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Abstract

We present a measurement of a time-dependent difference between the decay rate
BY — J/¥ Ky and the decay rate of its charge-parity (CP) conjugate, B — J/¥Ky.

In the standard model ( SM ) of paricle physics, such C' P-violation in the weak
interactions can be accomodated via the Kobayashi-Maskawa ( KM ) mechanism,
which is known as the Cabbibo-Kobayashi-Maskawa ( CKM ) matrix. This model
predicts the time-dependent C' P-asymmetry, A(t), to take the form

I'zo_, o —I'go_, 0
A(At) = PazJloRy  ~ BamIWKe gy 2¢1 - sin(Amyg - At)

Upo_ ko + Lo jjpro

where ¢1 = arg(—V.aV}/ViaV;) is convention-independent combination of CKM
matrix elements, and Amy is the mass differnce between the B; meson mass eigen-
states. The ¢; can be interpreted as one of the three inner angles of the “CKM
Unitarity Triangle” which is the graphical representation of the unitarity condition

Z ‘/z]‘/zz = 6jk (jak = d757b)'

i=u,c,t

Using 140/ fb of e*e™ collition data (= 152 Million B B Pairs) collected with the Belle
detector at the KEKB accelerator, we reconstruct 2332 B® — J/¢» K9 candidates
after vertexing and flavor tagging. Using these candidates, we measure

sin 2¢; = 0.747 £+ 0.128(statistical) £ 0.057(systematic).
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Chapter 1

Introduction

One of the ultimate studies in modern science is to understand a universe is made
of matter, not “anti — matter” or not both. The population of anti — matter is
very small now and anti — matter is unstable. However, according to the theory of
cosmology, the population of anti —matter is produced as same as that of matter at
the beginning of the universe. Where does anti —matter go 7 What is the difference
between matter and anti — matter?

A.Sakharov pointed out that there are three essential elements of construct the-
ories which can explain the difference between matter and anti — matter in the
universe [1].

1. departure from thermal equilibrium.
2. In the early universe, there are reactions which changes baryon number.
3. C' P-violation is occurred.

Here, C'P-violation means that there exists the difference between matter and
anti — matter. Therefore C' P-violation is one of the fundamental phenomenon to
understand the history of the universe.

Physicist consider that there was only charged asymmetry between matter and
anti—matter. But Fitch-Cronin observed that C' P-violation in K9 decay in 1964 [2].
After that, great efforts were made to understand this C'P-violation by both sides
of an experiment and theory.

In 1973, Kobayashi and Maskawa noted the theory of quark mixing which can
introduce C'P-violation within the framework of the Standard Model of elemen-
tary particle physics. They demonstrated that quark-flavor mixing matrix with
measurable complex phase introduces C P-violation into quark interactions. This
requirement is satisfied if there are at least six flavors of quarks, while only three
types of quarks we known when KM proposed their model.

In 1980, Sanda and Carter pointed out that the KM mechanism contained the
possibility of large C'P-violation in certain decay mode of the B meson [3].



CHAPTER 1. INTRODUCTION 2

In this thesis, we present a measurement of the C'P-asymmetry in the BY —
J/v K9 decay using 140/ fb data sample (152 million B and B pairs) collected at
the YT (45) resonance with the Belle detector at at KEK B-factory (asymmetric e te™
collider). Outline of this thesis is following:

e In Chapter 2, we explain theoretical description of C'P-violation in neutral
B meson system and how to approach to measure it.

In Chapter 3, we explain experimental system used in this thesis.

In Chapter 4, we explain the reconstruction and selection of B® — J/¢ K? de-
cay.

In Chapter 5, we measure C' P-asymmetry parameter sin 2¢;.

In Chapter 6, we conclude and discuss about our result.



Chapter 2

(' P-Violation in the Neutral B
Meson System

In this chapter, we introduce C P-violation in neutral B meson system. First we
discuss the “Symmetry” in physics. Then, we consider a historical flow until find-
ing P-violation and C'P-violation in neutral K meson system. Next, we discuss to
understand C P-violation under the Standard Model by Kobayashi-Maskawa mech-
anism. Finally, we introduce C' P-violation parameter in neutral B meson system to
observe at Belle.

2.1 Symmetries

Symmetries are very important factors in physics. Basically, we consider that physics
is symmetrical. And we try to find theoretical rules under the Symmetries or Asym-
metries which is considered symmetrical. In particle physics, there are three ele-
mental Symmetries which are symmetrical under C', P, T transformation.

1. Parity ( P ) : Reverse three-dimensional coordinates transformation;
Pl(t,z,y,2)) = |(t, —z, —y, —2)).

2. Charge conjugation ( C ) : Turn particles(anti-particles) into their anti-particles(particles)
transformation.

Clf) = If) and C|f) = |f).
3. Time reversal ( T ) : Inversion of the time coordinate.

If the particle state is eigenstate of these symmetries or combination of them, the
particle has eigenvalue which is +1 or —1. We call these eigenstate of +1(—1) by
even(odd) state.

In past we consider that C', P, T" symmetries and the combination of these
symmetries, C'P and C'PT are invariant under the electromagnetic, strong and weak
interaction.
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2.2 Kaon system

2.2.1 Party-violation

In past, we have been considered that party is invariant under the electromagnetic,
strong and weak interaction. But in 1957, two strange decays are found, called “60 —7
puzzle”. In this case, two particles, which are named 6 and 7, decay into different
pion state,

0 — 7ntx°

T — 7r+7r+7r_,
but we can not distinguish theirs mass and lifetime even if these particle’s parity
are opposite. Why these particle’s mass and lifetime are same even if these parity
are different?

In 1956, T.D. Lee and C.N. Yang solved this problem. They investigated the past
experiments and noticed that parity invariance had been verified sufficiently in the
electromagnetic and strong interaction, but there was no experimental confirmation
in weak interactions. They proposed that § and 7 are the same particle, which is
called K™ now, and parity is violated in one of them decay.

2.2.2 Neutral kaon system

We can describe eigen states of C'P transformation with mixture of the two states
K% and K°,
1

KD) = =5 (1K) + 1K)

K3) = —= (IK%) = |K%))

sl- 5

where CPK9) = |K%, CP|K®) = |K®). Thus CP|K®) = +|K%), CP|K?) —
—|K9). Tf we consider decay into pions, CP|27) = +|27) and CP|37) = —|37).
Therefore, only KV can decay into 27 and K9 can decay into 3.

|KY) —2r , |KY) /3
|K39) — 3m , |KJ) /2

We can expect that the lifetime of K9 is longer than that of KV, because M, =~
135 MeV/c* and My = 500 MeV/c*. So phase space for |K3) — 37 ! is smaller

n
1Q:mK _Zmﬂ'

i=1
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compared with |K?) — 27, we call K by K3 (“short” lifetime) and K3 by K?(“long”
lifetime). Actually, the lifetime of these particles are,

Tko = 08926 £ 00012 x1071° s
Tko = 515 £ 004 x107% s,

If C'P invariance is not violating, K? can not decay into two pions. Because K9 is

C P-even state. But, in 1964, Fitch-Cronin found that C'P is violating under weak

interaction in neutral K? decay. They observed fraction of K9 meson decay into

atr=. 2

IN(K? — nf77)
F(Kg — all)

BR(K) — 7n7) = (2.04+0.4) x 107°.

The fact of K? — 777~ is concluded that K? is not pure K;. So, we can re-write
K} and K2 as follows,

_KY) +es|K5)

KO

Y = e

’KO> _ ’Kg> + 6L’K?>
L) =

\/ 1+ ‘GL’

where €g is parameter of mixture. In other words, K O changes to K9 and KO
changes to K in time dependent. Figure 2.1 shows feynman diagram this oscillation.

This was first observation of CP-violation. Now, we consider that C', P, T
symmetries and combination of these symmetries, C'P, are invariance under electro-
magnetic and strong interaction, and these are violating under weak interaction, and
combination of three symmetries, C'PT', is invariance under electromagnetic ,strong
and weak interaction.

2.3 KM matrix and unitarity triangle

2.3.1 Cabibbo angle

Measurement of the semi-leptonic decay, when we compare decay rates whose change
of strangeness, As, equals 1 and whose change of strangeness equals 0, it was sup-
pressed by factor 20. It is not only K'’s leponic decay but also general decay whose
As is not equals 0. In other word, decays whose As # 0 are conformed to same
regulations universally. But between As = 0 and As # 0, there is no regulation. In
1963, N.Cabibbo proposed that particle state does not necessarily need to be in the
state of mass. It is allowed that mixture of state of mass [4].

’In 1967, K9 — 797% decay is also found.
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u,c,t

o |
%2

u,c,t
W
S d
u u
C c
t t
d S

W+

Figure 2.1: K% — KO0 diagrams

We can write s and d quark states in weak interaction that they are rotation of
pure d and s flavor eigensates with Cabibbo angle, 6.

|d) \ [ cosbc sinfc |d) (2.1)
|y )\ —sinfc cosfo BA '
By experimental results, we know

sinfc ~ 0.22 , cosfc ~ 0.98. (2.2)

2.3.2 Kobayashi-Maskawa matrix

In 1973, M. Kobayashi and T.Maskawa suggest theory of weak interaction [5]. It
is concluded that no realistic models of C P-violation exist in the quartet scheme
without introducing any other new fields. In this theory, C'P-violation is occurred
if mixing matrix , V' becomes N x N unitary matrix. N 2-dimensional real variable
space, we can define yCy = N(N — 1)/2 rotation. So, we can write yC5 parameter
by rotation angle ¢;. Remaining parameter’s are written by ¢;. On the other hand,
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the phases of the quark fields can be rotated freely, except an overall phase.

- it -
el
U— FyU = cid U
- €i¢d Z
ihs
D — FpD = © e | D
By these transformation,

That is,

Vij — exp[—i(¢uj — dar)|Vjk-

Finally, we can write V' with (N —1)(/N —2)/2 independent phases. Thus, if N < 2,
we can write mixing matrix V' with real, which means there are one angle (/<) and
no phase. But, if N > 3 we can explain the effect of C'P-violation. we can write
the quark mixing matrix under the Standard Model, called “Cabibbo-Kobayashi-
Maskawa(CKM) matrix”, as following,

Vid Vs Vi 10 5101 spe™%
V= Via Ves Va = | —s103 — 18983670 183 — S19953€0 83 (2.3)
Vie Vis Vi —5183 — 152030 c1c3 — $189C3€0 o83

where ¢; = cos; and s; = sin6,.
Wolfenstein expanded CKM matrix in powers of a small parameter A = sin o =
0.22 = V5. By measurement of the lifetime of B(7p)

Vi ~ 0.06 = AN?, (2.4)
and using following assumption,
AN? = (S2 + s2 4 25953 cos86)/2
A2)\477 = S§92853 sin §
AN 2 +P)Y2 = 5300 AN (2 4+ 17)1/2 = sy

where p and 7 a real parameters of order unity, we can write CKM in order \* in
Wolfenstein parametrization [6] as,
-5 A NA(p —in)
V= Y . A2A +0(X). (2.5)
NAL—p—in) —XNA 1
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2.3.3 Unitarity triangle

If we consider the unitarity of the CKM matrix, we can obtain following relations,

Vud c*d + Vus‘/:g + Vub c}k) -
VidVigs + VeaViy +VidVi, =
ViaVig + Vis Ve + Va V=
Vus Jb + ‘/cs‘/g[‘; + ‘/ts tz -
ViaVia + VisVis + VoV, =
VaaVip + VeaViy + ViaVyy, =

S O O O O O

And if we consider only complex phase, we use only following equation,
ViaVip + VeV + ViaVig, = 0, (2.6)

and use Wolfenstein parameters, V), ~ 1,V.g = —A, Vi, = 1, we can write equation
2.6 as

Figure 2.2 shows these unitarity triangle image.

Vil
’Vub’

_‘/;a ‘/c*ﬁ

Figure 2.2: unitarity triangle; Left triangle is just unitarity triangle, right one is
triangle with using Wolfenstein parameters.

25) 0 (25). 0= (25
=ar = | o = ar =) o3 =ar = . 2.7
o1 g (thvtz O2 g ViV ¢3 g VeV (2.7)

Vub

cd

= 0.008 £0.03 , v/p?+n? < 0.36 £0.14.
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2.4 (CP-violation in neutral B’ meson system

We observe C P-violation in neutral K% K° system. If we changed s quark to b
quark, we can consider neutral B, B? system. In this section, we discuss about
C P-violation in neutral B® meson system. First we try to describe time-evolution
of BY. Second we consider B — f.,. Finally, we approach BY — J/¢ K} decay and
Kobayashi-Maskawa matrix parameter.

2.4.1 Time evolution of B

First, we consider the time-evolution of neutral B® meson system, only consider
about |B%). We can write |U(t)) as linear combination of B® and BY, like neutral
K system, shown in eq 2.8.

(U (t) = a(t)|B) +b(t)| B®) or  VUp(t) = ( ‘283 )

which is obtained from the time-dependent Shrodinger equation

W (1)) = HIW (1) (28)
where H = M — %F, M is mass matirx and I' is decay matrix. M and I' are
Hermitian,

My = My, Toy =Ty,
according to C'PT invariance, we define My, and Iy as,

My = My = Moo , I'11 = T'ag = .

Then we can describe Hamiltonian H as,

H— Moo — %Foo Mo — %Fm
My — 51Ty Moo — 5000 )

Eigenstates of this Hamiltonian is mass-eigenstate of particles. We define two mass-
eigenstates as,

|Bu) = p|B°) +q|B°)
|BL) = p|B%) —q|B°

where p = \/ M1z — 212, ¢ = /M7, — 5175, we can express time-evolution of mass

eigenstate as

|Bu(t)) = en(t)|Bu(0))
[BL(t)) = e(t)|BL(0))
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— _Jda .
where e, (t) = e7"™!=2"" mpy and my are each mass-eigenstate value and vy and

71, are each decay rate. then we obtain time-evolution of pure |B°(t)),|B°(t)) state,

By = () ) 29)
B0y = (s ) (2.10)

herea using m = (mH + mL)/27 5md =myg — mrg, :)/ = (PVH + P)/L)/27 5")/ =7YH — 7L,
we can re-write ey 4 ey, term as,

ey tey = pimmt=t o pimpt—2Lt
_ ei(rh—%q‘/)t <€—i-%(6md—%57)t + e-l—i-%(émd—%év)t) )

In the BY meson system, §/v is much smaller than unity, because the difference
is produces by common decay channels to B® and B° with branching fractions of
order 1073 or less. Thus their term containing §v/v is usually dropped out and
4 =. So we can write Equation (2.9) and (2.10) as

ke = e (o0 g o24)
(17 om

CH + er = e_z(m_%)t 2COS Tdt
i(17 om

er —ep = e "I 2isin !

therefore,

o 5 Sma . -
IBY(t)) = e itmimt (cos %HB% - i% sin %HB%)

_ o ) _ J
IBO(t)) = e im—3t (cos %HBO} — zg sin %HB%) .

If pure B° exist at t = 0, B° is mixed with time. It changes to pure B® at t =
7/20mg, and then it changes to pure B? at t = 7/dmy, again, and vice versa. This
BY — B° mixing-oscillation image ignoring decay by time (e "™~27) effect shown
in Figure 2.3. This B — B° mixing-oscillation feynman diagram is shown in Figure
2.4.

2.4.2 B meson decay in to C'P eigenstate

Next, we consider that initially pure B? or B° decay into the _CP—eigenstate, fop
shown in Figure 2.5, CP|fe) = %|fep) = 0| fep). Due to B — B® mixing, there are
two decay channels,
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0 ; 2 _ 2 dmg
. | B Amplitude|® = cos® “54t

B
2

— x
‘\'.
Amplitude|?
< : > [Amplitude]
6md "_ us
RN
A4

|B° Amplitude|? = sin® 224¢

11

Figure 2.3: B~ B’ system time-evolution. Red (Blue) curve is existence of B? (B?).
Top (Bottom) black line is pure B® (BY).

db

ol

b d

~+|

Figure 2.4: B%- BO mixing diagrams

ol
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50 — fep  shown Figure 2.5 with blue solid line.
B — B — f, shown Figure 2.5 with red solid line.

B — fep  shown Figure 2.5 with red dashed line.
B — B — f, shown Figure 2.5 with blue dashed line.

Figure 2.5: decay path into f,

We define the time-dependent C'P-asymmetry as,
F(? - pr) - F<B - fcp)
(B = fo) +T(B — fop)

To obtain this asymmetry, first we calculate each time-dependent decay width using
following decay amplitude,

Af = <f6p’BO> 3 Af = <f6p’BO>'

For convenience, we use

Agp(t)

(2.11)

SES

A

ESAES

The time-dependent decay amplitude from Equation (2.9) and (2.10) following as,
g 5 5
<fcp’BO(t)> — oilm=3)t g (cos %t — A sin %t)

(5md (5md

= i(m—1 p ..
(f|BO(t)) = €™ 24 (5) <)\COSTt—ZSIDTt)
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Thus we obtain the time-dependent decay width following,

L(BY(t) = fo) = [(fal B°())]”
= AP
x [cos? ?t — (A\) sin(dmgt) + |\ sin® ?t] (2.12)
L(B(t) = fe) = [{fal B"(D)]*
= LA

) )
x [sin? %t + S(\) sin(dmgt) + |A|* cos? %t] (2.13)

q/p| = 1 is very good approximation in BY meson system. Therefore, we can write
g
Equation (2.11) as

(JA]* = 1) cos(dmat) + 23(N) sin(émdt)'

Agp(t) =
o) R\

(2.14)

For neutral B meson system, C P-asymmetry is appeared if S(\) # 0 or [A|? # 1.
J()\) # 0 means that the phase in B® — B mixing is different from phase in the
decay. This C P-violation is called mizing — induced C P violation. |A\|* # 1 means
that the sizes of the decay amplitude are different. In other words, |A;| # |Af|.
This C P-violation is called direct C'P violation. If there are two or more Feynman
diagrams under weak interaction, direct C'P wviolation is appeared. If their is
one amplitude in the decay to the final C'P-state, |Af| = |Af|. then we can write
Equation (2.14) as

Ap(t) = () sin(dmagt). (2.15)

2.4.3 (CP-asymmetry in B — J/¢ K

In this thesis, we select f., as B — J/¢ K{ decay. Figure 2.6 shows the Feynman
diagram for this decay. In the B meson system, the contribution from penguin
diagram is small. So, we can consider only tree diagram case and ignore penguin
diagram phase.

In the KM mechanism, i—; is expressed with CKM matrix elements as,

Yy fl(B — J/9 Kg)
Ag A(B — J/¢ KY)
Ve Vi
Vi Ves

Next, we consider the term of ¢ _/ p. If we have K at the final states, we need add
K" effect. This is because K’ — K’-oscillation. So, we can express (¢/p)p—./p 9
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b C
+ C
W
S
u u
C
C
B th i=u,ct Vts S—
LS
u u

Figure 2.6: Fyenman diagram for B — J/¢) K?. Upper (Lower) one is Tree
(Penguin) diagram.

as,

Do = ()G
P) B KO P/ go \P/ o

VigVia VesVeg
VioVig VesVea'

therefore, we can express A with C' P-eigenstate value, n

N (g) AB — I/ K%)
P/ B KO A(B — J/Y K})
Vi Via Ves Vg Ve Ve
Vi Vig VasVea Vi Ves
VaVea VinVig
= ne o, (2.16)

Finally, we obtain C'P-asymmetry parameter from Equation (2.15) as

Ap(t) = —n sin2¢, - sin(omgt). (2.17)



CHAPTER 2. CP-VIOLATION IN THE NEUTRAL B MESON SYSTEM 15

For BY — J/¢ K case nis +1. On the other hand, there is the C'P-eigenstate
event B® — J/v K2 which is called “Golden plate mode”. This event’s 7 is —1. So,
In B — J/¢ K? case, we get same amplitude sin 2¢;, but sign is opposite.

2.4.4 At distributions and time-dependent asymmetry

The decay rate for (B°B°)yusy — J/¢ K?(t2), B°(t1), where one B meson decays
into B® — J/1 K9 at time t5, and the other B meson is tagged as B° at time #1, is
expressed from Equation (2.12) and (2.16) as,

T((B°B%)yus) — B(t), J/v K2(t2)) o e[ — psin 2¢, sin AmgAt].

On the other hand, the decay rate for (B°B%)y g — J/v K} (t2), B°(t1), where one
B meson decay into BY — J/¢ K? at time t5, and the other B meson is tagged as
B at time ¢4, is expressed from Equation (2.13) and (2.16) as,

T((B°B%)yus) — J/v K2(t2), B°(t1)) o "™ H[1 4 psin 2¢; sin AmgAt]

where At =ty —t;. The t; for the flavor-tag side and ¢, for the C'P-eigenstate side
are defined as t;,, and tcp, respectively. In experiment, we can measure only At.
This is because we do not know exact position where B meson pair are produced.
The At values is in range from —oo to +00. These time evolutions calculated for
B® — J/v K? with sin2¢; = +0.7 are shown in Figure 2.7. Equation (2.17) is
described using At as,

A (At) = —n sin2¢; - sin(AmgAt). (2.18)

From Figure 2.7, the time-dependent C' P-asymmetry is obtained as shown in Figure
2.8.

2.5 How to measure C'P asymmetry in neutral
B" meson system at Belle

The C'P-asymmetry comes of depending on the decay time differrence between B
BY meson pairs, but the asymmetry vanishes in the time integral rate. To measure
C P-asymmetry, we need following necessarily things,

1 Asymmetric collider

2 Produce huge number of B

3 Good B® — J/v¢ K? reconstruction
4 Good decay vertex detection

5 Good flavor tagging system.
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1L sin2¢,=+0.7
L 1g =1.548 ps
Am, =0.472 At =t,-t,

08
06 - B(t) JKt) G — B°(t,) I KL(t,)
04 -
02

0 . 1 1 1 ‘ 1 1 1 ‘ 1 1 1 i 1 1 1 ‘ 1 1 1 ‘ 1 1 1

-10 -8 -6 -4 -2 0 2 4 6 8 10
At

Figure 2.7: Expectation of proper time distribution with B® — J/¢ K?
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sin2¢, =+ 0.7 Is =1.548 ps Am, =0.472

-10 -8 -6 -4 -2 0 2 4 6 8 10
At

Figure 2.8: C'P-asymmetry distribution with B® — J/¢ K?
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2.5.1 Asymmetric collider

When we examin the C'P-asymmetry, we need to measure the difference of decay
time between B°-B° meson pairs. The difference is measured by moving B mesons
in laboratory frame. To product such B meson pairs, we use an asymmetric e™e™
collider with two rings, KEKB accelerator, described in Chapter 3 KEKB accelerator
of having center-of-mass energy of 10.58 GeV, equal to the T(4S5) mass. YT (495)
decays only into B meson pairs.

2.5.2 Produce huge number of B

For the observation of time-dependent C'P-asymmetry with good statistics, we need
a lot of B%-BY meson pairs. The design luminosity of KEKB is 10** /cm?/sec, which
means that it is possible to product 100 million B meson pairs per year.

2.5.3 Good B" — J/i¢ K reconstruction

When we reconstruct the event, we use many informations from sub-detectors at
BELLE, shown in Chapter 3. In this thesis, we use B® — J/¢) K? event as C'P-
eigenstate, so we need to reconstruct the B° and/or B event decaying into the
C P-eigenstate with good quality, and we have to suppress background events in
order to measure the correct C'P-asymmetry, shown in Chapter 4.

2.5.4 Good decay vertex detection

The difference of decay time between B mesons is obtained by the difference between
B% and B decay vertex points measured at a silicon vertex detector.

2.5.5 Good flavor tagging system

We need to determine the flavor of Bmeson decaying into C'P-eigenstate to define
the sign of the decay time difference. Therefore, we use flavor specific decay modes
in B meson, shown in Chapter 5.

As mentioned above, experimentally necessary informations to measured the C'P-
asymmetry parameter are shown schematically in Figure 2.9.

2.5.6 Coordinate System

The Belle coordinate system is that the z axis is defined as anti-parallel to the
positron beam direction, the x-axis is horizontally pointed out of the ring, and the
y-axis is vertical direction. The Belle (x,y,z) coordinates are as follows (see Figure
2.10):
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event reconstruction

-—

flavor tagging

-

1
1
1
1
KEKB:asymmetric collider Z |

Figure 2.9: Experimental chematic picture of the time-dependent C'P asymmetry
measurement with B® — J/¢ K9

horizontal, outward to the KEKB ring
vertical, upward

opposite of the positron beam direction
NeEam

the polar angle from z axis

the azimuth angle around z axis

S R N« M
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Figure 2.10: three-demantional coordinate



Chapter 3

B Factory

3.1 KEKB accelerator

KEKB accelerator, shown in Figure 3.1, is an asymmetric energy ete™ collider of
about 3 km across, which consists of two storage rings for £+ = 8.0 GeV and
E.- = 3.5 GeV and an injection linear accelerator for them. The center-of-mass
energy is 10.58 GeV, which corresponds to the mass of Y(4S) resonance. The
Lorentz boost factor Gy ~ 0.425 corresponds to the average distance of the two B
meson decay vertices of approximately 200 um.

The current peak luminosity is = 1.05765 x 1034, the highest achieved by any
particle accelerator in the world. The integrated luminosity exceed 160 fb~!. Figure
3.2 shows the daily and integrated luminosity record by Belle detector versus time.
Figure 3.3 shows a typical beam current and luminosity for one-day. The detail
discription of the KEKB accelarator is found in the refference [7].

3.2 Belle detector

Belle detector, shown in Figure 3.4, was designed for the precise study of B meson
decays. The detector is roughly symmetric in ¢ with the positron beam as its
symmetry axis, otherwise the electron beam comes in with 22 mrad angle. The
detector is asymmetrical to the forward and backward to maximize coverage of
solid angle in the boosted center-of-mass ( CMS ) frame. Belle’s combined detector
coverage is between polar angles of 17° and 150°.

Belle’s most inner detector is Silicon Vertex Detector (SVD), which surrounds
Beam pipe. It is used to measure the decay vertex of B mesons and other short-
lifetime particles. Central Drift Chamber (CDC), is used for charged particle track-
ing and momentum measurement, as well Particle Identification (PID) in the lower
momentum range less than 1.0 GeV by ionization measurement (dF/dx). Aerogel
Cherenkov Counter (ACC), which made up of Cherenkov threshold counters lo-
cated outside the CDC. It provides K /m separation in the momentum range 1.2 to

21
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parameters LER ‘ HER unit
Circumference 3018 m
Luminosity 1 x 1034(2 x 10%)cm™2sec™! em 2571
particle election ‘ positron
Crossing angle 6, 11 mrad
Number of bunches 1281
Bunch current 1.17 ‘ 0.884 mA
Bunch spacing 2.4 m
Bunch trains 1
Total RF coltage Vi 8.0 15.0 MV
Synchrotron tune Vj -0.0249 -0.0225
Betatron tune v, /v, 45.506/43.551 | 44.514/41.576
beta’s at IP 3;/8; 59/0.58 58/0.7 cm
Estimated vertical beam size at IP o 24 24 wm
beam-beam parameters &, /¢, 0.104/0.0068 | 0.071/0.051
Beam lifetime 125@1503 216@1132 min.@mA
Luminosity (Belle CsI) 11.305 10%3 /em?/sec
Luminosity records per day / 7days / month 640/4240/12760 /pb
Energy 8.0 3.5 GeV
Beam Current 1.1 2.6 A

Table 3.1: Machine Parameters of the KEKB (Dec. 18 2003)

3.5 GeV/c. Time Of Flight detector (TOF), which is located in barrel region only,
provides additional K /7 separation in the momentum range less than 1.2 GeV/c,
where the difference in flight-time between K and 7 can be resolved. Electomagnetic
CaLorimeter (ECL), which is used to detect photons and identify electrons by elec-
tromagnetic showers. These four detector are inside the magnet. The solecoidal
superconducting magnet coil provides 1.5 T magnetic field parallel to the beam
axis. Out side of the magnet, iron layers making up the magnet’s flux return are
interspersed with resistive plate chambers that form K and p detection detector
(KLM). Some of the otherwise uncovered forward and backward polar angle region
is covered by the extreme forward calorimeter (EFC).

We will describe more explanation for each detector, giving a brief description
of the physical layout, the main physics principle used in detection, and the perfor-
mance of each. The readout electronics will in general not be discussed. The detail
description of the Belle detector is in the refference [8].
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Figure 3.5: SVD

3.2.1 Beam pipe & SVD

SVD provide decay vertex information, trigger information, and helps tracking. SVD
is very important detector in measurement of time dependent CP-asymmetries,
which involve determining the Az, which means vertex difference of B meson pairs,
which resolution is on the order of 100 um. SVD is also used to measure the decay
vertices of other particles with comparable lifetimes, such as D mesons and 7 leptons.

Due to their short-lifetime and low transverse momentum, B mesons from Y (4.5)
decays at Belle typically only travel transverse distances of ~ 30 um, and decay in-
side the beam pipe. However the position of the decay vertices can be reconstructed
from the B’s charged decay products that move outside the beam pipe, and leave
tracks in CDC, and hits in SVD. These tracks are extrapolated from CDC back-into
SVD, where SVD hits are grouped into clusters, and associated with the different
tracks. Since most B decay products of interest are in the momentum range of
1 GeV/c or lower, the vertex resolution is limited mainly by multiple coulomb scat-
tering in any material that particles traverse before detection into SVD. For this
reason, the thickness and density of beam pipe have been minimized, as well as the
mass of SVD and its support structure. As the vertex resolution reduces with the
distance to the first detection layer (o, o 1), we want to close the first SVD layer
as possible as to beam pipe. Consequently, the designs of Beam pipe and SVD are
interrelated. The current beam pipe is a double-walled cylinder, with both the in-
ner and outer walls made out of 0.5 mm beryllium. The inner and outer walls have
radius of 20 and 23.5 mm, respectively. Beam pipe is cooled by flowing helium gas
in the gap between the two walls. SVD detector is located around the beam pipe,
shown in Figure 3.5. It consists of 102 double sided silicon strip detectors (DSSDs),
distributed over three cylindrical layers, which surround the beam pipe at radial
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distances of 30, 35.5 and 60.6 mm, and cover the polar angle region 23° < 6 < 139°.
The DSSDs have sense strips on both sides. The strips on one side run in the z di-
rection, while those on the other side are oriented in the /¢ direction. The former
are called ¢ strips, and their pitch is 25 um, but only every second one is read
out, while the latter on one side are highly n doped, strips on the other side highly
p doped. Abias voltage, typically 80 V', is applied to create a depletion region in
the lower doped, 300 um thick substrate between the strips. The particular DSSDs
used, Hamamatsu S6936, wre originally developed for the DELPHI micro-vertex de-
tector, and a more detail description of the DSSDs can be found in the NIM paper
on that detector [9].

Charged particles traversing a DSSD ionize atoms in the depleted substrate,
typically creating about 200000 electron-hole pairs. In the depletion region, electron
and hole mobility is high, and the subsequent motion of the ionization charged can
be read out by the induced image charge on the sense strips. Since this signal
will appear only on a few z and ¢ strips, and the radius of the ladder is known,
three-dimensional (3D) hits information is thus obtained. The (image) charge is
collected by a charged-integrating amplifier. After integration and shaping, the
signal is digitized and fed into a clustering algorithm. The probability that a CDC
track (excluding K,’s) within the SVD acceptance is associated with SVD clusters
in two layers in higher than 98 %. The momentum dependence of the impact
parameter resolution is well described by 6,, = 19 @ 50/(pBsin®?0)pum and § =
36 @ 42(pBsin®?0)um, where @ denotes addition in quadrature, and the first and
second terms are due to detector resolution and multiple scattering, respectively.
Additional details on the SVD’s performance can be found in [10].

3.2.2 Central drift chamber (CDC)

CDC reconstructs and measure precise momentum of charged tracks. CDC also
provides trigger information, and is take part of PID information by measuring
dE /dz from ionization.

CDC geometry is shown in Figure 3.6. The cylindrical design provides coverage
in the polar angle region 17° < 6 < 150°. CDC has three cathode strip layers, and
50 cylindrical wire layers, each consisting of three to six sub layers with radial or
stereo wires. The wires add up to 8400 drift cells. The inner-most and outer-most
stereo layers, together with the cathode strips, provide fast z-trigger information.
CDC is filled with a 50 % helium and 50 % ethane gas mixture, at a pressure slightly
above one atmospheric pressure.

The cell structure of the CDC is shown in Figure 3.7. Sense wires of gold plated
tungsten with 30 um radius, and field wires of unplated aluminum with 126 um ra-
dius, are used set up an electric field. A positive high voltage, ~ 2.35 £V, is used
for the sense wires, while the filed wires and endplates of the drift chamber are kept
near ground potential. The voltage on individual sense wires varies somewhat, to
keep the gas gain at the same value, roughly 10%, for different cell sizes.
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CDC structure
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Figure 3.6: CDC

The helium-ethane mixture has low atomic number, which minimize3s multiple
scattering. Charged tracks passing through the drift chamber ionize gas molecules
along their path. The ionized electrons drift forwards the sense wires, at a velocity
which saturates at &~ 4 ¢m/us, and depends relatively weakly on the electric field
strength. Only when the electron come very close to the sense wires, does their
energy become large enough to liberate fresh ions, creating an ionization avalanche
with total charge proportional to the gas gain and the amount of primary ionization.
The typical charge of this avalanche is thus large enough that when the liberated
electrons subsequently drift toward the sense wire, the separation of positive ions
and electrons produces a detectable image charge on the sense wires. Both the pulse
time and the integrated charge of this signal is read out and used.

The timing ultimately provides position information. Since the drift velocity is
roughly constant, the time interval between the event trigger and the sense wire
signal, the “drift time” constrains the position of the original ionization seed to lie
on a cylinder around the sense wire, with the radius of the cylinder proportional to
the drift time. By combining the information from many sense wires, the trajectory
in the x — y plane can be reconstructed. Stereo wires, which run at a small angle
with respect to the other wires in the chamber, provide additional z information.
The curvature of the track’s x — y plane projection in the 1.5 T magnetic field, is
used to measure the transverse momentum of the track, as explained in the section
on the superconduction magnet, below.

The time integrated charge of the pulse can be used for PID. The most probable
amount of ionization charge depends on the passing particles’s velocity, 5 = v/c, as
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given by the Bethe-Bloch formula:

Ar Noz2e* 7 2mu?

where m is the electron mass, z and v are the charge and velocity of the particle,
e is the electron charge, Ny is Avogadro’s number, Z and A are the atomic number
and mass number of the atoms of the gas, x is the path length measured in kg/m?,
while [ is an effective ionization potential, roughly 10 Z eV. For low velocities of
the incident particle, dE/dz varies as 1v?, while in the ultrarelativistic regime, it
increases logarithmically as In~y, where v = (1 — 3%)'/2,

The dE /dz measurement is achieved by taking the mean of the ionization charge
picked up by the various sense wires along the particle trajectory. Since the ion-
ization charge depends on the particle velocity, and we measure momentum inde-
pendently (from the trajectory’s curvature), dF/dx information helps with PID in
the low momentum region, where particles of different masses have a significant
difference in velocity at the same momentum. Figure 3.8 shows a scatter plot of
dE /dz versus particle momentum, measured in collision data. The different particle
series clearly leave different distributions.

Using cosmic rays, the CDC transverse momentum resolution is measured to be
~ 0.20p:% @ 0.29/5%, where p; is the transverse momentum measured in GeV//c¢, the
first term is due to detector resolution, and the second due is to multiple scattering.
The dF /dx resolution is 6 — 8%, with the better value for p pair and Bhabha data,
the worse for K2 — 7w"7~. Spatial resolution of the tracking is about 130 um.
Additional details on the CDC and its performance can be found in [11].

3.2.3 Aerogel cherenkov counter system (ACC)

ACC is Belle’'s main means of 7/K separation in the higher momentum ranges,
which are not well covered by th TOF system, or dF/dx measurement in the CDC,
as shown in Figure 3.16. The ACC consists of counter modules situated outside the
CDC : 960 module in the barrel and 228 in the forward endcap, as shown in Figure
3.9 and 3.10.

The modules, shown in Figure 3.11, each consist of an aluminum box filled with
five stacked aerogel tiles, where aerogel is a silicon based, noncrystaline solid, with
very low density. One or two fine mesh photo-multipliers (FM-PMTs) are attached
directly to the aerogel at the sides of the box to collect the Cherenkov light, emitted
by particles traversing the aerogel.

In general, charged particles traversing a medium will emit a cone of Cherenkov
radiation, if the particle’s velocity, 5 = v/c, exceeds the velocity of light in the
medium, ¢/ = ¢/n. The half angle of the Cherenkov cone, 6., will in that case be
given by

2
cosf, = N 1+ (m) . (3.2)
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Figure 3.8: Measured mean of dF /dx versus momentum for different particle species.
The curves show the expected mean energy loss.
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Figure 3.11: ACC modules
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For particle of unit charge, the number of Cherenkov photons emitted per unit
path length of the particle and per unit energy interval of the photons is approxi-
mately

d*N
dEdx

The Belle ACC is a threshold device, which discriminates between particles of
different masses, based on whether the ACC fires or not, but doesn’t make use of
cone-angle information. If the index of refraction of the Cherenkov device is chosen
appropriately, then at a given momentum, the lighter particle will fire the counter,
while the heavier particle will move too slowly Togo so. Including experimental
limitations such as geometrical acceptance and quantum efficiency of the photo
tubes, the Belle ACC is able to detect between 10 and 30 photons per particle
above threshold (tested with muons), enough to provide good 7/K separation up
to 3.5 GeV/c.

One advantage of aerogel is that its index of refraction can be varied in the
production process. Due to the asymmetric KEKB beams, final state particles
emitted at small polar angle and to have larger momenta than those at large polar
angles. Hence, as shown Figure 3.11, the refraction index of the aerogel used in the
various ACC counters is varied with polar angle, to allow optimum separation of
pions and kaons at all angles. The counters in the forward endcap have instead been
optimized for flavor-tagging (see Section 5.1) by kaons. This involves identifying
low-momentum kaons, typically below 1.5 GeV/¢, resulting from cascade decay of

BY mesons by the quark level transition b — ¢ — s. More details regarding the
ACC can be found in [12].

= 370sin?0./eV/cm. (3.3)

3.2.4 Time of flight system (TOF)

TOF provides 7/K separation in the lower momentum region. It is also the sub-
system that can deliver the most accurate timing of changed particles, and thus
provides fast trigger information and timing signals to other subsystems.

The TOF system consists of 64 modules, each constraining two ¢ - adjacent
TOF counters, separated by a 1.5 ¢m radial gap from a trigger scintillation counter
(TSC), as shown in Figure 3.12. The TOF counters consist of 255 x 6 x 4 cm slabs
of “Bicron BC408” plastic scintillator, and are read out on both ends with photo
tubes, while the TSC is made out of Bicron BC412 and read out only on one end.
The modules are located at a 1.2 m radius, outside the ACC in the detector barrel,
as shown in Figure 3.15. The TSCs were added to the design to keep the fast trigger
rate below the pile up limit of 70kH z in the presence of beam background. Due
to the 1.5 T magnetic field in this region, the 1.5 ¢m gap between the TOF and
TSC counters reduces backgrounds from electron-positron pairs created in the TSC,
when the coincidence signal between the TOF and TSC counters is used.

A charged particle traversing a scintillation counter will excite molecules in its
path, resulting in the subsequent emission of scintillation photons. In the case of
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pure organic / plastic scintillator, the scintillation photons would be in the ultra-
violet, where attenuation lengths are short, on the order of millimeters [13]. This
situation is circumvented by combining the scintillator with fluorescent molecules,
which frequency shift the scintillation radiation to the visible, where the material
is more transparet. The visible photons from the flours then travel by internal re-
flection inside the scintillation counter, until they are read out with PMTs at the
ends. Plastic scintillators are fast, with decay times on the order of nanoseconds,
and even faster rise times.

In order to achieve good time resolution for the time - of - flight measurement,
PMTs are mounted directly on the scintillator without intermediate light duides,
which would have reduces the timing accuracy, due to dispersion and transit time
variations of the detected photons. This puts the PMTs inside the 1.5 T" magnetic
field region. For this reason we use fine mesh PMTs, which are less sensitive to
magnetic fields than standard PMTs. Since the timing accuracy increases with the
number of photons detected (oy o< 1/v/N), it is also important to use scintillators
with large attenuation length, compared to the maximum photo path length, as well
as large-area PMTs, resulting in good photon-collection efficiency.

Figure 3.13 shows the time resolution obtained for muon tracks from g - pair
events, as a function of z. The time resolution of the forward PMT, backward
PMT, and of the weighted average are shown. The weighted average time resolution
is about 100 ps or better for all values of z.

Figure 3.14 and 3.14 demonstrates the TOF performance for hadronic events.
Figure 3.14 plot shows the distribution of ( the absolute value of ) calculated
mass, which is calculated using tracks’ path length and momentum as measured
by the CDC, and the measured time-of-flight. Only tacks with momentum below
1.3 GeV/c have been used. The measurements are shown as data points, while the
Monte Carlo expectation, assuming a time resolution of 100 ps, has been superim-
posed as a solid histogram. Clear peaks for different hadron species can be seen,
and the Monte Carlo agrees reasonably well with the data.

Figure 3.14 plot shows the TOF system’s w/ K separation power calculated using
the equation on the figure, where u, and ux are the average flight time measured
for m and K, respectively, at a given momentum, while the 8’s are the uncertainties
of these measurements. Thus the TOF achieves m/K separation > 20 for particle
momenta up to 1.25 GeV/c.

3.2.5 K /7 separation, PID

To separate Kaon and pion is very important for flavor-tagging in measurement of
C'P-violation, and also reconstruct and study of events which are B — 7 (sin 2¢,),
B — KK/Kn. K/ separation at Belle [16] is designed to cover whole momentum
region, based on energy loss in the CDC, time-of-flight by the TOF, and response
of the ACC. We combine the information from these three subdetectors to realize
more than 30 separation between kaons and pions momentum from 0 ~ 3.5 GeV/c,
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Figure 3.13: Time resolution for u-pair events by TOF.
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Figure 3.14: Distributions of hadron mass calculated from TOF and particles mo-
memtun is less than 1.25 GeV/c.
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which is upper limit of particles momentum from B decay at Belle. Figure 3.16
shows momentum coverage of each detector. we estimate probability, which assumed
kaon or pion in each detector, for each charged track. Then we calculate combined
likelihood function which value is 1 ( 0 ) if particles likes kaon ( pion ) shown in
Figure 3.17. The efficiency is about 85% with charged pion fake rate less than
10% shown in Figure 3.18.

dE/dx (CDC) e
TOF (only Barrel) _”M“HH

A dE/DX ~5 %
AT ~100ps (r=125cm)

Barrel ACC B . n=1.010 ~ 1.028
Endcap ACC B e n=1.030

(‘only flavor tagging )
| % % % —>
0 1 2 3 4
p (GeV/c)

Figure 3.16: Figure of momentum coverage of each detector used for K/m separa-
tion.

3.2.6 Electromagnetic calorimeter (ECL)

ECL is designed mainly to detect photons and to identify electrons, but can also
be used to detect K?’ s and minimum ionizing particles. The ECL consists of 8736
CsI(TT) crystals, arranged inside the detector barrel and endcaps as shown Figure
3.19, and covering the polar angle region 17° < 6 < 150°.

Electrons and photons are detected in crystal calorimeters by electromagnetic
showers. Electromagnetic showers are the result of repeated cascades of pair pro-
duction and brehmstrahlung, producing an exponential increase in the number of
particles, and corresponding decrease in particle energy until the energy is so low
that ionization loss dominates, terminating the shower. Electrons and positrons in
all parts of the shower have certain probability of exciting bands in the crystal lattice
that correspond to visible energies, resulting in subsequent emission of visible pho-
tons, which are read out by photon detectors. The total light yield is proportional
to the combined path-length of all electrons and positrons in the shown, which is
proportional to the incident particles’s energy. Electrons and photons typically de-
posit all their energy in the ECL. For heavier charged particles, on the other hand,
brehmstrahlung is negligible, and they mainly leave energy by ionization, roughly
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170 MeV for the 30-cm-log crystals. Neutral hadrons can be detected if they un-
dergo inelastic strong interactions in the ECL, resulting in charged decay products,
which can then be detected. These hadronic showers then to be less uniform in their
shape than electromagnetic showers.

The individual crystals of the Belle EEL are oriented so that they point almost
towards the interaction point, but with a small tilt, to ensure that photons cannot
escape through th gaps between crystals. Each crystal has a trapezoidal shape, as
shown in Figure 3.20. The exact dimensions of individual crystals vary with the
polar angle, but their length is always 30 ¢m, which corresponds to 16.2 radiation
lengths for electrons, and 0.8 nuclear interaction lengths for K?’s. All sides of a
crystal, except the side where the readout is attached, are covered with a 200 pm of
mylar. The Teflon serves as diffuse reflector, while the other layers provide optical
and electrical isolation. The scintillation light from each crystal is collected using
two photodiodes (Hamamatsu S2744-08), attached to the crystal by a 1 mm acrylate
plate, and read out by charge sensitive preamplifiers.

After the commissioning of KEKB, the ECL energy measurement was calibrated
counter by counter, using a large sample of Bhabha events, for which the electron
energy is known as a function of the detection angle. The resulting energy resolution
is shown Figure 3.21.

The details on the ECL and its performance can be found in [14].

3.2.7 Extreme forward calorimeter (EFC)

EFC consists of radiation hard Bismuth Germinate crystals. It is attached to the
cryostat of the superconducting compensation solenoid magnets, which surround the
beam pipe outside the interaction point in the forward and backward region. The
EFC extends the coverage of the ECL to the polar angle regions 6.5° to 11.5° and
163.3° to 171.2°. The EFC is used as a beam and luminosity monitor, as well as an
effective shield from backgrounds for the central drift chamber.

3.2.8 Superconducting magnet

Superconducting magnet, which encloses all of the abovementioned sub-detectors,
provides a 1.5 T axial magnetic field. The superconduction magnet coil is supported
by a surrounding aluminum cylinder of 3.4 m diameter, and is cooled with liquid
helium.

The axial magnetic field causes charged particle to travel in a helix, with the
x — 1y projections of its trajectory being a circle of radius R, related to the field B by

R=2 (3.4)

where ¢ is the charge of the particle, pr is the particle’s transverse momentum, and
¢ is he speed of light, all in SI units. With units more useful in high energy physics,
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Figure 3.22: KLM

pr measured in GeV//e, and q in multiples of the electron charge, this becomes

et pT
0.3¢B°

(3.5)

Thus, we can determine a charged particle’s momentum from the curvature of its
trajectory in the drift chamber. Furthermore, we can tell the sign of the particle’s
charged from the direction that it curves.

3.2.9 K9Y/u detector (KLM)

As the name suggest, the KLM is used to identify K9’s and p. Located outside
the magnet coil in the barrel and both endcaps, it is the last sub-detector that
particles encounter before leaving the detector. The KLM consists of 14 (Barrel) or
15 (EndCap) superlayers of Resistive Plate Chambers (RPC), sandwiched between
4.7 em thick iron plates. The iron plates serve as the magnet’s flux return, to
induce hadronic interaction of K?’s, and to differentiate between charged hadrons
and muons based on their penetration depth and deflection in the KLM. The KLM
as a whole covers the polar angle region from 20° < 6 < 155°, with the barrel
detector covering 45° < 6 < 125°.

The RPC used in the EndCap and Barrel differ somewhat in their detailed
construction, but the operating principle is the same. We shall here describe the
barrel detector. Each RPC superlayer contains two RPC layers, as shown in Figure
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3.23. Each single RPC layer consists of two glass plates, coated with conductive ink.
In between the glass plates, their is a 1.9 mm gap, filled with an HFC/argon/butane
gas mixture. A high voltage, typically 8000 V', is connected to conducting ink layers,
which charged up the glass plates. Charged particles crossing the RPC leave a trail
of ionization in the gas. This may result in a localized amount of surface charge
on the glass plates discharging across the ionization trail. The image charge of this
discharged is then picked up an dread out by ~ 5 ¢m wide copper pickup strips,
located outside the RPC. The pickup strips on one side run in the z direction, while
the strips on the other side run in r» — ¢ direction, so that 3D information is obtained.
The high resistivity of the glass ensures that the discharged will be localize d to a
small area in the glass plate. Even though this small area will be inactive until
the charge is replenished from the conductive ink, the rest of detector area remains
active during this time. Each single layer RPC typically has a detection efficiency
~ 90% for charged tracks. Since two layers are read out together by one pair of
pickup strips, however, we are effectively using the “logical or” of the two layers,
resulting in average efficiencies above 98 %, shown Figure 3.24.

The RPC thus provided 3D information on the trajectory of charged tracks in
the KLM detector. Using this information, charged tracks detected in the CDC are
identified as p based on their penetration depth into the KLM, and the deviation
from their expected trajectory in the KLM. Muon identification efficiency above
1.5 GeV/c exceeds 90%, with a fake rate (from 7w and K') of less than 5%. The
detail description of KLM is found in the refference [15].

The iron plates in the KLM provide a total of 3.9 interaction lengths for K9’s
traveling normal to the detector planes. If a K? undergoes inelastic nuclear scat-
tering in an iron layer, charged decay products can result in hits in the following
RPC’s. K?’s are thus identified as clusters of RPC hits without associated charged
tracks in the drift chamber, as described further in Section 4.4.

3.2.10 Trigger & data acquisition (DAQ)

At KEKB’s design luminosity, 103*/em?/sec, electron and positron beam bunches
are spaced 60 c¢m apart, resulting in bunch crossings at the interaction point at a
rate of about 500M Hz. During most bunch crossings’ nothing happens, i.e. no
ete™ collisions take pace. As can be seen from the cross sections given in table
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Chapter 4

Event Reconstruction and
Selection

In this chapter, we will explain how B? — J/¢» K? candidates are reconstructed
and selected from the large number of events collected at Belle. Figure 4.1 shows
a flow chart of how to reconstruct and select B® — J/¢ K? events, and to reject
backgrounds. First we require “Hadronic event selection”. Second we reconstruct
good J/v from dilepton. Third we reconstruct K?. But we know only the direction
of K9, a magnitude of K¢ is unknown. Then we reconstruct B using reconstructed
J/1y and K?. Next we have to reject exclusive backgrounds, such as B® — J/v K2,
B — J/Y K*, B — J/v K*, B — J/¢ 7° and etc by cut due to the event
likelihood ratio, so purity of reconstructed B event comes to be higher. Finally,
we correct the momentum of B due to beam energy fraction. These selections and
correction are done only for B® — J/1 K? event. To measure sin2¢;, we need to
measure the decay vertex position for each B decay.

We will see below how the present background fraction is the result of tuning
individual cuts to minimize finally the uncertainty, when we use the selected candi-
date events to estimate sin2¢;. With the amount of data currently available, this
uncertainty is dominated by its statistical component, which depends on the number
of selected signal (S) and background events (N) as follows:

N O(\/S+N_ 1
sin2¢1 S FOM

Thus, we generally tune the various steps of the event selection to maximize the
Figure of Merit, FOM = S/+/S 4+ N. The purity could be increased further, thus
this would result lower statistical sensitivity, due to increased rejection of signal
events. We sometimes deviate from our main strategy of optimizing the FOM,
when there is a way of significantly decreasing systematic uncertainties, while either
keeping the FOM constant, or only lowering it slightly.
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Hadronic event selection

l

good J/W¥ & good KL

l

reconstruct B (calculate B momentum)

l

exclusive modes veto & hard cut

'

Inclusive bkg veto by likelihood

l

vertex reconstruction & selection

l

pb* correction

Figure 4.1: Reconstruction and selection flow chart of B® — J/v K9 level
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4.1 Data set

The analysis presented in this thesis is based on the data taken from January 2000
and July 2003. The total integrated luminosity 140/ fb has been accumulated in
this period. The total number of BB pairs used for this analysis is approximately
1.5 x 108,

4.2 Hadronic event selection

To reject non-Hadronic events, we require the following hadronic selections,

1 Number of “good” tracks are greater than 3, where “good” tracks are defined
by |r| < 2.0 em and |z| < 4.0 em at the closest approach to the beam axis,
and transverse momentum, py, is greater than 0.1 GelV/c.

2 The absolute value of the momentum balance in the z-component in the Y (4.5)
center-of-mass system (CMS) must be less than a half of the center-of-mass
energy.

3 Event vertex should be within 1.5 (3.5) e¢m from the interaction point in 7(z)
plane.

4 Total visible energy, sum of the energy of “good” tracks assumed pion and
“good” gamma, in the CMS of T(4S5). should be greater than 20% of the
CMS energy

5 Sum of all gamma energy in the CMS of T (4S) should be in the range from
10% to 80% of the CMS energy.

4.3 Reconstruction of J/¢

We reconstruct J/1¢ from their decays into two leptons of the same flavor. The
combined branching fraction of J/¢» — ete™ and J/vb — ptp~ is about 12%.
J/1 is too light to decay into two 7-leptons. We use opposite charged track pairs
which both tracks are identified as leptons (e* or p*). If the tracks do not come
from the interaction region, we remove these candidates. In the J/¢ — e*e™ decay,
in order to include radiative ete™ events, we reconstruct the events by including the
lorentz vector of v within 0.05 radians of each et or e~ direction.

We required the invariant mass of dileptons, M;+;~, should be in the range
3.05 < M+~ < 3.13 GeV/c? to identify as a good J/1 candidate. This require-
ment is tighter than other analyses for exclusive C'P-decay modes, for example
B® — J/¢ K2, which contain J/1. Because for B — J/1 K9 case, the purity
of events is worse than other C'P-event due to worse reconstruction of K?. Figure
4.2 shows invariant mass distribution of reconstructed J/v¢ from J/¢ — eTe™ and
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J/Y — pTp~. We can see clear peak around M+~ ~ 3.097 GeV/, and low
backgrounds in both decay.

16000 T T T T T T T T T J T T T T T T

8000

Events/(5 Mev/c?
o

8000

2.50 2.75 3.00 3.25 3.50
Dilepton mass (GeV/c?)

Figure 4.2: Invariant mass distribution of .J/v¢. Upper (Lower) distribution is re-
constructed from ppu~(ete™).

4.4 Reconstruction of K

We detect KY as hadronic showers in KLM and/or ECL. So, we have two cate-
gories of reconstruction of K. First one is reconstructed in KLM, so called “KLM
candidate”. Second one is reconstructed in ECL, so called “ECL candidate”.

4.4.1 KLM candidate

How to reconstruct K? in KLM is as follows. We handle KLM hit information as
hadron cluster. First we combine RPC superlayer hits within 5° opening angles of
each other. If there is no hit, we define one cluster. Second we check that KLM is
associated with ECL or not. If there is ECL cluster which energy is greater than
0.16 GeV within 15° opening angle, we define KLM cluster is associated with ECL
cluster. If KLM cluster is not associated with ECL cluster, to reject noise hits in
KLM, we require that the number of hit layers is greater than or equal 2. If KLM
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Figure 4.3: Left figure shows the image of KY cluster and right figure shows the
definition of KY cluster in KLM.

cluster is associated with ECL cluster, we do not set any requirement to the number
of hit layers.

Then we decide K? direction. If KLM is associated with ECL, we use ECL
cluster direction. This is because angular resolution of ECL cluster is better than
that of KLM. We call this type of reconstructed K¢ as “KLM+ECL candidate”. If
KLM is not associated with ECL cluster, we use KLM cluster direction. we call this
type of reconstructed K as “KLM-only candidate”. Both “KLM+ECL candidates”
and “KLM-only candidates”, we call “KLM candidate”. Figure 4.3 shows image of
this clustering methods.

Finally, we check the KLM cluster is associated with charged track or not. If
there is charged track with in 15° cone angle around K? direction, we consider that
this KY cluster made from charged track. So we reject these clusters. Figure 4.4
shows the extrapolation of charged track into KLM.

4.4.2 ECL candidate

We write here how to reconstruct K¢ in ECL. The main backgrounds in K} can-
didates reconstructed by ECL-only candidates come from the interaction of v and
charged particle with ECL. In order to discriminate electromagnetic interactions
caused by v from hadronic interactions by K9, we use the characteristic difference
between electromagnetic and hadronic showers. In order to reject charged particles
backgrounds, we check the matching of charged particle tracks to ECL clusters.
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Mat chi ng Angle = 15 deg

Figure 4.4: Image of extrapolation of charged track into KLM. Blue arrow is the
direction of K9 cluster and red arrow is direction of charged track in KLM. Black
curve is a flight direction of extrapolated charged track.

ECL candidates are selected by following parameters,

1

Distance: distance between the ECL cluster and the point where the closest
charged track hits the ECL detector.

Energy : total energy of the ECL cluster.

Energy ratio, €9/e25 : the ratio of energy (e9) in a 3 x 3 to that (e25) ina 5x5
ECL crystal array surrounding the shower sector, as shown in Figure 4.5. If
ECL cluster is made from photon, ECL cluster shower is tighter than that of
K? cluster. So, energy ratio €9/e25 is close to 1 for the gamma background.

Width : shower width of the ECL cluster. cluster shower width caused by
K9 is wider than that of by ~.

Mass : mass of ECL cluster. By subdividing the ECL cluster into sub-clusters
and summing up their four vectors, we obtain a four vector with non-zero
mass.

Figure 4.6 shows each distributions of discriminant variables for true K9 clusters
and fake K clusters obtained by the Monte Carlo simulation. At first, we require
the loose pre-selection criteria to these variables, shown in Table 4.1. We can remove
obvious fake K backgrounds by these selection cuts, but a few loss of true K?.
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Figure 4.5: Image of ECL cluster array for 9 and 25 cells .

distance > 20 cm
energy > 0.2 GeV
e9/e25 < 0.99
width > 4 em
mass > 0.013 GeV/c?

Table 4.1: The loose pre-selection criteria for ECL candidate.

In order to increase the purity of K? reconstruction, we use the five cluster
properties to assign K?-likelihood ratio for each ECL cluster. We choose to optimize
its performance for the B® — J/¢» K? analysis by creating Probability Density
Function (PDF) from charmonium inclusive B decay Monte Carlo. We take the
product of the PDF for signal and background, as shown in Equation (4.1). Then
we take a likelihood ratio as a discriminant variable, as shown in Equation (4.2).

Likelihood: L = [][PDF; (4.1)
: s s rue rue ake
Likelihood Ratio = Lii/(Li +L§<2 ) (4.2)

We obtain K?-likelihood ratio value between 0 and 1. Figure 4.7 shows the
Likelihood Ratio distribution for true K¢ and fake KY, signal noise ratio (S/N),
and FOM distributions. If Likelihood Ratio is greater than 0.5, we define that

ECL cluster is made from K?, and we use as K? candidate when we reconstruct
B — J/y KY.
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Figure 4.6: PDF distributions for ECL cluster. Blue (Red) histograms shows signal
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Figure 4.7: Left distributions are likelihood ratio of true K¢ (blue) and fake K? (red).
Middle distributions are S/N and right distribution is FOM vs likelihood ratio cut
value. Arrow position is a cut value of LR=0.5.
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4.5 Reconstruction of B’ — J/i K

We have two K categories “KLM” and “ECL” candidate. First, we use “KLM”
candidates, because the purity of “KLM” candidate is higher than that of “ECL”
candidate, and also the background source is different between these two candi-
date. Therefor, we try to reconstruct B® — J/¢ K? with “KLM” candidates. If
“KLM” candidate does not pass the selection criteria, as describes below, we try to
reconstruct B® — J/¢ K? with “ECL” candidates.

We know only the direction of K 2(13 K9 ) from our detector, but we can calculate
the momentum (| Pgo|) and the energy (Exo) of K7. In B® — J/¢ K} decay, the
following kinematical equation is given without any assumption:

EBO - EJ/¢ + EK]?
Pgo = PJ/¢ -+ PKE
PK,(} = ’PK,‘}’PKQ
then we get,
2
mpo? = (EW + \/yPK2 2+ m3<2> — | Py + Py (4.3)

where mpgo and mpyo are the mass of B and K?, and both are known as 5.279 GeV/
and 0.497 GeV, respectively. So we can calculate the magnitude of K? momentum
in laboratory frame. After that, we obtain the momentum of B, p};, in the Center-
of-Mass System (CMS). Figure 4.8 shows the pj; distributions for each candidate
in signal Monte Carlo. We can see clear peak around 0.335110 Gel//¢ (nominal pj,
value).

03| 035 -
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015 | E
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Figure 4.8: pj; distributions in Monte Carlo. Left (Right) distribution is KLM
(ECL) candidate.
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4.6 Selection of B’ — J/¢ K"

Now we reconstruct B® — J/1¢» K? event by using the reconstructed J/¢ and K?.
But many backgrounds still remains. In this section, we try to reject many types of
backgrounds shown in following subsection.

4.6.1 Exclusive mode veto

We reject the events if we can reconstruct the following modes with reconstructed
J /1, which we required the invariant mass of dileptons to be in the range 2.95 <
Myt~ < 3.13 GeV/? and 3.05 < M,+,- < 3.13 GeV/c*. In this case, we require
looser selection to .J/1’s mass than the case of B — J/¢) K? reconstruction. This
is because the accuracy of K¢ momentum is worse than that of K*, K2 and pion.
So the purity of B — J/¢ K? event depends on the amount of background in J/4).
The backgrounds are as follows,

1 B — J/ip KY(K% — mtr-).
2 Bt — J/p K*.

3 B — J/i 7.

4 BY = J/p K*(KO79).

5 B — J/ih KO(K*7F).

6 Bt — J/ip K**(K*r K*n0).

For these mode, we can fully reconstruct events. We use two variables reflecting the
known values of the B meson’s energy and momentum. We define these variables
named AF and M,. (beam constrained mass) as following,

AE = EE_EZeam
Mbc - E; 2_p*B2

beam

where E} is the energy of reconstructed B meson in the CMS and £}, is the
beam energy in the CMS and pj; is the reconstructed B momentum in the CMS. If
we can reconstruct any of these modes in the range |AE| < 50 MeV and 5.27 <
My < 5.29 GeV/c?, we consider that the event is not J/1 K? event, other exclusive
event. We reject these events from the B® — J/1 K9 candidates. Figure 4.9 shows

M. distribution from experimental data. The cut |[AE| < 50 MeV has been applied.
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Figure 4.9: M, distribution within the AFE region.

4.6.2 Hard cut

We can estimate the direction of K¢ from the four-momentum of J/¢ and beam
energy assuming B — J/1¢ K? decay of B meson which the energy is a half of the
four-momentum of the Y (4s). We reject the event which the calculated K? direction
due to the cluster is too far from the expected direction. Figure 4.10 shows the
distribution of cos 0 ,pectedr? catcutedr? » Petween the expected K ¥ and the calculated
K direction. We require following condition,

COS eeacpecteng,calcuteng > 0.8.

4.6.3 Inclusive background veto by LR

In order to suppress the background from inclusive charmonium B decay, we calcu-
late likelihood ratio for B® — J/¢» K? from the following PDFs, No.1 to No.6.

1 p%, : Momentum of J/¢ in the CMS. B® — J/¢ K} decay is two-body
decay, and other inclusive backgrounds are multi-body decay. Therefore mo-
mentum of J/1) is higher than that of other inclusive backgrounds. Py is not
monochromatic due to the motion of B in the CMS.

2 cos QK%Wi : cosine of the angle between the K? and closest charged track
assumed 7 which momentum is greater than 0.7 GeV/c. When we reconstruct
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Figure 4.10: €08 O upectedi? catcuteary distribution for KLM (left) and ECL (right)
candidates in BY — J/¢ K Monte Carlo.

KY, we reject charged tracks association. But still remains charged tracks
backgrounds. In order to reject these backgrounds we include this parameter
when we calculate likelihood.

3 Nyk : Number of charged tracks with p; > 0.1 GeV/e, |dr| < 2 c¢m, and
|dz| < 4 em, where dr and dz represent the distance of closest approach to
the interaction point. In B® — J/¢» K? decay, one track is K in one side
of B (B — J/¢ K? event has only two charged tracks) and other side of
B decays generic. So the event multiplicity may be less than other generic
B decay.

4 cos 0} : Polar angle of reconstructed B meson momentum in the CMS. Con-
sidering B — J/¢ K? helicity,
o 1. i o L,
In ete™ — Y(4S) — BB transition, T(45)’s spin is 1, B’s spin is 0. In CMS,
cos 0% should be polarized. If we reconstruct background as B® — J/¢ K9,
reconstructed cos 3 helicity should be flat.

5 pi(3) : Calculated momentum of reconstructed B* — J/¢p K**(K** —
K97*) assumption. This PDF is used if pj(3) < 0.8 GeV/c, 0.852 GeV/& <
Myeerc=+ < 0.930 GeV/, and pf_ .+ > 0.35 GeV/c If we reconstruct B® —
J/¢ K events as B* — J/¢» K** the momentum of B is higher than that
of B® — J/1 K?. On the other hand, the momentum of B with true B* —
J/1¢ K** event should be nominal peak value.
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6 Eea/ Eeqiero + Ratio of the energy deposit in the ECL to the calculated & ¥ en-
ergy, if KY is associated in ECL for “KLM+ECL” and “ECL-only” candidates,
and BY — J/¢ K? decay is assumed.

Figure 4.11 shows each PDF. The procedure for constructing this B® — J/¢ K?-
likelihood ratio is very similar to the procedure for constructing the K?-likelihood
ratio, which is described in Section 4.4.2. Before we calculate PDFs ;we require the
following pre-selection to remove obvious background.

1.2 <pj,, <2.0
2 < Ny < 13
0 < EECl/Ecachg <1

Then we calculate the likelihood ratio for B® — J/¢ K? by the same method as
obtaining the K?-likelihood ratio. Figure 4.12 shows the likelihood ratio and FOM
distributions for KLM and ECL candidate.

We require the likelihood ratio to be greater than 0.4.

4.7 pp correction due to instability of beam en-
ergy

KEKB beam energy would be stable in time, which means the center-of-mass energy
in the eTe™ collision (y/s) equals T(4S5) rest energy. However, in generally two beam
energies fluctuate a little bit. So, /s is different event by event. In order to correct
this instability, we expect the B meson momentum, p%, in T(4S) center-of-mass
system from beam information event by event as the following equation,

* — 2
pB(ewpected) - Ebeam — Mpo-

We already know the calculated B meson’s momentum, p7j, (calculated) in CMS from re-
construction using experimental Data and we can define exact B meson’s momentum
in CMS, PRy from Monte Carlo study. In Monte Carlo we define beam energy as
nominal values which is stable in event by event. Using Fyrpr = 3.5000 GeV for the
low energy ring, Egpr = 7.9965 GeV for the high energy ring and O ossingangle =
22 mrad for the crossing angle in Monte Carlo, the value of pj /0 Is a constant to

be 0.335110 GeV/c. We use mpo = 5.2794 GeV/* when we calculate pi,

p*B(ewpected) and p*B(MC’)
Finally we correct p}; by the following equation,

(calculated)

p*B(corrected) = p*B(calculated) - p*B(ezpected) + p*B(MC') :

Figure 4.13 shows B meson’s momentum distributions for KLM and ECL candidate
after correction of beam instability.
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Figure 4.11: PDF distributions for B® — J/¢ K9 likelihood ratio, blue (red) his-
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Figure 4.12: The likelihood ratio distributions (left) and FOM distributions (right).
Upper (Lower) histograms are for KLM (ECL) candidates.
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Figure 4.13: p; distribution after likelihood ratio cut and beam correction. Left
(Right) is for KLM (ECL) candidates.
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4.8 Vertexing

After all selection cuts, including p3 correction, we measure decay vertex points.
There are two vertex points. One is B meson’s vertex point which is reconstructed
as B" — J/¢ K9 and the other B meson’s vertex point. We define B., as “CP-side”
B meson which is reconstructed as BY — J/¢ K?, and By, as “tag-side” for the
other B meson.

4.8.1 Vertexing algorithm

When we measure vertex point of B, we use leptons from J/¢ — ete™ or J/¢) —
putp~ decay. The decay vertex of J/v is identical to the vertex of the B meson.
Because the lifetime of J/1 is shorter than that of B meson. The efficiency of
B., vertex reconstruction is measure about 95% using Bt — J/¢ KT and B —
J/p K*(K* — KT™n~) event in experimental data. The resolution of B,, vertex
is estimated to be about 75 um using Monte Carlo.

We measure the vertex point of By, by a extrapolation fit from well-reconstructed
charged tracks in the tag-side. Tracks of K3 — w77~ decay products are excluded.
Because these tracks may give a bias to the vertex point being the flight length
from the interaction point even if K3 flight length is short. We also remove the
tracks which x? in the vertex fitting becomes large. When we select the events with
reduces x? of £ < 100, the efficiency of By, vertex reconstruction is measure about
93% using the same sample of B,,.

The B, and By, vertex points are required to be consisted with the profile of
the interaction point.

4.8.2 Response function

We measure the decay time difference At between B, and By,,. B meson pair is
produced almost at rest in the T(4S) center of mass system. So At is determined
from the distance between vertex points,

Az

Zep T Rta
At ~ =22 g
vBce vBce

where 2., and 2,4 are the z positions of the B, and By, decay vertices, respectively.
The obtained is smeared by the fluctuation of beam energy depending on the ex-
perimental run conditions. We treat this smearing as resolution function, R;,(At),
described later.

After vertex reconstruction and selection, pj distribution for KLM and ECL
candidates are shown in Figure 4.14. We can see a clear peak around nominal
P ~ 0.335 GeV/c and tail backgrounds. We do not know the number of B —
J/¢ K? signal events and background events at this time. Next we try to fit these
histograms to know these number of events.
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Figure 4.14: pj distribution after vertexing. Left (Right) histogram is for KLM
(ECL) candidate.

4.9 Background estimation

After all selection, we estimate the BY — .J/¢ K9 signal purity, fs,. We try a binned
likelihood fit to p% distribution for the reconstructed B® — J/¢ K? candidates. In
this fit, the events are categorize the four components as follows,

1 BY — J/v K? signal events.

2 B — J/¢ X background events which includes real K} at final state.

3 B — J/¢ X background events which does not include real K} at final state.
4 Combinatorial J/v¢ background events.

First three components are for the event which include real J/v¢ in B decay, and
fourth component is for the event which does not include real J/¢. This means
the J/v is reconstructed incorrectly. The leptons are misidentified and the invari-
ant mass of two leptons is accidentally within the J/1¢ mass region, and then this
event pass the BY — J/1 K? event selection cuts. We call these events as fake
J /1 backgrounds.

For fitting to the pj; distribution, we float the parameters of the first to the third
components, and also float B® — J/1 K?’s p% peak position. But we fix the fourth
component. How to determine the pj; shape for each component and to fix the fake
J /1 backgrounds are described in the following subsections.
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4.9.1 Fake J/1) backgrounds

The p}; distribution shape and the normalization factor for the fake J /1 backgrounds
are estimated from experimental data. In order to estimate the number of fake
J /1 backgrounds, we use .J/1¢ mass sideband date. Figure 4.15 shows the invariant
mass distributions for the reconstructed J/1 after all selection, except J/1 mass
selection.
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Figure 4.15: Invariant mass distributions for .J/i. Black arrow region shows signal
region, and red (green) arrow region shows J/1 mass sideband “lower” (“higher”)
region.

Normalization of fake J/¢ backgrounds

In order to estimate the normalization factor of fake J/¢ backgrounds, we fit the
Gaussian to the reconstructed J/v invariant mass distribution. Figure 4.16 shows
J/v invariant mass fit result. When we fit J/¢ invariant mass, we use sum of
two functions which are crystal-ball function for real .JJ/1 event and linear function
for combinatoric background. The normalization factor for each KLM and ECL
candidate are defined by the ratio of the number of fake J/1 events to the sum of
fake and real J/¢ events in signal .J/1) mass region, 3.05 < M+, < 3.13 GeV/c>.

py shape of fake J/i) backgrounds

In order to estimate the pi; shape of fake J /1 backgrounds, we use the reconstructed
J /1 mass sideband data which the experimental data are reconstructed after all se-
lection except J/1¢ mass selection. The definition of J/1¢ mass sideband region is
2.6 < My~ < 2.9 GeV/c? or 3.2 < M- < 35 GeV/c*>. When we calculate
the p3; shape of fake J/1 backgrounds from the sum of events in lower and higher
M+~ sideband region. Figure 4.17 shows the p}; distribution of sum of M;+,- side-
band date for the KLM and ECL candidates.
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Figure 4.16: .J/v¢ mass fit result. Upper and Lower histograms are for KLM (ECL)

candidates, and left (right) is for J/¢ — eTe™ (J/¢ — puTu~) decay mode.
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Sideband data check

We estimate p}; shape by using J/1 mass sideband data. It is necessary to investigate
credibility that the p}, shape for J/1 mass sideband data is the same as that of signal
region. In order to check it, we use generic B decay Monte Carlo and continuum
Monte Carlo for backgrounds. The generic B decay Monte Carlo is both B meson
decay into generic modes, involving C'P-eigenstate. The continuum Monte Carlo
is ete™ — ¢, where ¢ is u,d,s and ¢ quark. We use ete™ — ¢ Monte Carlo
for continuum background. Because u,d, s quarks is too light to reconstruct J/1),
we can not reconstruct B® — J/i K9 event in ete™ — wuu,dd, s5 backgrounds.
So, the number of these event is too smaller than generic B decay and ete™ —
cc background events. Hence we ignore these backgrounds. We also reject the event
whose reconstructed J/1 is reconstructed correctly. Figure 4.18 shows reconstructed
J /1 mass distributions. In the figure, real J/1¢ events from B decay Monte Carlo
are excluded to test pj; shape of background. In order to increase statistics for signal
yield, we expand the signal region as defined with 2.9 < M;+;- < 3.2 GeV/c?. The
definition of lower-side and higher-side are the same as that of normalization section.

In order to check sideband data consistency, we examine the p}; shapes from
J /1 mass lower and higher side for each of Monte Carlo and experimental data. We
also compare the sum of pj; shapes from .J/¢ mass lower and higher sideband with
p;; shape of backgrounds within signal region.

When we check the consistency or difference, we use chi-square test and Kolmogorov-
Smirnov test (K-S test). In the case of chi-square test, we define x? as,

R, — S;

X =

where R; and S; are i-th bin’s data of R and S histograms, respectively. In K-S test
case, by using accumulation frequency function, Sy(z), we define amount of K-S
statistics as,

D= max |Sy,(z) — S, ()]

—oo<xr<+400

where Sy, () and Sn,(x) are the accumulation frequency function for each data
sample. The following function form is used for calculation of significant establish-
ment.

This is a monotonically increasing function and a limit value is the following,

Qrs(0) =1,Qks(0) = 0.
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Figure 4.18: Reconstructed J/1) mass distribution in Monte Carlo. Black arrow

shows signal region, blue arrow lower-side region and red arrow higher-side region.
Left (Right) distribution is for KLM (ECL) candidate.
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We define the probability when we could observe D as the following equation,

. | N1V,
Probability(D > ob d) = —D .
robability( observed) QKS< NN, )

First we check the difference of pj; shape between J/1) mass lower and higher side
in Monte Carlo. Figure 4.19 shows the p}, distributions and P(x) distributions for
each region. These turns out that two distributions have the same form in the shape.
The results of this tests are shown in Table 4.2. There is no difference between two
regions in Monte Carlo.

KLM candidate ECL candidate
X2 /ndf 38.703/39 = 0.992384 | 27.75/39 = 0.711539
Probability(D) P(0.05) =1 P(0.05) =1

Table 4.2: x? and K-S test result of the difference between lower and higher side in
Monte Carlo.

Second we check the difference between the sum of lower and higher sideband
p;; shape and the pj; shape within signal region in Monte Carlo. Figure 4.20 shows
the p%; distributions and P(x) distributions for each region. From these distributions,
it is also turned out that two distributions are same in the shape. The results of
this tests are shown in Table 4.3. There is no difference between the background in
signal region and the background sum in two sideband regions.

KLM candidate ECL candidate
X2 /ndf 31.9277/39 = 0.81866 | 29.8519/39 = 0.765433
Probability(D) P(0.025) = 1 P(0.025) =1

Table 4.3: x? and K-S test result of the difference between the background in signal
region and the background sum in lower- and higher-sideband in Monte Carlo.

From Monte Carlo study, we can conclude that there is no difference in each
region. Hence we can use the sum of .J/¢ mass sideband data as combinatoric
background for the signal region. Next we check this thing using experimental data.
Figure 4.21 shows the reconstructed J/v) mass distributions. We can see a clear
peak at .J/1¢ mass position. The definition of lower-sideband and higher-sideband is
the same as that of Monte Carlo study. We can not reject any event because we do
not know the B meson decay type in real.

Third, we check the p%, shapes from J/1 mass lower and higher sideband events
in experimental data. Figure 4.22 shows the p3 distributions and P(x) distributions
for each region. These also turns out that two distributions have the same form
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Figure 4.19: Reconstructed B meson’s momentum distributions (left) in CMS and
probability distribution (right) due to accumulation frequency function for K-S test
in Monte Carlo. Upper (Lower) distributions are for KLM (ECL) candidate. Blue
and red histograms are for the lower side and the higher side region, respectively
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Figure 4.20: Reconstructed B meson’s momentum distribution (left) in CMS and
probability distribution due to accumulation frequency function for K-S test (right)
in Monte Carlo. Upper (Lower) distributions are for KLM (ECL) candidate. Black
and purple histograms are for the signal region and the sum of lower and higher

sideband regions.
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Figure 4.21: Reconstructed J/¢) mass distribution in experimental data. Black,

blue, and red arrows show signal region, lower-sideband and red higher-sideband
region. Left (Right) distribution is for KLM (ECL) candidate.

KLM candidate ECL candidate
X2 /ndf 24.7907/39 = 0.63566 | 41.5993/39 = 1.06665
Probability (D) P(0.05) =1 P(0.05) = 1

Table 4.4: x? and K-S test result of the difference between the lower side and the
higher side in experimental data.
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Figure 4.22: Reconstructed B meson’s momentum distributions (left) in CMS and
probability distributions (right) due to accumulation frequency function for K-S test
in experimental data. Upper (Lower) distributions are for KLM (ECL) candidate.
Blue and red histograms are for the lower side and higher side region, respectively.
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in the shape. And the Results of this tests are shown in Table 4.4. There is no
difference between the backgrounds in two regions.

Finally, we check the difference of pj; shapes for the sum of J/¢ mass sideband
data between experimental data and Monte Carlo. Figure 4.23 shows the pj, dis-
tributions and P(x) distributions for each sample. These also turns out that two
distributions have the same form in the shape. The results of this tests are shown
in Table 4.5. We can consider that there is no difference between experimental data
and Monte Calro.

KLM candidate ECL candidate
X2/ndf 33.4427/39 = 0.857504 | 36.7739/39 = 0.942921
Probability(D) P(0.025) = 1 P(0.025) =1

Table 4.5: x? and K-S test result in experimental data and Monte Carlo.

In the study of .J/1) mass sideband data from Monte Carlo and experimental data,
we can conclude that there is no difference between Monte Carlo and experimental
data in each region. Hence we can use the sum of J/¢) mass sideband data as
combinatoric background for signal region from experimental data. Now, we know
the normalization factor and p}; shape for fake J/1¢ background from experimental
data.

4.9.2 Real J/¢) backgrounds and signal B — J/¢ K event

As the true K? efficiency is unknown, we need to define separately the shape of
py for background which contains K? in final state or not. If any K} exists in
final state, it is a B — J/1 K? X event. In this case, any of charged particle(s)
or gamma(s) is missed for the event reconstruction. The p}; distribution for these
events is wider and has larger tail than that of B® — J/¢» K. but there may be
a sharp peak around pj; = 0.335 GeV/c which is the nominal peak position for
BY — J/¢ K? events. On the other hand, if any K? does not exist in the final
state, it means the reconstructed K9 is the fake K9 and only J/v is correct. In this
case, there is not a sharp peak around pj; = 0.335 Gel//c. Because we reconstruct
the event assuming B° — J/¢ K?.

We obtain the p}; shapes with real J/1 events from charmonium inclusive Monte
Carlo. We also obtain the pj shape for signal B — J/¢ K9 event from Monte Carlo
which one-side B meson decays into B — J/1 K? and the other B meson decays
into generic modes, selected from charmonium inclusive Monte Carlo. Figure 4.24
shows the pj; distributions for these three categories.
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Figure 4.23: Reconstructed B meson’s momentum distribution (left) in CMS and
probability distributuin (right) due to accumulation frequency function for K-S test.
Upper (Lower) distributions are for KLM (ECL) candidates. Blue and red his-
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data and the Monte Carlo, respectively.



CHAPTER 4. EVENT RECONSTRUCTION AND SELECTION 79

s o BY— J/pKY | B J/y KD X
il KLM | o KLM

L L h L L L
02 04 06 08 1 12 14 16 18 %

L L L L L L L I
02 04 06 08 1 12 14 16 18 %

L L L L L L L L L
02 04 06 08 1 12 14 16 18

PB

Pp Pp
o B — J/¢ K? - BY — J/i K9 X| ow B — J/ X
015 | ECL 004 b ECL

I L - L L L
02 04 06 08 1 12 14 16 18 %

PB

L L L L L L L h I
02 04 06 08 1 12 14 16 18 %

PB

L L L L L L L L L
02 04 06 08 1 12 14 16 18

B
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(ECL) candidates.
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Inclusive Monte Carlo check with true K¢

We consider the reconstructed K is true K9. The decay rate of B — J/¢ K9 X and
BY — J/¢ K% X would be same, because C P-violation in the K-system is small.
Thus we can reconstruct K3 as K? because K2 is modeled in the same way for K.
We know more information in the case of Ko than K?. This allows us to positively
identify K2, as well as distinguish between B° — J/v K2 and B — J/v K2 X in
experimental data.

The pj distribution would contain the same B — J/1 K° X background modes
that we get in the BY — J/¢» K? reconstruction. The backgrounds with true
K? or KY can be expected to be the same in the two reconstruction, because the
source and rate of fake K? and K3 are different. If we want to get the same
pjy distribution from B® — J/¢ K3 as B — J/¢ K?, we need to apply the
same event selection. The charged tracks from K9 need to be intentionally ignored
throughout the reconstruction, the number of charged tracks and pj;(3) veto. The
exclusive mode veto need to turn off, because these are not symmetric to K3 and
K?. K? which detected fully/partially in the ECL can not be used, because the
inclusive mode veto makes a use of the ECL energy. These would be no way to
model for K2. Figure 4.25 shows p}; of applying B® — J/¢ K? selection without
inclusive likelihood veto, and B® — J/i¢ K2 case to mirror B — J/¢ K? from
charmonium Monte Carlo sample. We can remove the fake K°(K? and K2) and
separate the signal event from the background event using generator information.
The difference of p}; resolution in signal event (B® — J/¢ K} and B® — J/¢ K2)
is mainly due to the detector angular resolution of CDC and KLM. The remaining
difference is due to a different momentum dependence in the detection efficiencies
of K and K. The background fraction in the Ko case is larger, because the
K? detection is extended to lower momentum than that of the K?. Figure 4.26
shows the K9 detection efficiency as a function of K? momentum.

In the B — J/¢ K? case, we can not separate the signal from the background
and separate the true KY from the fake K9 in experimental data. However, in
BY — J/¢ KY case, we can reject the fake K2 in experimental data using K3’s
energy. If we require |AE| < 50 MeV and 5.27 < M. < 5.29 GeV/c for the signal.
After separating signal and background in Monte Carlo and experimental data, the
pj distributions from Monte Carlo and experimental data can be compared as shown
in Figure 4.27.
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Figure 4.25: Comparison of p}; distribution between B® — J/¢» K? (upper) and
BY — J/v K2 (lower) candidate from charmonium inclusive Monte Carlo. Fake
K? and K2 events are removed using generator information. In order to model K,
we do not use K2’s energy information.
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Figure 4.26: K? detection efficiency versus K? momentum, estimated from ete™ —
¢y (¢ — K?K?2) in Monte Carlo and experiment data. In each plot, the Howe data
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includes called ECL-only events, where the K9 only left hits in the ECL. Note that
in the momentum range below 2.7 GeV/¢, which covers both signal and background
in the B® — J/¢ K? case, the KLM momentum dependence has the same tendency.
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Figure 4.27: Comparison of pj; distribution between charmonium inclusive Monte
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energy information.
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Inclusive Monte Carlo check with fake K?

Next, we consider the case of the fake K¢ (B° — J/v) K?) reconstructed. We
can not get K?’s energy information. Hence we can not determine the fraction of
fake K? (BY — J/¢ K?) although we can do for the fake J/1 case ( see Section
4.9.1). In order to estimate the fake K? (B — J/¢» K?) background, we apply a
method that we rotate the direction of K? candidates to the opposite direction of
180° around the beam axis before we reconstruct B® — J/1 K? event and calculate
py. We just want to know only the shape of pj; distribution, not both the shape
and the magnitude, but we need to know both for the fake J/iycase. By rotating
the K? direction, we can suppress the B® — J/¢) K9 candidates with the true
K?. The canditates are almost with the fake K? event. Thus, the background with
the fake K? in Monte Carlo is compared to the background in experimental data.
Figure 4.28 shows the pj; distributions from charmonium inclusive Monte Carlo and
experimental data, with/without rotating K?’s direction.

When we measure the signal purity by fitting to p% distribution (Section 4.10),
we float the fake K?’s background normalization in order to take account of bias from
the difference between Monte Carlo simulation and experiment data. Figure 4.29
and 4.30 shows the pj; distributions for B — J/¢ K} candidates from charmonium
inclusive Monte Carlo and experimental data, when K direction is rotated by 180°.
The p}; shape from charmonium inclusive Monte Carlo matches the p}; shape from
experimental data very well. An in-depth description can be found in [21].
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Figure 4.28: p} distributions of B® — J/¢ K from charmonium Monte Carlo (left)
and experimental data (right). Upper (Lower) histograms are candidates with KLM
(ECL). The solid line histograms are result by nominal reconstruction and broken
line histograms are result by reconstruction using rotated K?.
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Figure 4.29: p% distribution for B® — J/¢ K? candidate with KLM form charmo-
nium inclusive Monte Carlo (broken line histogram) and experimental data (points
with errors). The direction of K¢ is rotated 180° around the beam axis before
B® — J/v¢ K? reconstruction. This method suppresses real K?’s. The agreement
between Monte Carlo and experimental data confirms that fake K backgrounds are
properly modeled in Monte Carlo.



CHAPTER 4. EVENT RECONSTRUCTION AND SELECTION 87

178 -

1a |

-]

15

PN T T T T T T T I A B A
B 1 1.2 14 1.6 14
P

Figure 4.30: pj distribution for B — J/¢ K? candidate with ECL form charmo-
nium inclusive Monte Carlo (broken line histogram) and experimental data (points
with errors). The direction of K¢ is rotated 180° around the beam axis before
B® — J/v¢ K? reconstruction. This method suppresses real K?’s. The agreement
between Monte Carlo and experimental data confirms that fake K backgrounds are
properly modeled in Monte Carlo.
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4.10 p fit

Now, we have four component distributions for pj, fit, and we know the number
of fake J/1 events for each KLM and ECL candidate. For the fitting, we float
the number of B® — J/¢) K? events, backgrounds with true K? and backgrounds
without K?. The number of fake J/v is fixed. Fit result for KLM candidate is
shown in Figure 4.31, and fit result for ECL candidate is shown in Figure 4.32. For
the sum of KLM and ECL candidates, the fit result using 140/ fb experimental data
is shown in Figure 4.33.

We have 884.9 BY — J/v¢» K? events with purity about 61% for KLM candidates
and 572.8 B® — J/1¢ K? events with purity about 66% for ECL candidate. The
number of each component for all pj region, 0 < pj < 2.0 GeV/c¢, and signal

Pl region, 0.2 < pj; < 0.45 GeV/c, are shown in Table 4.6.

KLM cand

pbx < 2.0 0.2 < pbx < 0.45
JIYK? 1047.3 £ 60.36 | 884.86 £ 51.00
bkg w/ K9 832.95 + 118.3 | 310.09 + 44.04
bkg w/o K9 886.81 + 98.34 | 164.42 + 18.23
combinatoric 1075.8 £ 34.35 | 96.77 £+ 3.089
purity(S/ > N) | 0.27 £ 0.02 0.60 £ 0.03

ECL cand

pbx < 2.0 0.2 < pbx < 0.45
J/YK? 639.18 4+ 37.38 | 572.75 £ 33.495
bkg w/ K? 488.74 £ 93.02 | 169.71 £ 32.30
bkg w/o K? 266.61 + 94.11 | 76.69 £ 27.07
combinatoric 446.78 + 30.02 | 45.74 £ 3.073
purity(S/> N) | 0.35 £ 0.02 0.66 £ 0.04

Table 4.6: Fit result of J/1K? events

Figure 4.34 shows a typical B — J/¢ K? event at Belle detector. We can
see dilepton which are J/1’s daughters and K? cluster in KLM. Other tracks are
B meson’s decay products in the tag side.
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Figure 4.31: pj, fit result for KLM candidate after all selection
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Figure 4.33: p}; fit result for sum of KLM and ECL candidates after all selection
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Figure 4.34: Typical B — J/¢ K? event display



Chapter 5

Measurement of sin2¢

In this chapter we describe how to measure the C' P-asymmetry parameter of sin 2¢; .
To observe sin2¢;, we need to identify the flavor of Bmeson and to introduce a
probabibility density function.

5.1 Flavor tagging

As both B® and B° can decay into a C' P-eigenstate of .J /v K9, we can not distinguish
the flavor of B® or B from the decay product. Now we call B,, for the reconstructed
B(J/YK?), and B, for the other B, eTe™ — Y(4S) — BgyBiag- To observe the
C P-asymmetry, we need to identify the reconstructed B flavor and to measure the
decay time difference At between B, and By,,. First we identify the flavor of not-
reconstructed B, By, using remaining tracks when we reconstruct BY — J/¢ K.
This is the same method which has been used for the previous sin 2¢; measurement
[17].

5.1.1 Flavor tagging algorithm

In order to get a good tagging efficiency, we use all informations for tag-side tracks.
We check for type of flavor from specific B decays, so called “track-level”. Then we
combined the informations of “track-level” and decide final flavor of By,, value, so
called “event-level”. A schematic view of the algorithm is shown in Figure 5.1.

Some types of B decays are correlated with the flavor of B. Figure 5.2, 5.3 and
5.4 shows types of such as flavor specific B meson decay. To determine the B meson
flavor, we use the following flavor specific B decays, so called “track-level”,

1 High momentum leptons from b — ¢ 17v, shown in Figure 5.2.

2 Lower momentum leptons from cascade decay b — ¢ — s 1Tv, shown in Figure
5.3.

3 Charged K and A from b — ¢ — s, shown in Figure 5.4.
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( Information of charged tracks )

track level

slow pion lambda

event level

AP

Figure 5.1: Schematic overview of the flavor tagging algorithm. “q” is the most
likely flavor of Byag, +1 or —1. “r” is the reliability of the flavor, 0 ~ 1.

4 High momentum s from B® — D®~ + (7% pT af, etc.).

5 Low momentum 7s from D*~ — D% + 7.

We use two parameters, ¢ and r, to represent the tagging information. The ¢ is
the flavor having the discrete value +1 or —1 when the tag-side B meson is likely
to be a B or B°. The r gives the purity of flavor tagging as flavor-tagging dilution
parameter with » = 0 ~ 1, » = 0 for no flavor discrimination and » = 1 for an
unambiguous flavor assignment. It is used only to sort data into six intervals of r,
according to estimated flavor purity. We determine directly from data the average
wrong-tag probabilities, w; = (w;"+w; )/2 (I = 1,6), and differences between B® and
B° decays, Aw = w;" — w;, where wljE is the wrong-tag probability for the B® and
B° decay in each r interval.

5.1.2 Wrong tag fraction

We determine “wrong-tag fraction”, wy, for each r bin from experimental data. To
obtain w;, we reconstruct the specific B decays of B — D*~ [Ty, D& gt D*p*
and B® — D**~v, D+ 7= D**tp~. In these decay, we know B meson’s flavor from
the decay products. Then we use flavor tagging algorithm on software for obtaining
the other B meson’s flavor. Now, we have two flavor, flavor from B meson decay and
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Figure 5.2: Semileptonic B decay, b — c1tv, b — 170
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Figure 5.3: B meson cascade decay, b —c— sl v,b—¢— 351D

Figure 5.4: B meson cascade decay, b — ¢ — s, b—¢—§
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software level. So, we can separate sample into two categories that B meson has the
same flavor (SF) or opposite flavor (OF). The time dependent mixing asymmetry of
such events is given by

Por — Psr

A(AL) =
(A2) Por + Psp

= (1 — 2wy) cos(AmgAt).

Figure 5.5 and 5.6 show the reconstructed cos 6p(p=;,) and My, and AE for D(*)ﬂ', D*p, J/wK(*).
Figure 5.7 shows A(At) distributions for each r interval.

— [
S 7000
E . | Diivsgnal
£6000 |
|_|CJ I - D”Iv background
5000 - [l other background
4000 |
3000 |-
2000 |-
1000 |-
0: e
0 -8 6 -4 2 0 2 4
COSBg v

Figure 5.5: B — D*lv event’s cos 0 distribution. Cross points are the experimental
Data. Green, red and blue parts are B — D*lv event, B — D~ [v background events,
and the sum of other backgrounds by Monte Carlo.
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Figure 5.6: Beam-constrain-mass distribution (upper) and AE distribution (lower)
for the reconstructed events as D™, D*p, J/ipK®™.
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Figure 5.7: 6 r bin mixing plot
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The event fractions and wrong-tag fractions are summarized in Table 5.1. The
total effective tagging efficiency is determined to be €; = Z?Zl a(1—2w;)? =0.287+
0.005, where ¢ is the event fraction for each r interval. The error includes both
statistical and systematic uncertainties.

1 rinterval € wy Aw; e n

1 0.000-0.250 0.398 0.46440.006 -0.001140.006 0.00240.001
2 0.250-0.500 0.146 0.331£0.008 -+0.0004+0.010 0.01740.002
3 0.500-0.625 0.104 0.231£0.009 -0.0011£0.010 0.03040.002
4
5
6

0.625-0.750 0.122 0.163+0.008 -0.0007+0.009  0.05540.003
0.750-0.875 0.094 0.109+0.007 4-0.0016=£0.009 0.05740.002
0.875-1.000 0.136 0.020+0.005 4-0.0003£0.006 0.12640.003

Table 5.1: The event fractions ¢;, wrong tag fractions w;, wrong-tag fraction differ-
ences A¢;, and average effective tagging efficiencies elef F=a(l - 2w;)? for each r
interval. The errors include both statistical and systematic uncertainties. The event
fractions are obtained from the B — J/¢ K2 simulation.

5.2 Signal and background

When we measure the C'P-asymmetry parameter, sin 2¢;, we define the following
PDF equation,

R(At,sin2¢1) = (1 - fol)[fsigpsig + (1 - fsig)Pbkg] + folpol

where Py, and By, are PDF for signal and background events which are obtain
from the theoretically expected At distributions. It is necessary to also incorporate
the experimental effects as resolution function which are describe latter. Each PDF
are also described later. fg, is the signal fraction which is calculated from p3 fit
result for each candidate (KLM and ECL candidate). B, and f, are called “outlier
component” which is wide Gaussian and small number of events with large A t. f,
is small such as 5.82 x 10~* for multiple track vertices in SVD, and 0.031 for single
track vertex in SVD, which are determined from the B meson lifetime measurement.

After we determine each PDFs, we measure sin 2¢; by the unbinned maximum-
likelihood fit for A t distribution from data. For fitting, we use the world average
values for Amy and 73, which are parameter of each PDFs. We determine the sin 2¢,
parameter in the PDFs by maximizing the combined likelihood of all candidates
given by the following equation,

n

L= HB(At,sin2¢1)

i
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where n is the number of reconstructed B® — J/i K? events. A statistical error
of sin2¢; is obtained as the difference between sin 2¢; values at the minumum of
—2In L and at the minimum —2In L plus 1.

In the following section we describe how to define each fraction, PDF and reso-
lution function.

5.2.1 Signal PDF

The probability density function expected for the signal distribution is given by
+oo
P(At, g, wy, Awy,n) / P(AY) - R(At — At)A(AY).
We fix the B lifetime, 750, and mass difference, Amy, at their world average values.
Signal PDF is convolved with the appropriate Ry;,(At) to determine the likelihood
value for event as a function of sin 2¢; :

€|At|/7—BO

Sig = [1 — gAw; — gn(1 — 2w;) sin 2¢4 sin(AmgAt)] ® Rgig(At). (5.1)
B

5.2.2 Resolution function

Resolution function R, is parametrized by sum of two Gaussian functions. The
“main” component of two Gaussians consist of three components of the SVD vertex
resolution, charmed mesons lifetime, and the effect of the motion of the B mesons
in the T(45) CMS. The “tail” component of two Gaussians is caused by poor re-
constructed tracks. Ry, (At;At") is described as the following equation,

Rag(At — At) = (1 — fra) - G(At; — At 8™ o R
 fran - GOt — AY; plait glaity

1 1/ At—p\?
G(At; = — —=
(At; 1, 0) exp 2( . )]
where fi,; is the fraction of the tail part of the resolution function, o and u are the

V2T
resolution of proper-time difference and the mean shift of the proper-time difference,
respectively.

5.2.3 Background PDF

We categorize the background events into four types as follows,

1 C'P eigenstate mode

2 B backgrounds

3 B* backgrounds

4 combinatorial background with fake J /4.
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C P-eigenstate

If B meson decays into C'P-eigenstate, PDF of backgrounds is the same as that of
signal, but C'P-eigenstate value, 7 is different from that of real B® — J/¢ K9 case.
We define 1 as the following value:

a B — JJOKO(K® — K070,
mixture of CP even and odd state. We measured n in B — J/YpK*(K*° —
K270 case, and we expect n value of B — J/YK*(K*® — K27%) is the same
as B — J/YK*(K* — K?71%) case. In this thesis we select n = —0.62 4 0.04,
which is mixture of n = —1 (81%) and n = +1 (19%) state.

b B — (2S) K?, xa K2, J/¢ 7"
for these decay, we select n = +1.

¢ B — J/i K% and other B — c¢c K2;
for these decay, we select n = —1.

For these backgrounds, we use the resolution function Ry, for signal, as resolution
function for background. Because these backgrounds are reconstructed by proper
combinations of tracks.

B background

If neutral B%decays into no C'P-asymmetry state, we treat At distribution as the
following formula,

€—|At|/TBo

Py = X Ruig(Al)

47'BO

where 7o is real neutral B lifetime, 1.542 ps.

Figure 5.8 shows the lifetime fit result for neutral B® background in Monte Carlo.
We obtain 750 = 1.5056 4+ 0.0086581 ps by the fit. We use world average 70 value
when we measure sin 2¢;.

B* background

We treat BT decay background separately. Because lifetime of B* meson is different
from that of neutral B meson. In charged B* decay, there are some type of final
states which is B¥ — J/¢ K? X, where X is charged tracks. But we reconstruct
these event as BY — .J /v K Y. Hence X is used when we estimate Biqg side vertex. As
a result, we estimate shorter At and B¥ lifetime. Thus we treat charged B meson
lifetime as the following formula,

e e IAH/TEE

g _

Ppi = kg ®Rsi9(At)
B*
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Figure 5.8: At plot for BY background in Monte Carlo

where ngf is effective lifetime, and shorter than real charged B * meson lifetime,
1.674 ps. We estimate Tgf from charmonium inclusive Monte Carlo sample to be

Tgf = 1.4945 4+ 0.0083274 ps. Figure 5.9 shows the lifetime fit result for charged

B* background in Monte Carlo.

Fake J/v¢ background

We treat own resolution function Resms, different from R4, for combinatorial back-
grounds. We define R, as the following equation,

Rcomb(At/ - At) _ (1 o f(;?zzb) . G(At/ . At, uzo:zb,main’ Ug);nb,main)
+ f;irlnb . G(At/ . At; uz}:zb,tazl’ Ug);nb,tazl>

e |5 (5]

G(At; p, 0)

exp

V2

Figure 5.10 shows lifetime fit result for combinatorial backgrounds from .J /1 mass
sideband data.




CHAPTER 5. MEASUREMENT OF SIN 2¢, 103

10000

8000

6000

4000

2000

.
—_t
.

B A R I RN
t

0 -—Ll—l—f"'—-lhk;ﬁ | I I 11 I | I I 11 1 I 11 1 I 1 I_hTTT*T'_r_r-"I"—P'FL-—l--
-8 -6 -4 -2 0 2 4 6 8 10

o
o

Figure 5.9: At plot for B* background in Monte Carlo

5.2.4 Signal and background fraction

Now, we know each PDF's for signal and each backgrounds. Next we need to estimate
the fractions for signal and each backgrounds. These are signal fraction, fs,, back-

ground with true K7, fgﬁ(g , background without true K?, fg;i KO and background

with fake J/v, frakessy from pp fit. We can use fyy and frokesy directly when we

try to fit C'P-asymmetry. But we can not use fg;%(o and fzkg
L

/oK "
measure sin 2¢;, we treat backgrounds more minutely. To obtain each background
fractions, we use the fit for pj distribution in Monte Carlo after all selections. For
fitting to p}; distributions for backgrounds, we use following functions:

- Reverse Crystal-Ball function, Freop,

Because, when we

Frep(z) = Aexp <—l (U)Q) if =£<a

a

2
= Aexp(—ia®) [1-2(ZL—q)] " fZL>aq

n g

- Threshold function,
Fur(z) = Alx — p)exp(er(z — ) + 2z — p)?).

Figure 5.11 and 5.12 shows fit result for each background components. We get
each background fraction for event-by-event.
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Figure 5.10: At plot for J/1) mass sideband data

Finally, we determine background fraction and PDFs as follows,
sig\ pbk bkg bk
(1—f g>Ptotgl = totletotgl

o bkg pbkg bkg pbkg bkg pbkg bkg bkg
= JepFep + g Pgo + f5: P + feompl

B comb” comb

_ fbkg pbkgK*O +fbkg pbkg +f§5§p§55 _i_fg%gpggg_i_fgkfpgf +f

even— even

J/pKOT T[4

bkg bkg bkg bkg bkg bkg _ pbkg
where fJ/wK*O + even + fodd + fBO + fBi + fcomb — Jtotal*

C

omb

bkg pbkg

comb
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Figure 5.11: KLM candidate pj; fit for backgrounds in Monte Calro
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Figure 5.12: ECL candidate pj; fit for backgrounds in Monte Carlo
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5.3 Result of the fit

After flavor tagging and vertex reconstruction, we get 2332 events as B — J/¢ K? can-
didates reconstructed at Belle. The C'P-asymmery parameter is obtained from A t
distribution. We determine the most probable C'P-asymmetry parameter by maxi-
mizing the likelihood function. We obtaine,

sin 2¢; = 0.747 4+ 0.128(statistical).

Figure 5.13 shows the decay time difference At and the time-dependent “raw” C'P-
asymmetry A(At) distributions.

5.4 Systematic uncertainties

5.4.1 Vertex reconstruction

We check systematics from outliers by re-fitting the C P-fit with sin 2¢; parameter
without nominal vertex cut, |At| < 70ps, and tightening to |At| < 5ps. For do-
ing this, we study scale factor effect by re-fitting the sin2¢; with scale factor to
unity. We estimate the effect of vertexing by changing the reduced 2 cut for the
reconstruction of vertex from < 100 to < 50 or < 200.

By loosening and tightening the track-quality criterion for the tag-side vertex
reconstruction by 10%, charged-dependent bias of tracks for z-position could result
in a detector-induced C'P-asymmetry. We estimate that the position bias is small
(£3 pm) by using cosmic rays and vy — p'p’ — 77 77~ events. We study the
effect on the sin 2¢; parameter by repeating the C'P-fit with the track’s z-position
shifted by + 3um. We find the effect on the sin2¢; is negligible small.

5.4.2 Flavor tagging

To estimate systematics of wrong-tag fractions, we re-fit the sin 2¢; parameter by
varying the wrong-tag fractions by its error for each r bin. The observed deviations
in the sin2¢; are added in quadrature.

5.4.3 Resolution function

After we vary all parameters of resolution function by 4o, we re-fit the C'P-fit. The
observed deviations in the sin 2¢; are added in quadrature. To check the dependence
on the functional form of the resolution function, we re-fit the sin 2¢, parameter by
using a different parameterization.



CHAPTER 5. MEASUREMENT OF SIN 2¢, 108

250 |

Entries/ps

200 |
150 |
100 |

50 |

asymmetry

_ ! Ll ! ! !
1-8 -6 -4 -2 0 2

6 8
At(ps)

Figure 5.13: A t distribution (upper) and the time-dependent “raw” C'P-asymmetry,
A(At), distribution (lower) for 2332 B® — J/¢ K? candidates reconstructed at

Belle.
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5.4.4 Signal fraction

Signal fraction is obtained by normalization of fitting components of signal event
B® — J/¢ K?, background with true K9, B — J/¢¥K?X, background without
KY B — J/¥X, and background with fake J/¢. First three normalizations are
determined from the fit to the p} spectrum. Normalization of fourth components,
which is fake J/1, is determined from J/t invariant mass fit. To estimate these
systematic uncertainty from the signal fraction, we vary these components by 4o,
where o is their systematic error of nominal normalization. Then we get new signal
fraction and re-fit the C'P-asymmetry fit with new-parameters. When we fit normal
py fit by floating the signal peak position, we vary this component by +o and fix
to zero. From these fitting, we get new signal fraction and then try to re-fit the
sin 2¢; .

parameter variation | Asin 2¢;
signal +o 0.025
signal —0 -0.019
BG w/ true K} +o -0.020
BG w/ true K} —0 0.019
BG w/o true K} +o 0.006
BG w/o true K? —0 -0.007
BG fake J /1 +o 0.008
BG fake J /1 —0 -0.008
peak position +0o 0.002
peak position —0 -0.003
peak position fixed 0 -0.001

Table 5.2: Deviations in sin 2¢; when the signal and background normalizations are
varied within their statistical uncertainties, or obtain with an alternative yield fit.

5.4.5 Background PDFs

When we estimate the background PDFs, we fit p}; shape using reverse-crystal-ball
function or threshold function, excluding 0.0 < pj; < 0.1 and 1.3 < pj; < 2.0 GeV/c.
We include these regions and vary these functions parameters by 4o, and then re-fit
the sin2¢; to estimate systematics of background PDFs.

5.4.6 Physics assumption

When we try to fit the sin 2¢;, we fix the neutral B meson lifetime, mass, and mixing
parameter at their world average values of 750 = 1.542 £+ 0.016 ps, mpo = 5.2794 +
0.0005 GeV/ and Amgy = 0.489 + 0.008, respectively. To estimate systematics
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from these parameters, we vary the parameters by their errors. The effective C'P-
eigenvalue of B — J/¢p K*(K*® — K? 7%) decay is mixing with n = +1 and
1n = —1 states. The fraction of n = +1 state is 0.19 + 0.02. It is varied by its error
to estimate the effect due to the fraction error.

5.4.7 A t shape

Effective lifetime of the background from charged B¥ is decided to be Tgf = 1.4945+
0.0083274 ps by Monte Carlo. The lifetime for combinatorial background is obtained
by the same way. We re-fit the C'P-fit by varing the effective liftime by +o obtained

above.

5.4.8 Total systematics

We estimate total systematic error from above results. The total systematic error
is obtained to be 0.057. Table 5.3 gives a summary of the observed deviations in
sin 2¢; .

class of parameters | systematics error
vertex reconstruction 0.013
flavor tagging 0.014
resolution function 0.009
fit bias 0.008
signal purity 0.045
BG composition 0.026
BG fit region 0.005
physic parameters 0.005
BG shape in At 0.002
tag side interference 0.001
total 0.057

Table 5.3: Contributions to the systematic error on sin2¢;. Each entry shows the

accumulative uncertainty arising from a class of cuts and parameters used the C' P-
fit.
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Discussion and Conclusion

Using 140/ fb data sample (152M BB pairs) collected at the T(4S5) resonance with
the Belle detector at KEKB asymmetric ete™ collider, we reconstruct 2332 B° —
J/¢ K? decay candidates with a purity of 62%. From the maximum likelihood fit
to these candidates, we obtained:

sin 2¢; = 0.747 £+ 0.128(statistical) £ 0.057(systematic).

6.1 Comparison with other measurements at Belle

We also measured B® — J/¢ K$ and other ccK2, whose C P-eigenstate value is
opposite to B® — J/¢ K?. We found 3085 events with a purity of 93.3%. The
maximum likelihood fit to these candidates yields:

sin 2¢; = 0.668 £ 0.075(statistical).

In Chapter 2, we showed that CP-asymmetry in B — J/¢» K? and B° —
J/¢ K2 decay is to be equal in magnitude and opposite in sign. Figure 6.1 shows
“raw” C'P-asymmetry distributions for these two decay modes. The C' P-asymmetry
sign of B® — J/+¢ K2 is opposite to that of B® — J/¢ K?. The amplitude of “raw”
C P-asymmetry curve for B® — J/¢ K? is smaller than that of B — J/¢ K2.
This difference is caused by the difference of the dilution factor because B? —
J/¢ K? background level is larger.

In Figure 6.2, top distribution shows At distributions for the events with ¢ -
Nep = —1 and +1. Solid and open points are for the events with ¢ - 7, = +1
and —1 , respectively, when it is combined with all C'P modes. Middle and bottom
distributions show the “raw” C'P-asymmetry for the samples with the flavor tagging
quality of 0 < r < 0.5 and 0.5 < r < 1, respectively.
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Figure 6.2: A t distributions (top) for the events with ¢ - 7, = +1 (solid) and
—1 (open) combined all C'P modes, and “Raw” CP-asymmetry distributions for
the events with the flavor tagging dilution parameter of 0 < r < 0.5 (middle) and
0.5 <r <1 (bottom).
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6.2 Other measurements of sin2¢;

The other statistically significant measurement of sin2¢; comes from the BaBar
experiment. It is in good agreement with Belle result. The comparison with the
most recent results from other experiments is shown in Figure 6.3. The average of

these is sin 2¢; = 0.736 + 0.049.
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Figure 6.3: Comparison with other experiments.
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6.3 Experimental status of unitarity triangle

Figure 6.4 shows the 68% and 95% confidence level intervals of the world-average
sin 2¢1, together with constraints of p — 7 plane from other measurements of K and
B decays. This plot is generated by The Heavy Flavor Averaging Group (HFAG).

1. |Vip| is measured using inclusive and exclusive semileptonic B meson decay,
involving b — w transition.

2. |Vp| is measured using inclusive and exclusive semileptonic B meson decay,
involving b — ¢ transition.

3. |Via| can be obtained from B meson mixing measurements. BY) meson mixing
is governed by the box diagram shown in Figure 2.4, Amg o |V, Vidl.

1.5 T T T T I T T T T I T I T T T T I T T T T I T T T T
" | excluded area has < 0.05 CL | \‘

0.5

-0.5

LP 2003
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-1 -0.5 0 0.5 1 15 2

ol

Figure 6.4: p —n plane with constraints from different measurements. The hatched
areas are four ¢, solutions that correspond to the 68% and 95% confidence level
intervals of the world-average sin 2¢;. The 95% confidence-level regions from other
measurements are shown shaded.
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We compare our result from B-factory experiment with other experimental re-
sults on the p—7n plane. We find Belle results is shooting the center of the constraint
region obtained from other experiments. The KM-mechanism gives a consistent de-
scription for the C'P-asymmetry.

6.4 Summary

We have measured C'P-asymmetry parameter sin2¢; at the KEKB asymmetric
ete™ collider using a data sample of 140/ fb collected at the Y(4S5) resonance with
the Belle detector.

We found 2332 candidates of neutral B mesons decaying into the C'P-eigenstate
BY — J/¢ K}, after the event selection and vertex reconstruction. Using these
events, we obtain sin 2¢; by unbinned maximum likelihood fit

sin2¢; = 0.75 £ 0.13.

We also observed sin2¢; using other C'P-eigenstate modes (B — J/¢ K3,
BY — ¢(25) K3, B® — xa K2, B® — n. K2 which C'P-eigenstate values are odd):

sin2¢; = 0.73 £ 0.06.

The result of sin2¢; using B® — J/¢ KY mode is consistent with the results
obtained using other B® — c¢ K9. The sign of CP-eigenvalue is clearly opposite
each other from the asymmetry distributions. It is verified that KM mechanism
describes correctly the C'P-violation in the standard model.
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