for gluonic penguins). They can also
be suppressed or enhanced with repect to the tree diagram, by the CKM elements at the
vertices.

For B® — J/¢¥K? the penguin diagram is shown on the right of Figure A.9. The
three possible diagrams with ¢ = u,c, ¢ have CKM suppression of order Xy, A3, & N2,
respectively. It is therefore reasonable to neglect the phase from the diagram involving
the v quark as this is much suppressed. The penguin phases for the order two diagrams
are Vi V5 and V, V. Using one of the orthogonality relations, which can be re-written

Vi Vi = =V Vi + O(Aiy), (A.67)
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we can see that both penguins contribute with the same phase as the tree diagram (V, V%)
to O(A}). This mode is therefore ideal for measuring sin 2¢; to a high degree of accuracy
(hadronic uncertainties contribute only at the 1072 level).

When using B — 777~ to measure ¢, the situation is more complicated. The
penguin diagram is shown on the right of Figure A.10. It has the same level of Cabibbo
suppression as the tree diagram (both are order \3,). The phase of the penguin diagram is
VinVyy; which is not the same as the tree diagram. This means the measurement of ¢o will
suffer from penguin contamination. Using an isospin analysis[20], it is thought the amount
of the penguin contribution can be calculated, which will allow a clean measurement of

.

A.8.2 B — vector 4 vector decays

If the B decay to two vector mesons, the situation becomes slightly more complicated.
The spins of the two vector mesons can add up to give a total spin of 0,1, or 2. As the
B is a scalar particle and the total angular momentum must be conserved, the final state
can have an orbital angular momentum of L = 0,1 or 2. Consider a system consisting if
two C'P eigenstates |A) and |B), with intrinsic CP, n4 and ng respevtively. The CP of
the system is given by

CP(|4)|B)) = (~1)!CP(|A))CP(|B)) = (1) nans|A)|B). (A.68)

Therefore the vector vector final state is not a pure C'P eigenstate, but is an admixture of
CP odd and CP even, due to the presence of the different angular momentum (L) partial
waves. These kind of decays can still be used to measure the unitarity angles, but there
is now dilution factor given by the amount of the L. = 0,2 and L = 1 in the final state.
The asymmetry is now given by

a}/c‘f) (t) = DS(N) sin(Ampt), (A.69)
where D is the dilution factor r r
e
= T (A.70)

Here I'y are the partial widths with C'P eigenvalue +1.
It has been shown[21] that by studying the angular distributions of the decay products,
the values of ' can be measured. This allows a clean measurement of the unitarity angle.
The most obvious candidate for this kind of analysis is the decay B® — J/%K**(Km°)
to measure sin 2¢;. This has been done at Belle. Firstly the different helicity amplitudes
(which are directly related to angular momentum states) were measured[22]. This analysis
found D = 0.68 + 0.07.

A.9 The B — J/yntn™ & BY — J/vyp" decays

A.9.1 Branching fraction estimates

Assuming the modes are dominated by the tree diagram (shown on the left of Figure
A.11), the branching fractions can be estimated by simply scaling the measured branching

115



APPENDIX A. CP VIOLATION IN THE B MESON SYSTEM

fractions of the corresponding Cabibbo favored modes. Here the PDG[16] values for the
branching fractions are used. The B® — J/1p® branching fraction is estimated using

1
X 5 =(3.740.5) x 1075, (A.71)

2
Br(B® — J/YK*) x Vea

CcSs

where the factor of a half comes from the fact that the p° and w partial widths are equal.
The branching fraction for the non-resonant B® — J/y7"7~ mode can be estimated

using

Ve

(&)

Br(B® = J/YyK*n™) — %BT(BO — J/sz*O)] X ‘ =(1.7£3.0) x 107° (A.72)

Here the fraction of K** events contributing to the K~ 7~ final state (%) is subtracted
from the total B® — J/¢ K7~ branching fraction, to leave the non-resonant component.
We assume that only the K* resonance and non-resonant components contribute to the
K*r~ final state.

These simple branching fraction estimates are summarised in Table A.3.

| Mode | predicted Br. (x107°) |
BY — J/vyp° (3.7+£0.4)
BY — J/vntm~ (non-resonant) (1.7 £ 3.0)
B — J/¢mtr~ (combined) (5.4 + 3.0)

Table A.3: The simple predictions are obtained by scaling the measured J/¢¥K* and
J/YK* 7~ branching fractions appropriately (assuming tree diagrams dominate).

A.9.2 Measuring sin2¢; in B® — J/p° decays

As can be seen in tabel A.2 the J/¢p° mode can be used to measure sin 2¢;. The p° and
the J/1 are both vector particles so an angular analysis (as discussed in section A.8.2) is
needed to determine the dilution factor D, before such a measurement can be made.

The estimated branching fraction is an order of A2, less than the b — cés modes
used to measure sin 2¢;, so this mode will not provide a competitive measurement on its
own. However it is important to test the SM, and checking that the b — ccd decays give
the same value of sin2¢; is a good test that the CKM picture is correct. The penguin
amplitude for this decay (the diagram for which is shown on the right of Figure A.11)
could have a magnitude similar to the tree amplitude. This would came the measurement
of sin 2¢; more complicated as in this case |A| # 1. The penguin diagram internal loop
can contain any of up type quarks, and all have the same order of Cabibbo suppression
(all are of order A3,). The total amplitude can be written as

A=T -VgVi+ Py - ViV, + Po- VegViy + Pr - ViV, (A.73)

where 7" is the magnitude of the tree amplitude, P, is the magnitude of the penguin
amplitude with the quark ¢ in the internal loop. The appropriate CKM phases are shown
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oo
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Figure A.11: The tree and penguin Feynman diagrams for the decay B —J J0p°.

for each term. The penguin diagram proceeding through the ¢ quark has the same CKM
phase as the tree diagram and is therefore treated as part of the tree amplitude. The
unitarity relation (Equation A.4) can be used to express the V4V, term in terms of the
other two phases. The amplitude then becomes

A=(T+P.=P)-VeaViy + (P4 Pu) - VidVig = T - VeV + P - ViaVip, (A.74)

where 7T is the tree dominated amplitude and P is the penguin-only amplitude. When
this amplitude is substituted into Equation A.11, we find

_ VVig A _ e — |RJe?

0 0
MB™ = Jfbe) = ViVu A~ e — Rl

(A.75)

where VAV D
td Vb id
r,r=—==/I|rle A.76
r is the ratio of the penguin-only term to the tree dominated term, and ¢ is the relative
strong phase between the two terms.

Using A given by Equation A.75, the asymmetry (Equation A.17) becomes

R=

ar.p(t) = Ccos(Ampt) + Ssin(Ampt),
—2|R| sin ¢; sin §

1+ |R|?2 — 2|R| cos ¢y cosd’

sin 2¢; — 2|R| sin ¢ cos ¢

S = . A7
1+ |R|%2 — 2|R|cos ¢ cos ( )

If the tree term dominates the |R| is small and C' and S are given by
C ~ —2|R|sin ¢, sin 6,
S & sin 2¢; + 2| R| sin ¢, cos 2¢; cos . (A.78)

C =

Therefore it is impossible to extract sin 2¢; in a model-independent way. C' and S can
be determined by fitting to the asymmetry, but a theoretical model must be used to give
a value of |R|, which is needed to get sin2¢;. This is the case for all the b — céd decay
modes, such as B — J/¢7% and B> - DTD~.
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