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Abstract

We report measurements of B meson lifetimes, B°-B° mixing parameter Am,g, and
C'P violation parameter sin2¢, at the KEK B-Factory experiment. A total of
85 x 10° BB pairs produced by the KEKB accelerator are recorded by the Belle
detector. Using a partial data sample of 31.3 x 10° BB pairs, we reconstruct 7863
neutral and 12047 charged B candidates which decay to several hadronic modes. A
fit to the proper decay time differences of neutral and charged B meson pairs yields

To = 1.554 £ 0.030(stat) + 0.019(syst) ps,
Tp+ = 1.695 £ 0.026(stat) £+ 0.015(syst) ps,
Tp+/Tpo = 1.091 £ 0.023(stat) £ 0.014(syst).

Using the same data sample, we reconstruct 6660 neutral B candidates which decay
to flavor-specific hadronic modes, while the flavor of the other is identified from its
decay products. From the distributions of proper decay time difference of same- and
opposite-flavor B meson pairs, we obtain

Amg = 0.528 £ 0.017(stat) £ 0.011(syst) ps~".

Finally, using the whole data sample, we reconstruct 2958 neutral B candidates
which decay to C'P eigenstates. From the asymmetry in the distribution of the
proper decay time difference, we obtain

sin2¢; = 0.719 £ 0.074(stat) £ 0.035(syst).

With the data presented in this thesis, we have proved that the Kobayashi-Maskawa
mechanism is correct at the electroweak scale.
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Chapter 1

Introduction

We live in a universe dominated by matter, containing very little antimatter. In
the Big-Bang model, however, the matter and antimatter were created in the equal
amounts. Then, where have the antimatters gone?

In 1967, Sakharov showed that three conditions are necessary to explain the
dominance of matter over antimatter in the universe [1]:

e The baryon number changing processes in the early universe;
e The violation of C'P symmetry (and C' symmetry); and
e The out-of-equilibrium situation for the universe.

Here, C' and P denote the charge-conjugation and parity-transformation operators,
respectively. The charge-conjugation C' is not considered to be the transition be-
tween matter and antimatter. For instance, we consider the process of the charged
pion decaying to the muon and neutrino:

=ty (1.1)

The charge conjugation of above process is

T — ,ufﬁﬁ, (1.2)

where ?{j is the left-handed antineutrino and it is not observed in nature. Applying
the additional parity transformation to the above, we obtain

T = U T, (1.3)

where 7, is the right-handed antineutrino that is observed in nature. Thus, C'P
is considered to be the transition between matter and antimatter rather than C
itself. Therefore, the C'P violation represents the difference between matter and
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antimatter. The C'P violation is one of the most important ingredients of Sakharov’s
condition and the key to understanding the evolution of the universe.

Although weak interactions are neither invariant under P, nor invariant under
C, it was originally believed that the product C'P was preserved. For example, the
C'P transformation to the decay of charged pion described above makes sense and
there seems to be no difference between 7 and 7~ decays. However, C'P violation
was discovered by Christenson et al. in the neutral K-meson decays in 1964 [2].

The first theory of the “quark” model was proposed by Gell-Mann in 1964 [3].
This proposal included three “flavors” of quarks: up (u), down (d), and strange (s).
Citing the paper written by Cabibbo in 1963 [4], the mixing of the quark flavors
was introduced. This theory could explain the weak interactions known at that
time with a single coupling constant. In 1970, Glashow, Iliopoulos, and Maiani
proposed the fourth flavor of the quark: charm (¢) [5]. This theory, which is known
as the “GIM mechanism”, could explain the suppression of the strangeness-changing
neutral weak current, such as K° — u*u~. However, these theories still could not
explain the C'P violation.

Many theoretical attempts to explain the C'P violation have been made since
its discovery. In 1973, Kobayashi and Maskawa pointed out that a three-generation
generalization of the Cabibbo structure gave a theory that allowed C P violation [6].
This meant that at least six flavors of quarks are required to violate C'P in the
existing framework of the theory, though only three flavors of quarks had experi-
mentally been observed at that time. This predictive theory became reliable as the
last three flavors of quarks had been discovered: The fourth flavor, ¢, was discovered
in 1975 [7] as a new resonance J/1, which was quickly identified as a ¢¢ meson. The
fifth flavor, bottom (b), was discovered in 1977 [8] as a bb meson Y. Finally, the
sixth flavor, top (t), was discovered in 1995 [9]. Now this three-generation quark
model is called the “Standard Model” (SM) and has been extremely successful at
explaining all forms of elementary particle interactions.

Then the verification of Kobayashi-Maskawa (KM) mechanism came to the next
stage: the precise determination of the quark-mixing matrix elements and the check
for the phenomena that are predicted by SM but are not measured precisely or have
not been observed. In 1981, Bigi, Carter, and Sanda pointed out that the large C'P
violation in the B meson system is possible in the framework of SM [10]. Since the
B meson includes the third-generation quark b, measurements of many properties
of the B decays will produce a lot of useful information about the mixing-matrix
elements.

The measurements of B decays started after the Y(4S), which decays to a BB
pair almost all the time, had been discovered by the CLEO and CUSB collaborations
at CESR [11]. Many branching fractions of B meson decays have been measured at
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the Y(4S5) resonance with the ete™ colliders by the CLEO collaboration at CESR
and ARGUS collaboration at DORIS. The key discovery that makes B physics
more interesting is the long lifetime of the B mesons by the MAC collaboration at
PEP [12]. Another key discovery is the B°-B° oscillation by the ARGUS collabo-
ration [13]. The lifetimes and mixing of B mesons have also been measured with
the z — bb events at the ete™ and hadron colliders by the ALEPH, DELPHI, and
OPAL collaborations at LEP, SLD collaboration at SLC, and CDF collaboration at
Tevatron.

The new B-Factory experiment is designed to measure the C'P violation in the
B-meson system precisely: It produces the high statistics of B decays with low
backgrounds, and these B mesons are produced as the BB pairs in the coherent
state. By employing the asymmetric-energy ete collider, the produced BB pairs
are made to move along the beam direction in the laboratory frame. In 1999,
two such experiments began their operations at High Energy Accelerator Research
Organization (KEK) in Japan and Stanford Linear Accelerator Center (SLAC) in
US. Both accelerators are operated at the Y(4S) energy with the high luminosity.
Almost half of the Y(45) decays to the neutral B-meson pair and the other half
to the charged B-meson pair. Since the produced B-meson pair is boosted in the
laboratory frame because of the asymmetric energy of the collider, the decay-time
difference between two B mesons corresponds to the separation between the B-decay
positions along the beam axis. Using the detectors which have the high position-
resolution, we can observe the time evolution of B mesons and can extract many
quantities related to the SM parameters.

In this thesis, using the data collected with the Belle detector at the KEKB asym-
metric et e collider, we present the measurements of the three important quantities
of B mesons: the B meson lifetimes, the oscillation frequency Amy for the B%-B°
mixing, and the C'P violation parameter sin2¢;. All these are related with the
quark-mixing matrix elements and the measurements of these quantities provide a
good test for the validity of SM.

The outline of this thesis is as follows: The theoretical description for the B
decays is given in Chapter 2. The experimental apparatus, the KEKB accelerator
and the Belle detector, is described in Chapter 3. The reconstruction procedure for
the candidate hadronic B decays is explained in Chapter 4. The measurements of
the B meson lifetimes, the B%-B° oscillation frequency Amg, and the C'P violation
parameter sin2¢; are described in Chapter 5, 6, and 7, respectively. Finally, we
conclude in Chapter 8.



Chapter 2

Phenomenology of B mesons

In this chapter, we briefly introduce the theoretical framework for the analyses
described in this thesis. First, we describe the KM mechanism, which is the most
essential part of SM. Next, we mention the lifetimes of B mesons. The mixing of
neutral B mesons is reviewed. Then, we illustrate the mixing-induced C'P violation
in the B-meson system. Finally, the experimental approach for the measurements
of these parameters and the experimental constraints on the KM mechanism are
described.

2.1 CKM Matrix and Unitarity Triangle

The Cabibbo-Kobayashi-Maskawa (CKM) matrix [4, 6] connects the electroweak
eigenstates (d', s',0’) of the down, strange, and bottom quarks with their mass eigen-
states (d, s,b) through the following unitary transformation:

d d Ved Vs Vb d
S1=V]s|=|Vag V.. Vu s|. (2.1)
v b Vie Vis Vi b

The elements of the CKM matrix describe the charged-current couplings, as can be
cc

seen by expressing the non-leptonic charged-current interaction Lagrangian £ in
terms of the mass eigenstates appearing in Eq. (2.1):
dr,

£ = 2 (@, a, W)YV s | W +he, (2.2)

int
V2 b
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where the gauge coupling ¢ is related to the gauge group SU(2)y. Applying the
C'P operator to Eq. (2.2), we obtain

dr,

CP(LS) = — 2= (@, . 1)y V* [ s | W, +he, (2.3)
V2 -

which is identical to Eq. (2.2) except for the complex conjugation on V. Therefore,
CP is a good symmetry only if we could find a basis where all the elements of V
are real.

The general N x N complex matrix has 2N? real parameters. Since the uni-
tarity conditions ). Vi;Vi5 = dy offer N(N — 1)/2 complex (i # k) and N real
(i = k) constraints, the N x N unitary matrix has N? real parameters. For the
N-generation quark-mixing matrix, since we can absorb a relative phase in each
left-handed quark field except for one overall phase, we can reduce 2N — 1 parame-
ters. Thus, N-generation quark-mixing matrix is described by (N —1)? independent
parameters. The real rotation of N dimensions has N(N — 1)/2 Euler-type angles
and the remaining (N —1)(N —2)/2 parameters are the irreducible complex phases.
In SM, since there are three generations, V has three Euler angles and one complex
phase. If this phase has a non-zero value, C'P can be violated.

There are many parameterization to describe the CKM matrix. The most pop-
ular one is the Wolfenstein parameterization [14], which is a power-series expansion
in the real parameter A\ = sinfc ~ 0.22, where 6 is called Cabibbo angle [4]. Up
to O(\3), it is expressed as

1—2A2 A AX3(p —in)
V = Y 1— 31X AN? + O(\Y), (2.4)
AN (1 —p—in) —AN 1

where A, p, and n are the real parameters and are of order one.

The unitarity conditions for off-diagonal elements, » . Vi;Vi5 = >, ViV, =
(1 # k), which show that a sum of three complex numbers equals zero, descrlbe a
triangle in the complex plane:

VidVity 4+ Vi VAV Vi = 0, (2.5)
VidVs + VeaVis +ViaVis = 0, (2.6)
VidVey + Vis Vs +Vin Vg = 0, (2.7)
VsV + Ves Vi +Vis Vi = 0, (2.8)
ViaVig + Vis Vi +Va Vi, = 0, (2.9)
VoV + VgV +VigVit = 0. (2.10)
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(Pn)

(%) (1

Veb*Ved (0,0) (1,0) P

Figure 2.1: Unitarity triangle defined by Eq. (2.10) (left) and the rescaled unitarity
triangle in the p-77 plane (right).

The first four triangles have one side much smaller than the other two sides by
O(\) or O(A?). The remaining two triangles have three sides of the same order
O(A?). The last equation is the one that is typically used to pictorially represent the
irreducible C'P violating phase as shown in Fig. 2.1 (left) and is referred to as the
“Unitarity Triangle”. By dividing all the sides of this triangle by V.4V, the triangle
is rescaled so that one side is aligned to the real axis and its length is normalized to
one. Then the coordinates of the vertices of the triangle become (0,0), (1,0), and
(p,7), where p and 7] are represented using the Wolfenstein parameterization as [15]

p= X p, = N 0. (2.11)
(=) 9=(-3)

The normalized unitarity triangle in the p-77 plane is shown in Fig. 2.1 (right).
The lengths of the two sides of the normalized unitarity triangle that are not on
the real (p) axis are given by

[ViuaVy| —2 | =2 A\ 1| Vi
R, = udTul _ —(1-2)= , 92.12
2 2) 3|V -
[ViaVi| R A
R, = = 1—p)2 2= =, 2.13
The three angles of the triangle are defined as [16] *
pL=m— arg(%) , (2.14)
caV ch
ViaVi
(9 = arg (ﬁ) , (2.15)
ua ¥ ub
VaudVi
¢ = arg (_Vd—dvf’> . (2.16)
caV ch

! Another naming convention, 3(= ¢1), a(= ¢2), and (= ¢3), is also used in the literature.
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The measurements of these angles as well as the lengths of the sides of the unitarity
triangle are the crucial tests of the CKM picture of the C'P violation.

2.2 Lifetime

In general, the decay of any particular particle is a random process, but we can
describe the average evolution for an ensemble of many particles. Its population
decreases at a constant fractional rate. Introducing the decay rate I', the population
at time ¢, N(t), satisfies the following differential equation:

d
—N(t) = —=T'N(t). (2.17)
dt
The solution of this equation is
N(t) = N(0)e ™. (2.18)

The decay rate I' is also called the “decay width” and we define the lifetime 7 as
(2.19)

It corresponds to the time that it takes for (1 — 1/e) ~ 64% of the population to
decay. Then, the probability density function for a particle created at ¢t = 0 to decay
at time ¢, P(t), is expressed as

1

P(t)=Te " = Ze7. (2.20)
T

The decay width of the b hadron is dominated by the total width of the b quark.
Naively, on the analogy of the muon lifetime 7,,:

= L= 195,5Mw

Ty

(2.21)

the lifetime of the b hadron, 7,, where the dominant contribution is the b — ¢
transition, can be expected to be
1 G%

— =Ty

5 2
- Top"blVasl? X (2% 3 +3), (2.22)

where the factor of 2 x 3 comes from two hadronic channels at quark level (W~ — ¢s
and ud), each with three colors, and the additional factor of three from three leptonic
channels (W~ — e 7., 47, and 777,).
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The total width is related to the partial width of a specific channel in terms of
the branching fraction for that channel. For example, using this relation for the
semileptonic decays, 7, can be expressed as

B 1 . BISL
Iy TsL’

T (2.23)
where I'g;, and Brgp, are the partial width and the branching fraction for the semilep-
tonic b-decays. I'gy, can be theoretically calculated with the very few uncertainties
and Brgp, can be experimentally measured precisely. From a theoretical calculation
for the I'sy, in SM, in as much as b quarks only decay into u and ¢ quarks, 7, can be
expressed with a combination of |V,;|* and |V4|* as [17]

Br Brg
- F“ Sp— il (2.24)
S Toge [F(ew)[Vanl* + F(ec) Ve ?]
where €, = m,/my, and F\(e) is the phase space factor given by
Fe)=1-8+¢® —¢® — 24’ Ine. (2.25)

Since |Vi|* < |Vip|? as shown in Eq. (2.4), 73 is mainly a measurement of |V,|?.
Above discussion is based on the spectator model, in which we assume that
the lighter quark in the meson (d for B and u for B*) is not involved in the
decay dynamics. This model, however, cannot explain the difference between the
lifetimes of BY and BT. In the framework of Heavy Quark Expansion (HQE) [18],
the B lifetime ratio 75+ /7pgo is predicted to be equal to one, up to small corrections

proportional to 1/m3 [19]:
TB+

=14+ 0(m;?). (2.26)
TRo

These corrections come from the effects beyond the spectator model, such as Pauli
interference and W-exchange. Thus, the ratio of the lifetimes is sensitive to the
effects beyond the spectator model and the experimental measurement gives the
constraint to the theoretical predictions.

2.3 B°-B° Mixing

The neutral B meson can mix with its antiparticle through the second order weak
interactions called “box diagrams” shown in Fig. 2.2.

An arbitrary linear combination of the neutral B-meson flavor eigenstates | B°)
and |B%),

(1)) = a(t)| BY) + b(t)| B = (Z) , (2.27)
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W t t
’ b d

Figure 2.2: Box diagrams for the B%- B° mixing.

is governed by a time-dependent Schrodinger equation:

T BT R

where M and I' are 2 x 2 Hermitian matrices. Since they are Hermitian matrices,
it is required to be My = My, and I'y; = I'],. The C'PT symmetry requires
My = My; = M and I'y; = 'y = I'. Then the eigenvalues A, and A\_ of this
Hamiltonian are obtained as

A = M — %r + \/(M12 - %r12> (Ml*2 - %F*ﬁ). (2.29)

The eigenvectors are described as

|By) = p‘BO> + q‘§0> for Ay, (2.30)
|By) = p‘BO> —q|B%) for A_, (2.31)

where
I + [a* = 1, (2.32)

¢ _ [Meslh %FE. (2.33)
p Mz — 5T

The mass and width of each mass eigenstate are given as

my = Re)\+, Flz —QIm)\+, (234)
mo = Re)\,, FQZ —2ImA_. (235)

Then we define the mass and width differences as

Amd =My — M= —2Re |:% (M12 — %F12>:| s (236)
AT, =T, — Ty = —4Im L% (M12 - %rnﬂ . (2.37)
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Amg and AT’y satisfy
1
Amd2 — ZAFd2 = 4’M12‘2 - ’Flg‘z, (238)
AmdAFd = —4R6<M12F>{2). (239)

The major contribution to the matrix element M, is given by the box diagrams
shown in Fig. 2.2 that contain the top quarks in the loop. Due to the large mass
of the top quark, the contribution is dominated by the top quark and My o< m?
where m; is the mass of the top quark. On the other hand, the box diagrams can
also provide a good approximation for I'y5, but the contribution comes from only the
charm and up quarks. Since the charm and up quarks are lighter than the bottom
quark, the mass of the bottom quark, my, sets the scale and I'15 o m?. Therefore,

The
M12

With this approximation, the mass and width differences of the mass eigenstates

2
~ o(%) <1 (2.40)

my

and ¢/p become simply

Amd ~ 2|]\412|7 (241)
r
ATy ~ —21M12|Re<£> : (2.42)
My
2
q ISP )
= ~1—Im{—]. 2.43
‘p (M12 ( )

AT'; is produced by the decay channels common to B° and B°. The branching
fractions for such channels are at or below the level of 1073. Thus we can expect
ATy /T <« 1. Additionally, x4 = Amgy/T" is known to be of O(1) from experimental
measurements [20]. Then, from Eqs. (2.41) and (2.42), AT'y/T" can be written as

AFd Flg Amd
—_— = — 1. 2.44
T Re<M,12 T < (2.44)

The time evolution of the generic state |¥) in Eq. (2.27) can be written in terms

of the mass eigenstates |By) and |Bs) as

[W(t)) = au(t)|Br) + az(t)| Ba)
— e My (0)[By) + e tas (0| By). (2.45)

Then, the time evolution of the neutral B meson |B(t)) (|B°(t))) which is initially
created as a pure flavor eigenstate |B°) (|B?)) at t = 0 can be written as

[B(1) = - (0]B%) + - (0)[°), (2.46)

B(t)) = £,()[B°) + gf_(t>\30>, (2.47)
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where the notation fi is

(efi/\+t + efi)\_t) _ %e—z‘(ml—;m)t 14+ e—i(Amd+%AFd)t . (2.48)

N | —

fe(t) =

The probability of observing a state that is created as BY at ¢t = 0 decaying as BY
(B%) at the time ¢ is proportional to

(BB @) = 11+

1 AT
- 56—” [Cosh(Tdt> + cos(Amdt)] : (2.49)
2

(B |B(0) = \%f(t)

ze—” {cosh(%t) — cos(Amdt)} : (2.50)

_Lle
=305
With the approximations |¢/p| ~ 1 and Al';/T" < 1, the probabilities can be written
as

— = 1
P(B° — B%t) = P(B° — B%t)= 5e—” [1 + cos(Amgt)], (2.51)

L e T [1 — cos(Amygt)], (2.52)

P(B° — B%t) = P(B* — B"t)= 3¢

where P(a — b;t) means the probability that the particle generated as a at t = 0
is observed as b at t. We can see that B° and B° are mixing with a cosine time
dependence whose frequency is Amyg.
The theoretical prediction for Amy can be obtained by computing the box-
diagram contributions [21]. Neglecting I'15 as shown in Eq. (2.41),
GQ 2
Amg ~ 2| M| = FBB fi mbmdvtbﬁmfF(m > nQCD; (2.53)
w
where G is the Fermi coupling constant, By is the bag parameter of the B meson,
fB is the decay constant, ngcp is the QCD correction, my is the W boson mass,
and the function F'(z) is calculated from the box diagram as

1 9 3 3 22Inz
P& =1+ 10— "a0=27 20-2p (2:54)

The oscillation frequency Amy is proportional to the square of |V;;Vji|, which is
one of the sides of the unitarity triangle. Accurate measurements of Am, therefore
provide a mathematical constraint on the unitarity of the CKM matrix.
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2.4 CP Violation

We consider the B decays to the C'P eigenstates fop to which both B® and B° can
decay. We define the amplitudes for the decays of B® and B to fop as

Asop = {for|Ha|B®), Ay, = (fep|Ha|B%), (2.55)

where Hy is the decay Hamiltonian. Using the time evolution of B® and BY shown
as Eqgs. (2.46) and (2.47), the time-dependent decay rate for the particle created as
B° (B%) at t = 0 decaying to fcp at time ¢ is given by

(B — fopst) o |{for|Ha| B°())|"
(8 Agep + %f— () A,

1 2 AT AT
L4 Pserl® cosh(Tdt) —Re(Ap.p) sinh(Tdt)

— 2
e [Agep]

2
1— 2
1= el cos(Amgt) —Im(As. ) sin(Amgt) |, (2.56)
- - 2
(B = forst) o [(for|Ha| B(1)))]
2
= p
= f—l—(t)Afcp + 5f—(t)AfCP
— 14+ Aol 2 AT AT
=e " Ap, ’2 4_’2# Cosh(Tdt) - Re()\;clp) sinh(Tdt)
1 - |)‘f ‘_2 -1\
#CP cos(Amgt) — Im(A; ) sin(Amgt)
2
L+ Nepl? AT AT
=T Ap b % cosh(Tdt) —Re(As.p) sinh(Tdt)
T— | Asepl?
- % cos(Amgt) +Im(Ag,,) sin(Amgt) |,
(2.57)
where the complex parameter Ay, is defined as
A
Aop = L fer, (2.58)

p AfCP
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With the approximation |¢/p| ~ 1 and AT'y/T" < 1 as shown in Egs. (2.43) and
(2.44), Egs. (2.56) and (2.57) can be written as

1+ |)\fCP|2 + - |/\fCP|2

['(B® — fep;t) o |Agp et 5 5 cos(Amgt)
— Im(As.,) sin(Amgt) |, (2.59)
— L+ Mnl? 1= Ap,)?
F(BO - fC’P;t) . ’Afcp|26_rt + |2fCP| . | fCPI COS(Amdt)
+Im(As,, ) sin(Amgt) | . (2.60)
The time-dependent C'P asymmetry Acp is then expressed as
F(EO — fcp;t) - F(BO — fcp;t>
Aop<t> = =0 0
I'(B° — fep;t) + (B — fop;t)
‘)‘fcpy2 —1 2hn()‘fcp) :
= —F——cos(Amgyt) + ———==sin(Amgt). (2.61)
’)\fCPP—i_l ‘)‘fcp|2+1

If, in addition to |q/p| = 1, |As.,/As.p| = 1 s0 that [A\s.,.| = 1, Eq. (2.61) can be
simplified as
Acp<t) = Im()\fcp) SiH(Amdt). (262)

Then we consider the Im(\;.,). In the general case, Ay, and Ay, can be
written as sums of various contributions:

Afop = Y A, (2.63)

Ap, = Aee (2.64)

where A; is real, ¢; is the CKM phase, and §; is the strong phase which comes from
the strong interaction. Thus, if all the amplitudes that contribute to the decay have
the same CKM phase, which we denote by ¢ép, |A}.,/As.,| = 1 holds and

A .
“ler _ o ~2idn, (2.65)
Afer

Since I'12 < My as mentioned in Eq. (2.40), Eq. (2.33) can be written as

q M, —2ign
=4 /—==c¢ , 2.66
p M, ( )
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c
(b)
gluon c
b u,ct s
w

Figure 2.3: (a) Tree and (b) Penguin diagrams for the b — c¢s transition.

where ¢y is the CKM phase in the B%-B° mixing. Thus,

>‘fcp — 6—21'(<15M+¢D)7 (2.67)
Im(Af,,) = —sin2(ém + ¢p). (2.68)

Next, we examine the relation between Im(Ay,,) and the CKM parameters.
For the mixing in the BY system, since My o (thVtz)2 as expected from the box
diagrams,

My, ViV

q
1~ = . 2.69
p M, thv{é ( )

For fop, we consider the b — cés transition, i.e., B°(B%) — charmonium K2 or
charmonium K9. These decays are dominated by the “Tree” diagram shown in
Fig. 2.3(a). The amplitude for this diagram can be written as

A = ViV T, (2.70)

ccs

where Tz, denotes the contribution from the tree diagram excluding the CKM fac-
tors and including the strong phases. There exists the contamination from the
“Penguin” diagram shown in Fig. 2.3(b). The amplitude for this diagram can be
written as

penguin __ yrx t * c
ACES - ‘/lbeSPCES + cbV:?SPcEs

+ Vi Vs P

cCcS)?

(2.71)

where PL_ (i = t,c,u) denote the contribution from the penguin diagram excluding

the CKM factor. Using the unitarity condition of Eq. (2.8), the total amplitude Az
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is given by

AcEs — Atree +Apengu1n

ccs ccs

= KZWS(TcEs + PCCES - szs) + VJqus(P“ — P,

ccs ccs ) .

(2.72)

Since |(V Vi) /(ViVes)| = O(A?) < 1 from Eq. (2.4), the second term contain-
ing V. V,s can be ignored. Thus, only one CKM phase contributes to the decay
amplitude: _

Azs  VaVi

Azs  ViVes
To complete the calculation of Ay, /Aj.,, we have to consider the K°-K° mixing,
since BY — 1 K°and B® — ¢ K° are different final states without the K% K° mixing.
By analogy with the B°-B° mixing, since |V;, V5| < |VesV2|, the factor ¢/p for the
neutral K-meson system is given by

(q—> VeV (2.74)
P ) ViVea

(2.73)

Finally, taking into account the C'P eigenvalue of fcp, &5, the C'P-asymmetry
parameter Ay, is expressed as

q q* ZcEs

)\fCP = (1_7) ffcp (E)K A
~ ¢ VigVid VesVea Vb Vi
Vi VaVia Vi Vi

= & e 20, (2.75)

Thus, Im(As.,) and the time-dependent asymmetry Acp(t) defined as Eq. (2.61)
are written as

Im()‘fcp> = —&fopSin 201, (2.76)
Acp(t) = =&, psin 2¢ sin(Amgt).

Therefore, by observing the time-dependent C'P asymmetry Acp(t) for the B decays
to the C'P eigenstates that originate from b — ccs transition, one of the angles of
the unitarity triangle, ¢;, can be directly measured as the amplitude of the sine
curve.

2.5 Asymmetric-Energy B-Factory Experiment

To measure above quantities with the high accuracy, the high statistics and the clean
experimental environment are required. The B-Factory experiment using an ete™
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collider is designed to realize these requirements. The ete™ collider environment
offers the much cleaner room than the hadron collider experiments. In the B-Factory
experiment, the collider is designed to operate at the center-of-mass energy of the
T(45) resonance. Since the mass of Y(4S) is just above the threshold to create
the B°B? or BB~ pair and below the B*B or B,B, creation threshold, Y(45)
decays only to B’B° or Bt*B~ pair. The ratio between the branching fractions of
Y (4S) — B°B° and Y(4S) — B*B~ is almost one.

We consider the time evolution of two neutral B mesons ‘Bg(tl, t2)>, where t;
and ty denote the proper times of the first and second B mesons, respectively. At
t1 =ty =0, i.e., when the T(45) decays, the state consists of |[B’B®) and |B°B"):

|BB(0,0)) = ¢1|B°B°) 4 ;| B°B). (2.78)

The Y(45) is a vector meson and has the C'P eigenvalue of —1 x —1 = +1. Since the
T (4S) decays via the strong interaction, C'P is expected to be conserved. Therefore,
the BB system also has to be CP = +1. Because B mesons are pseudoscalar
bosons (i.e., spin-0) and the angular momentum J = L + S = 1 of the T(4S5) must
be conserved, the orbital angular momentum of BB system must be L = 1 and
hence the orbital part has CP = —1. Thus, the flavor part must have CP = —1
so that the total C'P eigenvalue be +1. Considering the normalization condition
lc1|> 4 |e2]? = 1, ¢; and ¢y are obtained to be ¢; = —cy = 1/v/2:

— 1 — —
BB(0,0)) = —< BB — |B°B° ) 9.79
[BB0,0)) = £ {|B"B") — |BB) (2.79)
Then, the time evolution of |BB(ty,t5)) can be obtained from the Egs. (2.46) and

(2.47) as

(PP - Pepe)

_ ie_l(M_%F)(tl'f‘tZ)

V2

- [ei(amatrsar) i3 mi(amarsarg s3] (2| ooy 4 o)
2 q p

|BB(t1,t2)) =

+%F@mﬂmw@wﬁﬂ@mﬂﬂﬂﬁﬂumﬁw—@%%ﬁ‘

(2.80)

If t; = t5, the terms containing |[B°B’) and |B"B") vanish and only the terms of
|B°B®) and |B°B°) remain. Therefore, two neutral B mesons cannot be the same
flavor states at the same time in this time evolution.
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Generally, we consider the event where the first B meson decays to the final state
f1 and the other to f. We define the decay amplitudes as

Ay = (fi|Hq|B®), A= {fi|H4|B"), (2.81)
As = (fo|Hq|B%), Ao= (fo|Ha| BY). (2.82)

Then, the time-dependent decay rate can be calculated as

_ 1
|(f1f2| BB(t1, )" = 5e—F<t1+1tz>>|AlAz>|2

{Cl cosh {% (tl — tg):| + o sinh |:A§d (tl — t2>:|

+ c3 cos|Amy(ty — to)] + casin[Amg(t; — tg)]}, (2.83)

where the coefficients ¢; (1 = 1,--- ,4) are
1A |4 P 2 g A A ? A A, pq A A,

1 2 142 145 14y
a=z\||-—| +|5| t1|- -—— | —Re —Re| ——= |,
' 2<A1 ‘A2 ‘q ‘pA1A2 ) (A1A§> (pq*A1A§>

(2.84)

— 2 J— —x — 2 — *

Ay (qA1> pA Ay <qA2) D Ay
co=—|-—| Rel|=— | —Re|l=— | + || Re[ == +Re[ =], (2.85
A p A g A7) A p Ao () )
o LA éQ_‘EQ_'zZ%2 o[ AEY o (POA
T2\ 4 Ay q pA1A; A1 A3 pgr A1As )

(2.86)

— 2 — —x% — 2 — —k

Ay (qu) P4 ‘Al <qA2) pA
g=—|— Im{-—— )| —-Im|=—7 |+ |—| Im({=——F" | +Im|=-]. (2.87
A pA ¢A7) A p Az () B

For the neutral B-meson pair, the probability that one B meson is B? at time t;
and the other is BY(B) at t, is

D(BYB%; t1,t5) o |(B"B°| BB(t1, 1))’
_ 1 —D(t1+t2) ATy
=€ 172) ¢ cosh 5

D(B°B% ty,t5) o |(B"B°| BB(t, 1))’

1 2 AT
—e Ttitt2) {COSh {Td(tl - t2)} — cos[Amy(t, — tQ)]} :
(2.89)

<t1 — tg):| + COS[Amd(tl — tg)]} s (288)

P
q
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If one B meson decays to the C'P eigenstate fop at ¢, and the other is B°(B°) at
to, then its probability is

I'(fepBt1,ta) o [{ fepB°|BB(t1,12)) ’2

= 5O A,
1 2 AT AT
{% cosh {Td(h - tg):| — Re(Ay,, ) sinh [Td(tl - t2)j|
1 - ’)‘f P‘Q :
Tc cos[Amg(ty — ta2)] — Im(Ag.,) sin[Amg(t; — ta2)] ¢,

(2.90)
F(fCPBO; tl, tz) XX ‘<fCPBO‘B§(t1, t2)> ‘2

2
P

= T Ay

2
{% cosh [—A;d (t; — t2)} — Re(Af.,) sinh {%(tl - t2>]

. 1 — |)\fCP|2

5 cos[Amd(t1 - tg)] + Im()\fcp) Sin[Amd(tl — tg)]}

(2.91)

Assuming |¢/p| = 1 and AT’y = 0, the probability that one B meson decays at t;
and the other at t5 for the neutral or charged B-meson pair is

[(ty,ty) oc e Tlit2), (2.92)

Since the energy release in the Y(45) decay is very small, two B mesons are
almost at rest in the Y(4S) rest frame. This means that the B mesons decay very
close to the production point and it is difficult to measure the difference between
the production and decay points of the B meson in the symmetric energy collider
experiment. However, by colliding e™ and e~ with the asymmetric energy, the T(45)
is boosted in the laboratory frame and thus it is possible to measure the difference
between the decay times of two B mesons. If the YT (4S) is boosted along the beam
axis (defined as the z axis) with the Lorentz boost factor (57)y, the decay-time
difference At = t; — t5 can be obtained from the separation in z between the two B

decay vertices, Az, as

At~ _BE (2.93)

c(By)r’

by neglecting the B momentum in the Y(4S) rest frame. Since we do not know
the sum of proper decay times t; + t9, by integrating over this variable, Eq. (2.92)
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Figure 2.4: Illustration of the event topology in the KEK B Factory.

becomes r
I'(At) = Ee—mu, (2.94)

For the B°-B° mixing, with the approximation |¢/p| = 1 and Ay = 0, Egs. (2.88)
and (2.89) become

_ _ r

I'(B°B% At) = T(B°B%; At)= Ze—FIAti [1 4 cos(AmgAt)], (2.95)
S r

I'(B°B°; At) = T(B"B°; At)= Ze—mtl [1 — cos(AmgAt)]. (2.96)

For the C'P asymmetry, with the additional assumption |As,,| = 1, Egs. (2.90) and
(2.91) are

I fopB At) geflm (14 &5, 5in 261 sin(AmaAt)] (2.97)
I(fopB% At) = gemt [1 — & psin 2¢ sin(AmgAt)] . (2.98)

Therefore, 7 = 1/T", Amyg, and sin 2¢; can be obtained from the At distributions for
several final states.

Figure 2.4 shows an illustration of the event topology in the KEK B-Factory
experiment. One of the B mesons, By, is fully reconstructed in the hadronic decay
modes. By inclusively reconstructing the decay vertex of the other B meson, B,
we can measure the difference between the two B-meson decay points, Az. Using
Eq. (2.93), we obtain the proper-time difference between the two B-meson decays,
At, and thus we can extract the lifetimes of B mesons from Eq. (2.94). Since the
average separation (Az) is about 200 pm in the KEK B Factory, it is crucially
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Figure 2.5: Schematic drawing of the constraints in the p-7 plane for the most
relevant observables.

important to determine the position of B decay vertex precisely and to understand
the resolution closely.

In addition to the reconstruction of Az, by identifying the flavor of By, we can
measure the oscillation frequency Am, from Egs. (2.95) and (2.96), and the C'P
violation parameter sin 2¢; from Egs. (2.97) and (2.98). The flavor can be identified
from the charge and the species of the decay products of B,. Thus, the particle
identification with good performance and the development of the flavor tagging
algorithm, as well as the understanding of its performance, are necessary for the
Amy and sin 2¢, analyses.

2.6 Experimental Constraints on the Unitarity Tri-
angle

In this section, we briefly explain how the unitarity triangle is constrained by the
experimental measurements. FEach constraint in the p-7 plane is shown schematically
in Fig. 2.5. The plot is made by the CKM fitter Group [22]. The detail of the
constraints that are not written here is described in Ref. [22].

o [Vl
Both the inclusive semileptonic b decay to u quark (b — X,/ 7,) and the
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exclusive B decays including the b to u transition (B — 7 (v, B’ —
p () allow an extraction of |V,,]. These two measurements have different
systematics. However, both measurements have large uncertainties, because
the statistics are limited and the theoretical uncertainties are large.

o Vel
|Vp| is obtained from the exclusive B — D5, and the inclusive semileptonic
b decay to charm, b — X.~7,. The theoretical frameworks for extracting
numerical values for |V,| from the measured decay rates are the Heavy Quark
Effective Theory (HQET) [23] for the exclusive measurements and HQE [18]
for the inclusive measurements.

* |ex]
The indirect C'P violation in the K°-K° system is measured by

2 1

= —n,_ + = 2.99
€K 377+ +37700> ( )

where 1, _ (n90) is the ratio of the amplitudes of the long-lived and short-lived
neutral kaons decaying into two charged (neutral) pions. Theoretically, |ef|
includes p and 7 in the form of the hyperbola. Though this parameter is
measured accurately, the theoretical uncertainties are large.

o Am,
The frequency of BS—ES oscillation (¢ = d, s) is given by the mass difference
Am,. Amy is theoretically expressed as Eq. (2.53). Since |V is almost one,
the Am, measurement gives the constraint on |V;,4|, thus, R;. Currently, the
theoretical uncertainties are large for the |V;4| determination.

The B%-BY oscillation frequency Am, is given in the same way as Amy. By
taking the ratio of two oscillation frequencies, some theoretical uncertainties

are canceled out: ) ,
A77/Ld o BBdeded H/td‘

Visl?
Thus, the tighter constraint on R, is possible, though currently only the upper

(2.100)

- 2
Ams BB5 stmBs

limit is measured for Am.

e sin2¢,
As described in Section 2.4, one of the angles of the unitarity triangle, ¢, can
be directly measured through the time-dependent asymmetry in the decay rate
of the C'P eigenstate that is dominated by b — c¢s transition. Since we can
measure ¢, in the form of sin 2¢;, there are four possible values for ¢;.
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Experimental Apparatus

In this chapter, we describe the experimental apparatus of the KEK B Factory. The
KEK B Factory consists of the KEKB accelerator and the Belle detector.

First, we briefly introduce the KEKB accelerator. Then, overviews of the Belle
detector and its sub-detector components are given. We also describe the offline
computing environment and software in our experiment.

3.1 KEKB Accelerator

KEKB [24] is a two-ring, asymmetric-energy, e*e™ collider and aims to produce
copious B and anti-B mesons as in a factory. Figure 3.1 shows a schematic lay-
out of KEKB. It consists of two 3-km-long storage rings, an 8-GeV electron ring
(HER) and a 3.5-GeV positron ring (LER), and an injection linear accelerator. The
two rings cross at one point, called the interaction point (IP), where electrons and
positrons collide with a finite crossing angle of 11 mrad to avoid parasitic colli-
sions near IP. The Belle detector surrounds IP to catch particles produced by the
collisions. The center-of-mass energy is 10.58 GeV, which corresponds to the mass
of the T(4S5) resonance. Due to the energy asymmetry, the Y (4S5) resonance and
its daughter B mesons are produced with a Lorentz boost of (57)y = 0.425. On
average, the separation of the decay vertices of two B mesons is approximately
(Az) = eTp(B7)r ~ 200 pm.

The design luminosity of KEKB is 103 cm™s™!. The peak luminosity that
KEKB achieved is 7.35 x 10%* ecm™2s~!, which is the world record as of July 2002.

22
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Figure 3.1: Schematic view of the layout of KEKB.

3.2 Belle Detector

The Belle detector [25] is a general-purpose 4-7 detector surrounding IP. It consists of
a barrel, forward, and rear components. Figures 3.2 and 3.3 show the configuration
of the Belle detector.

Precision tracking and vertex measurements are provided by a central drift cham-
ber (CDC) and a silicon vertex detector (SVD). The identification of charged pions
and kaons uses three detector systems: the CDC measurements of dE/dx, a set
of time-of-flight counters (TOF), and a set of aerogel Cherenkov counters (ACC).
Electromagnetic particles are detected in an array of CsI(Tl) crystal calorimeters
(ECL). The electron identification is based on a combination of dE/dx measure-
ments in CDC, the response of ACC, and the information of position, shape, and
energy of the electromagnetic shower in ECL. The above detectors are located inside
a super-conducting solenoid of 1.7 m radius that generates a 1.5 T magnetic field.
The outermost detector subsystem is a KY and muon detector (KLM), which is
instrumented from an iron flux-return located outside of the coil. A part of the un-
covered small-angle region is instrumented with a pair of BGO crystal arrays (EFC)
placed on the surface of the QCS cryostats in forward and backward directions. The
performance of detector components are summarized in Table 3.1.
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Figure 3.3: Sideview of the Belle detector.
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SVD sideview

Figure 3.4: Detector configuration of SVD.

3.2.1 Silicon Vertex Detector (SVD)

It is crucially important for the time-evolution study to measure the difference be-
tween the flight lengths of the two B mesons in the z direction, where z is defined
as the opposite of the positron beam direction. SVD [26] provides essential infor-
mation for the precise reconstruction of the decay vertices close to IP. Since the
average separation of two B-decay vertices is ~ 200 pum, the required Az resolution
is < 200 pm. In addition, the vertex detector is useful for identifying and measuring
the decay vertices of D and 7 particles.

Since the most particles of interest in Belle have momenta of 1 GeV /c or less, the
vertex resolution is dominated by the multiple-Coulomb scattering. This imposes
strict constraints on the design of the detector. In particular, the innermost layer of
the vertex detector must be placed as close to IP, the support structure must be low
in mass but rigid, and the readout electronics must be placed outside the tracking
volume.

The design must also withstand large beam backgrounds. With the high lumi-
nosity operation of KEKB, the radiation dose to the detector is measured to be
10 kRad/month. Radiation doses of this level both degrade the noise performance
of the electronics and induce leakage currents in the silicon detectors.

Figure 3.4 shows the side and end views of SVD. SVD consists of three concentric
cylindrical layers arranged in a barrel and covers the angle range 23° < 6 < 139° (¢
being the polar angle from the z axis), which corresponds to 86% of the full solid an-
gle. The three layers at radii of 30.0 mm, 45.5 mm, and 60.5 mm surround the beam
pipe, a double-wall beryllium cylinder of 2.3 ¢m radius and 1 mm thickness. Three
layers are constructed from eight, ten, and fourteen independent ladders from inner
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to outer, respectively. Each ladder consists of double-sided silicon strip detectors
(DSSDs) reinforced by boron-nitride support ribs.

The 56936 DSSDs fabricated by Hamamatsu Photonics (HPK) are used for SVD.
Each DSSD consists of 1280 sense strips and 640 readout pads on each side. The
overall DSSD size is 57.5 x 33.5 mm? with 300 pum thickness. In total 102 DSSDs
are used and the number of readout channels is 81920.

For the z-coordinate measurement, the n-side strips are used and a double-metal
structure running parallel to z is employed to route the signals from orthogonal
z-sense strips to the ends of the detector. Adjacent strips are connected to a single
readout trace on the second metal layer which gives an effective strip pitch of 84 pm.
A p-stop structure is employed to isolate the z-sense strips. A relatively large
thermal noise (~ 600e™) is observed due to the common-p-stop design. On the ¢
side, where ¢ is the azimuth angle around the z axis, only every other sense-strip is
connected to a readout channel. Charge collected by the floating strips in between
is read from adjacent strips by means of capacitive charge division.

The readout chain for DSSDs is based on the VA1 integrated circuit [27]. The
VAT chip is a 128-channel CMOS integrated circuit fabricated in the Austrian Micro
Systems (AMS) 1.2-um CMOS process. It was specially designed for the readout
of silicon vertex detectors and other small-signal devices. VA1 has excellent noise
performance and reasonably good radiation tolerance of 200 kRad [28].

The track-matching efficiency is defined as the probability that a CDC track
within the SVD acceptance has associated SVD hits in at least two layers, and in at
least one layer with both the r-¢ and r-z information, where r is the distance from
the z axis. Tracks from K9 decays are excluded since these tracks do not necessarily
go through SVD. Figure 3.5 shows the SVD-CDC track matching efficiency for
hadronic events as a function of time. The average matching efficiency is better
than 98.7%, although slight degradation is observed after one year operation as a
result of the gain loss of VA1 from radiation damage [26].

The impact parameter resolution for reconstructed tracks is measured as a func-
tion of the track momentum p (measured in GeV/c) and the polar angle 6 to be

50 2
=192 4 [ — 2 , 3.1
Org <pﬁsin3/29) pm ( )

42 2
o, =1/362 4+ (——— ) um, 3.2
\/ (pﬁsin5/29) . (3.2)

as shown in Fig. 3.6.
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Figure 3.5: SVD-CDC track matching efficiency as a function of the date of data
taking.
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Figure 3.7: Overview of the CDC structure.

3.2.2 Central Drift Chamber (CDC)

The efficient reconstruction of charged particle tracks and precise determination
of their momenta are the essential ingredient to almost all of the measurements
in the Belle experiment. Specifically, the resolution of a transverse momentum
Py, which is the momentum component transverse to the z axis, is required to be
0p, ~ 0.5%+/1 4 p? (pr in GeV/c) for all charged particles with p, > 100 MeV /¢
in the polar angle region of 17° < 6 < 150°. In addition, the charged particle
tracking system is expected to provide important information for the trigger system
and particle identification information in the form of precise dE/dz measurements
for charged particles.

CDC [29] was designed and constructed to meet above requirements for the cen-
tral tracking system. Since the majority of the decay particles of a B meson have
momenta lower than 1 GeV/c, the minimization of multiple scattering is impor-
tant for improving the momentum resolution. Therefore, the use of a low-Z gas is
desirable, while a good dE/dz resolution must be retained.

The structure of CDC is shown in Fig. 3.7. It is asymmetric in the 2z direction to
provide an angular coverage of 17° < # < 150°, which corresponds to 92% of the full
solid angle. The longest wires are 2400 mm long. The outer radius is 874 mm and
the inner one is extended down to 103.5 mm without any walls in order to obtain
good tracking efficiency for low-p; tracks by minimizing the material thickness. The
forward and backward small-r regions have conical shapes in order to clear the
accelerator components while maximizing the acceptance.

CDC is a small-cell cylindrical drift chamber with 50 layers of anode wires, which
consist of 32 axial- and 18 stereo-wire layers, and three cathode strip layers. Axial
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Figure 3.8: p; dependence of p; resolution for cosmic rays. The solid curve shows
the fitted result (0.201%p; @ 0.290% /) and the dotted curve (0.118%p; & 0.195%)
shows the ideal expectation for § = 1 particles.

wires are parallel to the z axis, while stereo wires slant to the z axis to provide
z position information. Stereo wires also provide a highly efficient fast z-trigger
combined with the cathode strips. CDC has a total of 8400 drift cells.

A low-Z gas mixture, which consists of 50% He and 50% ethane (CoHs), is used
to minimize multiple Coulomb scattering to ensure a good momentum resolution,
especially for low momentum particles. Since low-Z gases have a smaller photo-
electric cross-section than argon-based gases, they have the additional advantage of
reduced background from synchrotron radiation. Even though the gas mixture has
a low Z, a good dF/dx resolution is provided by the large ethane component.

The tracks of charged particles are reconstructed by the Kalman filtering method [30],
taking into account the effects of the multiple Coulomb scattering and the energy
loss, as well as the effects due to the non-uniformity of the measured magnetic field.
The spatial resolution for tracks passing near the middle of the drift space is mea-
sured to be ~ 130 um. The p; resolution as a function of p; is shown in Fig. 3.8.
The solid curve indicates the result fitted to the data points, i.e.,

0.29) > )
Op, /Pt = \/(7) + (0.20py)" %, (3.3)

where p; is measured in GeV/c.
The dE /dx measurement in CDC can distinguish particle species, since the mean
energy loss (dE/dz) for a charged particle is given as a function of the velocity in
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as—

dEidx vs log,4p)

Figure 3.9: Truncated mean of dE/dx versus momentum observed in collision data.

units of ¢, § = v/c, by the Bethe-Bloch equation. A scatter plot of measured
(dE/dz) and particle momentum is shown in Fig. 3.9, together with the expected
mean energy losses for different particle species. Populations of pions, kaons, pro-
tons, and electrons can be clearly seen. The (dE/dx) resolution is measured to be
7.8% in the momentum range from 0.4 to 0.6 GeV/c.

3.2.3 Aerogel Cherenkov Counter System (ACC)

Particle identification, specifically the ability to distinguish 7% from K&, plays an
important role in the many analyses of B decays. An array of silica aerogel threshold
Cherenkov counters is selected as a part of the Belle particle identification system to
extend the momentum coverage beyond the reach of dE/dx measurements by CDC
and time-of-flight measurements by TOF.

The Cherenkov radiations occur in case of

n>%: 1+<%>, (3.4)

where m and p are the mass and momentum of the particle, respectively, and n is
the refractive index of the matter. Thus, there is the momentum region where the
pions emit Cherenkov light, while the heavier than the pions, like kaons, do not.
The configuration of ACC [31] is shown in Fig. 3.10. ACC consists of 960 counter
modules segmented into 60 cells in the ¢ direction for the barrel part and 228 modules
arranged in five concentric layers for the forward end-cap part of the detector. All
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Figure 3.10: Arrangement of ACC at the central part of the Belle detector.

the counters are arranged in a semi-tower geometry, pointing to IP. In order to obtain
the good pion/kaon separation for the whole kinematical range, the refractive indices
of aerogels are selected to be between 1.01 and 1.03, depending on their polar angle
region. Five aerogel tiles are stacked in a thin (0.2 mm thick) aluminum box of
approximate dimensions 12 x 12 x 12 cm?®. In order to detect Cherenkov lights
effectively, one or two fine mesh-type photomultiplier tubes (FM-PMTs), which are
operated in a magnetic field of 1.5 T [32], are attached directly to the aerogels at
the sides of the box.

Figure 3.11 shows the measured pulse-height distribution for the barrel ACC for
e* tracks in Bhabha events and K* candidates in hadronic events, which are selected
by TOF and dF/dx measurements, together with the expectations from Monte Carlo
(MC) simulations. The figure demonstrates a clear separation between high-energy
electrons and below-threshold particles. It also indicates good agreement between
the data and MC simulations.

3.2.4 Time-of-Flight Counters (TOF)

A time-of-flight (TOF) detector system using plastic scintillation counters is very
powerful for particle identification in eTe™ collider detectors. For a 1.2 m flight
path, the TOF system with 100 ps time resolution is effective for particle momenta
below about 1.2 GeV /¢, which encompasses 90% of the particles produced in T(4S)
decays. It can provide clean and efficient b-flavor tagging. In addition to particle
identification, the TOF counters provide fast timing signals for the trigger system.
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Figure 3.11: Pulse-hight spectra in units of photoelectrons observed by barrel ACC

for electrons and kaons. The MC expectations are superimposed.

To avoid pile-up in the trigger queue, the rate of the TOF trigger signals must be

kept below 70 kHz. Simulation studies indicate that to keep the fast trigger rate
below 70 kHz in any beam background conditions, the TOF counters should be

augmented by thin trigger scintillation counters (TSC).

The following equation is satisfied using a measured time-of-flight 7" with TOF

and a measured momentum p with CDC:

L
T

= 5=

(3.5)

where L is a length of the flight. For example, when L = 120 cm and the particle

with momentum p = 1.2 GeV/c flies into TOF, if that particle is a pion (m, =
140 MeV/c?) then T' = 4.0 ns, while if that particle is a kaon (mgx = 494 MeV/c?)
then T = 4.3 ns. Thus, the difference of T" between pion and kaon is ~ 300 ps and

30 K/m separation is provided with the time resolution of 100 ps.

The Belle TOF system [33] consists of 128 TOF counters and 64 TSC coun-
ters. Two trapezoidally shaped TOF counters and one TSC counter, with a 1.5-cm

intervening radial gap, form one module. In total 64 TOF/TSC modules located

at a radius of 1.2 m from IP cover a polar angle range from 34° to 120°.

The

minimum transverse momentum to reach the TOF counters is about 0.28 GeV/c.
Module dimensions are given in Fig. 3.12. These modules are individually mounted
on the inner wall of the barrel ECL container. The 1.5 cm gap between the TOF
counters and TSC counters is introduced to isolate TOF from photon conversion
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Figure 3.12: Dimensions of a TOF/TSC module.

backgrounds by taking the coincidence between the TOF and TSC counters. Elec-
trons and positrons created in the TSC layer are impeded from reaching the TOF
counters due to this gap in a 1.5 T field. The width of the TOF counter is approxi-
mately 6 cm. Fine-mesh-dynode photomultiplier tubes (FM-PMTs) are attached to
the TOF counter ends with an air gap of ~ 0.1 mm. In the case of the TSC counters
the tubes are glued to the light guides at the backward ends. The air gap for the
TOF counter selectively passes earlier arrival photons and reduces a gain saturation
effect of FM-PMT due to large pulses at a very high rate. As the time resolution is
determined by the rising edge of the time profile of arrival photons at PMT, the air
gap hardly affects the time resolution.

Figure 3.13 shows time resolutions for forward and backward PMTs and for the
weighted average time as a function of z. The resolution for the weighted average
time is about 100 ps with a small z dependence. This satisfies the design goal.

Figure 3.14 shows the mass distribution for each track in hadron events, calcu-
lated according to Eq. (3.5) using the momentum of the particle determined from
the CDC track fit assuming the muon mass. Clear peaks corresponding to 7%, K¥,
and protons are seen. The data points are in good agreement with a MC prediction
(histogram) obtained by assuming oror = 100 ps.

3.2.5 Electromagnetic Calorimeter (ECL)

The main purpose of the electromagnetic calorimeter is the detection of photons from
B-meson decays with high efficiency and good resolutions in energy and position.
Since most of these photons are end products of cascade decays, they have relatively
low energies and, thus, good performance below 500 MeV is especially important. On
the other hand, since important two-body decay modes, such as B — K*vy and B® —
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Figure 3.15: Configuration of ECL.

7979, produce photons energies up to 4 GeV, good resolution for high momentum

region is also needed to reduce backgrounds for these modes. Electron identification
in Belle relies primarily on a comparison of the charged particle momentum and the
energy deposits in the electromagnetic calorimeter. Good electromagnetic energy
resolution results in better hadron rejection. High momentum 7° detection requires
the separation of two nearby photons and a precise determination of their opening
angle. This requires a fine-grained segmentation in the calorimeter.

In order to satisfy the above requirements, we use a highly segmented array
of CsI(T1) crystals with silicon photodiode readout installed in a magnetic field of
1.5 T inside a superconducting solenoid magnet. CsI(Tl) crystals have various nice
features such as a large photon yield, weak hygroscopicity, mechanical stability, and
moderate price.

The overall configuration of the Belle calorimeter system, ECL [34], is shown in
Fig. 3.15. ECL consists of the barrel section of 3.0 m in length with the inner radius
of 1.25 m and the annular end-caps at z = +2.0 and —1.0 m from IP. Each crystal
has a tower-like shape and is arranged so that it points almost to IP. There is a small
tilt angle of ~ 1.3° in the # and ¢ directions in the barrel section to avoid photons
escaping through the gap of the crystals. End-cap crystals are tilted by ~ 1.5° and
~ 4° in the 6 direction in the forward and backward sections, respectively. The
calorimeter covers the polar angle region of 17.0° < 6 < 150.0°, corresponding to a
total solid-angle coverage of 91% of 47. Small gaps between the barrel and end-cap
crystals provide a pathway for cables and room for supporting members of the inner
detectors. The loss of solid angle associated with these gaps is approximately 3% of
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Figure 3.16: Energy dependence of the average position resolution. The solid curve
is the result of the fit.

the total acceptance. The entire system contains 8736 CsI(T1) counters and weighs
43 tons.

The size of each crystal is determined by the condition that approximately 80%
of the total energy deposited by a photon injected at the center of the crystal is
contained in that crystal. Typical dimension of a crystal is 55 mm x 55 mm (front
face) and 65 mm x 65 mm (rear face) for the barrel part. The 30 cm length, which
corresponds to 16.2 radiation length (16.2 Xj), is chosen to avoid deterioration of
the energy resolution at high energies due to the fluctuations of shower leakages out
the rear of the counter.

The energy dependence of the average position resolution is shown in Fig. 3.16
as a function of photon energy. The points above 1 GeV are the MC data. The

solid curve is fitted by the relation
3.4 1.8
Opos = 0.27 + —= + — mm, 3.6
p \/E 4 E ( )
where F is measured in units of GeV.
The energy resolution is obtained from the beam test to be

op  |(0.066\% /081" ,
% (S) () e )

where F is measured in units of GeV. Figures 3.17 show the energy resolutions

measured from Bhabha events. The energy resolution was achieved to be 1.7%
for the barrel ECL, and 1.74% and 2.85% for the forward and backward ECL,
respectively, as shown in Fig. 3.17.
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Chapter 3. Experimental Apparatus 39

3.2.6 K} and Muon Detection System (KLM)

KLM [35] is designed to identify K?’s and muons with high efficiency over a broad
momentum range greater than 600 MeV /c.

KLM consists of alternating layers of charged particle detectors and 4.7 cm-thick
iron plates. The barrel-shaped region around IP covers an angular range from 45°
to 125° in the polar angle and the end-caps in the forward and backward directions
extend this range to 20° and 155°. There are 15 detector layers and 14 iron layers
in the octagonal barrel region and 14 detector layers in each of the forward and
backward end-caps. The iron plates provide a total of 3.9 interaction lengths of
material for a particle traveling normal to the detector planes. In addition, ECL
provides another 0.8 interaction length of material to convert K9’s. K} that interacts
in the iron or ECL produces a shower of ionizing particles. The location of this
shower determines the direction of K9, but fluctuations in the size of the shower do
not allow a useful measurement of the K? energy. The multiple layers of charged
particle detectors and iron allow the discrimination between muons and charged
hadrons (7% or K*) based upon their range and transverse scattering. Muons travel
much farther with smaller deflections on average than strongly interacting hadrons.

The detection of charged particles is provided by glass-electrode-resistive plate
counters (RPCs) [36]. Resistive plate counters have two parallel plate electrodes
with high bulk resistivity (> 10'° Qcm) separated by a gas-filled gap. We choose a
non-combustible mixture of 62% HFC-134a, 30% argon, and 8% butane silver [37].
Butane silver is a mixture of approximately 70% n-butane and 30% iso-butane. In
the streamer mode, an ionizing particle traversing the gap initiates a streamer in
the gas that results in a local discharge of the plates. This discharge is limited by
the high resistivity of the plates and the quenching characteristics of the gas. The
discharge induces a signal on external pickup strips, which can be used to record
the location and the time of the ionization.

Figure 3.18 shows the cross-section of a superlayer for the barrel region, in which
two RPCs are sandwiched between the orthogonal # and ¢ pickup-strips with the
ground planes for signal reference and proper impedance. This unit structure of
two RPCs and two readout-planes is enclosed in an aluminum box and is less than
3.7 cm thick. Each RPC is electrically insulated with a double layer of 0.125 mm
thick mylar. Signals from both RPCs are picked up by copper strips above and below
the pair of RPCs, providing a three-dimensional space point for particle tracking.
Each barrel module has two rectangular RPCs with 48 z pickup strips perpendicular
to the beam direction. The smaller seven superlayers closest to IP have 36 ¢ strips
and the outer eight superlayers have 48 ¢ strips orthogonal to the z strips. Each
end-cap superlayer module contains 10 m-shaped RPCs and have the 96 ¢ and 46 6
pickup-strips.
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Figure 3.18: Cross-section of a KLM superlayer.

Figure 3.19 shows a histogram of the difference between the direction of the
K? cluster candidate and the missing momentum direction in data. The missing
momentum vector is calculated using all the other measured particles in the event.
The histogram shows a clear peak where the direction of the neutral cluster measured
in KLM is consistent with the missing momentum in the event. A large deviation
of the missing momentum direction from the neutral cluster direction is mainly due
to undetected neutrinos and particles escaping the detector acceptance.

3.2.7 Extreme Forward Calorimeter (EFC)

In order to improve the experimental sensitivity to some physics processes such as
B — 7v, EFC [38] is needed to further extend the polar angle coverage by ECL,
17° < 6 < 150°. EFC covers the angular range from 6.4° to 11.5° in the forward
direction and 163.3° to 171.2° in the backward direction. EFC is also required to
function as a beam mask to reduce backgrounds for CDC. In addition, EFC is used
for a beam monitor for the KEKB control and a luminosity monitor for the Belle
experiment. It can also be used as a tagging device for two-photon physics.

Since EFC is placed in the very high radiation-level area around the beam pipe
near IP, it is required to be radiation-hard. Therefore, a radiation-hard BGO (Bis-
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Figure 3.19: Difference between the neutral cluster and the direction of missing
momentum in KLM.

muth Germanate, BiyGe3O12) crystal calorimeter is used for EFC. The detector is
segmented into 32 in ¢ and 5 in 6 for both the forward and backward detectors. The
radiation lengths of the forward and backward crystals are 12 and 11, respectively.

The energy sum spectra for Bhabha events show a correlation between the for-
ward and backward EFC detectors. A clear peak at 8 GeV with a resolution of 7.3%
(rms) is seen for the forward EFC, while a clear peak at 3.5 GeV with a resolution
of 5.8% (rms) is seen in the backward EFC. These results are compatible with the
beam test results.

3.2.8 Solenoid Magnet

A superconducting solenoid provides a magnetic field of 1.5 T in a cylindrical vol-
ume of 3.4 m in diameter and 4.4 m in length [39]. The coil is surrounded by a
multilayer structure consisting of iron plates and calorimeters, which is integrated
into a magnetic return circuit. The iron structure of the Belle detector serves as the
return path of magnetic flux and an absorber material for KLM. It also provides the
overall support for all of the detector components.

3.2.9 Trigger (TRG)

The cross-section for physics events of interest, like BB event, is smaller than the
background processes. Therefore, they have to be triggered by appropriately re-
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Figure 3.20: Level-1 trigger system for the Belle detector.

strictive conditions. Because of the high beam current, high beam backgrounds are
expected. Since the rates are very sensitive to actual accelerator conditions, it is
difficult to make a reliable estimate. Therefore, the trigger system is required to be
robust against unexpectedly high beam background rates. The trigger conditions
should be flexible so that background rates are kept within the tolerance of the data
acquisition system, while the efficiency for physics events of interest is kept high. It
is important to have redundant triggers to keep the efficiency high even for varying
conditions. The Belle trigger system is designed to satisfy these requirements.

The Belle trigger system consists of the Level-1 hardware trigger and the Level-3
software trigger. The latter is designed to be implemented in the online computer
farm. Figure 3.20 shows the schematic view of the Belle Level-1 trigger system [40].
It consists of the sub-detector trigger systems and the central trigger system called
the Global Decision Logic (GDL). The sub-detector trigger systems are based on
two categories: track triggers and energy triggers. CDC and TOF are used to yield
trigger signals for charged particles. CDC provides r-¢ and r-z track trigger signals.
The ECL trigger system provides triggers based on the total energy deposit and the
cluster counting of crystal hits. These two categories allow sufficient redundancy.
The KLM trigger gives additional information on muons and the EFC triggers are
used for tagging two photon events as well as Bhabha events. The sub-detectors
process event signals in parallel and provide trigger information to GDL, where all
information is combined to characterize an event type. Information from SVD is
not implemented in the present trigger arrangement. The trigger system provides
the trigger signal with the fixed time of 2.2 us after the event occurrence. The Belle
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Figure 3.21: Belle DAQ system overview.

trigger system, including most of the sub-detector trigger systems, is operated in a
pipelined manner with clocks synchronized to the KEKB accelerator RF signal.

In a typical running condition, the average trigger rate is about 200 Hz. The
trigger rate is dominated by the beam background. The trigger efficiency is mon-
itored from the data using the redundant triggers. Each of the multitrack, total
energy, and isolated cluster counting triggers provides more than 96% efficiency for
multi-hadronic data samples. The combined efficiency is more than 99.5%.

3.2.10 Data Acquisition (DAQ)

In order to satisfy the data acquisition requirements so that it works at 500 Hz
with a deadtime fraction of less than 10%, the distributed-parallel system is de-
vised. The global scheme of the system is shown in Fig. 3.21. The entire system is
segmented into seven subsystems running in parallel, each handling the data from
a sub-detector. Data from each subsystem are combined into a single event record
by an event builder, which converts “detector-by-detector” parallel data streams to
an “event-by-event” data river. The event builder output is transferred to an online
computer farm, where another level of event filtering is done after the fast event
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reconstruction. The data are then sent to a mass storage system located at the
computer center via optical fibers.

A typical data size of a hadronic event by BB or ¢g production is measured to
be about 30 kB, which corresponds to the maximum data transfer rate of 15 MB/s.

3.3 Offline Computing System and Software

The computing and software system is of great importance to the Belle experiment
as very complex data analysis techniques using a large amount of data are required
for physics discoveries. A traditional high energy physics (HEP) computing model
is adopted by the Belle collaboration. Namely, the Belle collaboration choose to use
tape library systems with the sequential access method for the input and output of
experimental data as the mass storage system.

All software except for a few HEP-specific and non-HEP-specific free software
packages is developed by the members of the Belle collaboration. In particular,
the mechanisms to handle event structure and input and output formatting and to
process events in parallel on a large Symmetric Multiple Processor (SMP) compute
server are developed locally using C and C++ programming languages.

3.3.1 Analysis Framework

The event processing framework, called Belle AnalysiS Framework (BASF) [41],
takes users’ reconstruction and analysis codes as modules which are dynamically
linked at the run time. A module is written as an object of a class of C++. The
class, inherited from the module class of BASF which has virtual functions for events,
begins and ends run processing and other utility functions such as initialization,
termination, and histogram definitions. Modules written in Fortran and C can also
be linked using wrapper functions.

The data transfer between modules is managed by PANTHER, an event and I/O
management package developed by the Belle collaboration. PANTHER describes
the logical structure and inter-relationships of the data using an entity relationship
model. In order to store data (structure) in the event structure one writes a de-
scription file as an ASCII text file. A PANTHER utility converts the description file
into C and C++ header files and source code. The user will include the header files
in his/her code and the source code is compiled and linked into the user module to
have access to the data structure in the module.

The standard reconstruction modules for subdetectors and global reconstruc-
tion of four momenta, production vertices, and likelihoods for being specific species
such as electrons, muons, pions, kaons, protons, and gammas of charged and neu-
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tral particles are prepared and used to produce physics results as well as detector
performance results described in this thesis.

3.3.2 Monte Carlo Simulator

The MC events are generated using the QQ event generator, which was originally
developed by the CLEO collaboration [42]. The QQ event generator can handle both
T (4S5) decays and continuum (ete™ — qq, ¢ = u, d, s, ¢) processes. It is modified for
the Belle experiment and the decay modes and their branching ratios are updated
by the Belle collaboration to include the up-to-date measurements. The EvtGen
event generator, which was originally developed by the BaBar collaboration [43], is
also used for some analyses.

The response of the Belle detector is modeled by a GEANT3-based full-simulation
program [44]. The simulated events are then reconstructed and analyzed with the
same procedure as is used for the real data.



Chapter 4

Event Reconstruction

In this chapter, we describe the event reconstruction procedures of hadronic B de-
cays. First, the BB events are selected from the whole data sample. Then, the
hadronic B decays are reconstructed.

For the lifetime analysis, the following hadronic B decays are used *:

B — D", D*nt, D* p", J/WKS, J/YK*, (4.1)
Bt — D7*, J/WKT. (4.2)

For the mixing analysis, we use the flavor-specific hadronic B decays:

B — D rt, D* %, D* p". (4.3)
We reconstruct B? decays to the following C'P eigenstates fop for the sin 2¢,
analysis:
B — J/vKg, $(28)Kg, xaKyg, n-Ks (4.4)
for the C'P eigenvalue {; = —1, and
B — J/YK? (4.5)
for £ = +1. We also use
B — J/YK* (4.6)

decays where K** decays to K2m°. Here the final state is a mixture of even and odd
C'P depending on the relative orbital angular momentum of the J/¢ and K*.

4.1 Data Sample

Figure 4.1 shows the daily and the total integrated luminosities of KEKB. The

!Throughout this thesis, when a decay mode is quoted the inclusion of the charge conjugate
mode is implied.

46
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Figure 4.1: Integrated luminosity per day (upper) and total integrated luminosity
(lower).

measurements of the B meson lifetimes and the B°-B° oscillation frequency are
based on the data taken from January 2000 to July 2001. The total integrated
luminosity on the Y (4S5) resonance in this period is 29.1 fb™', which corresponds to
approximately 31.3 x 10° BB pairs.

The measurement of the C'P asymmetry is based on 78 fb™! data sample collected
from January 2000 through June 2002, corresponding to 85 x 10¢ BB pairs. The
entire data sample is analyzed and reconstructed with the same procedure which
contains a new track reconstruction algorithm that provides better performance with
respect to the analyses for the lifetimes and Am, described in Chapter 5 and 6 or
the previous measurement of sin 2¢; [45, 46].

4.2 BB Event Selection

Other than hadronic events, there exist several processes, QED processes like Bhabha
or radiative Bhabha events, p pair events, 7 pair events, two-photon events, and
beam-gas interactions, which have the similar or larger cross sections than the BB
production. First, we need to distinguish hadronic events from such background
events. In order to remove non-hadronic events, we apply the following selection
criteria [47]:
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o At least three “good” tracks must exist, where a “good” track satisfies the
criteria, |r| < 2.0 cm and |z| < 4.0 cm at the closest approach to the beam
axis, and transverse momentum p; > 0.1 GeV/ec.

e At least two “good” clusters must be detected by ECL within the volume of
—0.7 < cosf < 0.9, where a “good” cluster has the energy deposit greater
than 0.1 GeV.

e The energy sum E™ which is the sum of the “good” cluster energies in ECL

sum?’

within 17° < 6 < 150° in the center of mass system (cms), is required to be
between 10% and 80% of the total cms energy:

0.1 < ES™/\/s <08, (4.7)

sum
where s is the square of the total cms energy.

e The sum of the z components of momenta of “good” tracks and “good” photons
in the cms must be less than 50% of the total cms energy:

e

where “good” photons are defined as the “good” clusters within the CDC

< 0.54/s, (4.8)

acceptance, i.e., 17° < # < 150°, that are not associated with any tracks in

CDC.

e The total visible energy Eyit®, which is calculated in the cms as a sum of the
energies of “good” tracks assuming the pion mass and the energies of “good”
photons, should be greater than 20% of the total cms energy:

ES™ > 0.24/s. (4.9)

e The event primary vertex, which is formed by all “good” tracks, must be within
1.5 cm and 3.5 cm from the detector origin in r and z directions, respectively.

From a MC study, the above selections retain more than 99% of BB events and 84%
of continuum events, while the contribution from non-hadronic events, mainly the
beam-gas and 7-pair events, is about 15% of the selected events.

For the reconstruction of the decay modes which include J/v, no further prese-
lection is needed because J/1) — ¢~ signal is very clean. For the reconstruction of
the other modes, we apply some more selection criteria to reduce the non-hadronic
contribution:
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e The ratio of the heavy-jet mass to the visible energy is greater than 0.25, or
the heavy-jet mass is larger than 1.8 GeV/c*:
My /ES2 > 025 or My > 1.8 GeV/c>. (4.10)
The heavy-jet mass is calculated as follows: The event is split into two hemi-
spheres by the plane perpendicular to the thrust axis; Form a jet by associating
all “good” tracks in the same hemisphere; Then calculate the invariant mass of
the jet using the “good” tracks by assuming the pion mass; The larger invari-
ant mass is regarded as the heavy-jet mass. The heavy-jet mass is essentially
the 7 invariant mass.

e The modified energy sum E™ which is the sum of all “good” cluster energies
in ECL in the cms without the requirement for the polar angle region, is
greater than 18% of the cms energy, or the heavy-jet mass My is greater than
1.8 GeV /c?:

ES™ > (0.18y/s or Myy > 1.8 GeV/c*. (4.11)

sum

e The averaged cluster energy E™'/Ngcy, is smaller than 1 GeV:

sum

EcmS//NECL <1 GeV, (412)

sum

where Ngcp, is the number of “good” clusters.

A MC study shows these selections can suppress the contributions of non-hadronic
events to be less than 5%, while the efficiency of the BB events is still 99%.

To reduce the continuum background after the hadronic event selection, ad-
ditional selections based on the event shape variables are applied for some decay
modes. One is the ratio of second to zeroth Fox-Wolfram moments R;. The i-th
Fox-Wolfram moment H; is defined as [48]

125|7%
H; = Z ]TB(COS bik)s (4.13)
Gk

where the indices j and k run over all the particles produced in that event, pj is the
momentum vector of j-th particle in the cms, ¢;; is the angle between p; and py,
and P;(z) is the Legendre polynomial of order i. Ry is defined as Ry = Hy/Hy. Ro,
which varies from 0 to 1, is close to 1 if the event is jet-like, and is close to 0 if the
event is spherical. Since BB events are spherical while continuum events are jet-like,
we can reject continuum events by applying the selection of Ry. Figure 4.2 shows
R, distribution for the whole data sample after the hadronic event selection. The
R, distribution for continuum events is obtained from the off-resonance data which
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Figure 4.2: Distributions of Ry for whole hadronic events (solid open histogram),
continuum events (dashed open histogram), and BB events (solid hatched his-
togram).

are taken 50 MeV below the Y(4S5) resonance. The distribution for BB events is
obtained by subtracting the continuum distribution. Another event shape variable
is i1, the angle between the thrust axes of two B mesons. The thrust axis 7y is a
unit vector which is set, for each event, such that the thrust 7" is maximized. The
thrust 7" is defined by
> |pil

where the summation is over all final-state particles and p; is the momentum vector
of i-th particle in the cms. The cos6,, distribution tends to be flat for BB signal
events, while it tends to have a peak at cos 6y, = £1 for the continuum background.
Figure 4.3 shows cos @y, distributions for BB signal events and continuum back-
ground obtained from the MC sample. The selection criteria for Ry and cos 6y, for
each decay mode are described in the next section.

4.3 Reconstruction of the Hadronic B Decays

In this section, we describe the reconstruction of B mesons.
First, we reconstruct the B-decay products that further decay. Then, the B
mesons are reconstructed by combining their decay products.
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Table 4.1: Decay modes and mass ranges used to select the light mesons.
Decay Mode  Mass ranges (MeV/c?)

70— vy 124 < M., < 146
p — 770 |M7T+7r0—Mp+| < 150
K} — ntn™ 482 < M+ ,- < 514

KO — K*trn~ |MK+7F7—MK*0 <75

4.3.1 Reconstruction of Light Mesons

Decay modes of several light mesons that are used in the lifetime and mixing analyses
are summarized in Table 4.1. Mass ranges used to select them are also shown.

7% Reconstruction

7V candidates are reconstructed from pairs of photon candidates with invariant

masses between 124 and 146 MeV /c?. The photon candidates are defined as isolated
ECL clusters which have the energy more than 30 MeV and are not matched to any
charged track. A mass-constrained fit is performed to improve the 7% momentum

resolution. A minimum 7% momentum of 200 MeV /c is required.
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pt Reconstruction

pT candidates are selected as 777" pairs which have invariant masses within 150 MeV /c?
of the average p™ mass [20]. Charged pion candidates are required to satisfy
the loose particle identification (PID) selection that they are not tagged as kaons
(P(K/m) < 0.9, where it is likely to be a kaon if P(K /) is close to one). The detail

of PID is described in Appendix A.

K Reconstruction

For K3 — w7~ reconstruction, we select oppositely charged tracks pairs. A K2
candidate is required to pass a kinematic fit with vertex constraint [49] to improve
the momentum resolution. No PID selection is required for charged pion candidates.
Instead, we select the candidates that satisfy the following requirements [50]:

e When both pions have associated SVD hits, the distance of the closest ap-
proach of both pion tracks in the z direction should be smaller than 1 cm.

e When only one of the two pions has associated SVD hits, the distance of the
closest approach of both pion tracks to the nominal IP should be larger than
250 pm in r-¢ plane.

e When neither of the two pions has an associated SVD hit, the ¢ coordinate of
the 77~ vertex point and the ¢ direction of the 77~ candidate’s momentum
vector should agree within 0.1 rad.

The invariant mass of the K9 candidate calculated after a kinematic fit is required
to be between 482 and 514 MeV /¢

K*% Reconstruction

K*Y candidates are reconstructed via K** — K*7~ decays. Charged kaons are
identified by requiring the kaon likelihood of a track to be consistent with that
expected for a kaon track (P(K/m) > 0.4). Tracks which are not identified as kaons
and not used as leptons in the J/v reconstruction (described later) are treated as
charged pion candidates. If the difference between the invariant mass of K7~ pair
and the nominal K** mass is within 75 MeV /c?, the pair is identified as K*°.

4.3.2 Reconstruction of J/v

The reconstruction of J/1 is performed using dilepton decays, J/i» — ete™ and
ptp~. For the B® — J/¢K*® mode, we detect oppositely charged tracks pairs
where both tracks are required to be positively identified as leptons. The detail
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Table 4.2: Invariant mass requirements for .J/1 reconstruction.

B decay mode J /1 decay mode Mass range (MeV/c?)
JJb — ete~  —150 < Myeo — My < 36
B K9, B* Kt ete
—>J/¢ S —>J/¢ J/ID—MMJF,U_ _60<M#+“—_MJ/¢<36
J/p —etem =147 < Meve- — My < 53
BO K*O ere
—~ I/ T — it —AT < Mye,- — My < 53

of the lepton identification is described in Appendix A. For B® — J/¢ K2 and
Bt — J/© K™ modes, the requirement for one of the tracks is relaxed: a track with
an ECL energy deposit consistent with a minimum ionizing particle is accepted
as a muon and a track that satisfies either the dF/dx or the ECL shower energy
requirements as an electron. In order to remove either poorly reconstructed tracks or
tracks that do not come from the interaction region, we require the closest approach
of the track to the nominal IP to be within 5 cm in z direction for both lepton
tracks. We accept the muon pairs which satisfy —60 < M,+,- — M, < 36 MeV /c?
for B — J/¢Y K% and Bt — J/¢YK*, and —47 < M+~ — My < 53 MeV/c? for
BY — J/YK*Y where M,,+,~ is the invariant mass of the muon pair and M/, is
the nominal .J/v¢ mass.

For ete™ pairs, a partial correction for final-state radiation or real bremsstrahlung
in the detectors before ECL is performed by including the four-momentum of every
photon detected within 50 mrad of the original e™ or e~ directions in the e*e™ in-
variant mass calculation. Nevertheless a radiative tail remains and we require the in-
variant mass of the electron pairs, Mc+.-, to be =150 < Me+o- — M/, < 36 MeV/c?
for B — J/YK¢ and Bt — J/YK™T, and —147 < M+~ — My < 53 MeV/c?
for B — J/¢K*°. These invariant mass requirements for J/v selections are sum-
marized in Table 4.2. Kinematical fits with vertex constraint and then with mass
constraint are performed for the candidate lepton pairs to improve the resolution of
J/1 momentum. The candidate J/1) momentum in the cms is required to be less
than 2.0 GeV/ec.

Figure 4.4 shows the invariant mass distributions of J/¢ — ¢T¢~ with the selec-
tion criteria applied for B® — J/¢ K2, for u™u~ pairs (upper), and for e*e™ pairs
(lower).

4.3.3 Reconstruction of Charm Mesons
D°, D~ Reconstruction

Three D° decay modes, D° — K+t7~, D' — K*n~ 7% and D° — K+tn~n n™, are

used to reconstruct the D° meson. D~ — K*tr 7~ decay is used to reconstruct
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Figure 4.4: Invariant mass distributions for J/v¢ — u*tpu~ (upper) and J/¢p — ete”
(lower).

the D™ meson. Charged kaon candidates are required to pass the PID selections:
P(K/m) > 0.4 and P(p/K) < 0.9. Charged pion candidates need to be tagged as a
not-kaon: P(K/m) < 0.9. In order to reconstruct the position and momentum vector
of the D meson precisely, at least two charged tracks are required to satisfy the SVD
hit association criterion: we use tracks that have the associated z and r-¢ hits in at
least one layer and at least one additional layer with a z hit in the SVD to fit the
vertex. First, the vertex position of the D meson is obtained from a kinematical fit
to these tracks with a vertex constraint. Then, other tracks are refitted with the
constraint that they come from this vertex point [49]. The position, momentum,

and their error matrix of gammas from 7°

are also calculated again from the vertex
point, and 7° momentum is recalculated. By summing up these fitted momenta,
four-momentum of D is obtained. The invariant mass distribution of each D decay
mode is shown in Fig. 4.5. The requirement for the invariant mass is optimized for

each decay mode of the B and D meson decays and is described in Section 4.3.4.

D*~ Reconstruction

D*~ candidates are formed by combining D° candidates with soft 7—’s. No PID
selection is required for the soft pions. The selection of D*~ is based on the mass
difference AM = Mpo, - — Mpo, where Mpo,— is the invariant mass of the com-
bination of the D° and soft pion candidates and M, is the invariant mass of the
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Figure 4.6: Distributions of AM for D*~ candidates. D° candidates are recon-
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D candidate. Since the energy released from the D*~ decay is very small and
the D mass resolution is canceled by taking the difference, we expect to obtain
better resolution for AM than that for Mpo,.-. The AM resolution is improved
by refitting the soft 7~ track subject to the constraint that it originates from the
DO production point, i.e., B decay point, which is described in the next chapter.
Figures 4.6(a)-4.6(c) show AM distributions for D*~ candidates. The points with
error bar indicate data points while the solid curve indicates the fit result. Signal is
represented by a sum of two Gaussians while background is represented by a phase-
space function, a(z — x)® exp[—c(z — x)]. The background function is indicated
by the dotted curve in the figure. The requirement for AM is optimized for each D
decay mode separately and is described in Section 4.3.4.
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4.3.4 Reconstruction of B Mesons
Lifetime and Mixing Analyses

B mesons are reconstructed by combining their daughter particles reconstructed
in the above sections. For B® — D~nt, D* 7t and B* — D%t modes, pion
candidates are required to satisfy the loose PID selection: P(K/7) < 0.9. No PID
selection is applied to kaon candidates for BT — J/Y K.

For B — D™ X modes, the vertex constrained fit is applied to the tracks which
are originated from the same B decay vertex and have enough hits in SVD. The
detail of the B decay vertex reconstruction is described in the next chapter. The
tracks that are not used for the vertex reconstruction are refitted with the constraint
that they come from the B decay vertex, in order to improve the B momentum
resolution. In B® — D*~p* case, photons from 7° of p* — 7779 are also calculated
again using the B decay vertex. For B — J/¢X modes, no further vertex constraint
on the B vertex is applied.

For the reconstruction of the B mesons, two variables are used to select the
candidate events: the energy difference AF and the beam-energy constrained mass
M. The energy difference is defined as

AFE = E5™ — Eg0e (4.15)

beam?

where EY™ - is the beam energy in the cms (i.e., v/s/2) and E§™ is the energy of

beam
the fully reconstructed B candidate in the cms. The beam-energy constrained mass

is defined as

Mye =/ (Bgms )2 = ()2, (4.16)
where p3™ is the momentum of the fully reconstructed B candidate in the cms. By
substituting Eyhe  for EZ™ in the invariant mass calculation, the mass resolution
is greatly improved. The typical resolution of AFE is 10-30 MeV depending on the
decay mode, and that of M, is about 3 MeV/c2.

If there exist multiple candidates in a single event, the most probable candidate
is chosen based on the information of AE, M., and the invariant mass of the D

candidate, Mg,,. x? for the B candidate is calculated by

AEN? [ My — Mp\® [ Mgpe — Mp\?
x> = (—) + (u) + <u> (4.17)
O-AE O-Mbc O-MKnTr
for the analysis of B — D™ X and

X = <&>2 + (MY (4.18)

OAE
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Table 4.3: Selection criteria for B — D™ X modes.

B decay mode D decay mode Mp AM Ry cos O,
B - D7t D — Ktrm < 2.50 — < 0.5 <0.995
D° — K*tn~ <100 <5 MeV/c? — —
B — D7t D’ — Ktg—7° <350 <3 MeV/c? —  <0.98
D’ — Ktnnnt <40 <4MeV/c? <06 —
DY — K*n~ <70 <4MeV/c? <06 <0.95
BY - D*pt D’ — Ktg—7° <350 <12MeV/c? <07 <0.98
D’ — Ktr—a~nt <350 <3 MeV/c? — <092
DY — Ktr~ <do — — —
Bt — Dt D’ — Ktn—rn° < 30 — < 0.45 —
D' - Ktr—n~nt <20 — <045 —

for the analysis of B — J/¥X, where Mp and Mp are the masses of B and D
mesons, respectively, and oag, o, and o, are the errors of AE, My, and
Mg, respectively. The candidate with the least x? is chosen.

As described in Section 4.2, event shape parameters Ry and cos 6y, are used to
reduce the continuum background. For B — J/1X events, Ry is required to be less
than 0.5 and no selection is applied on cos6y,. For B — D®X events, selection
criteria on Ry and cosfyy,, as well as the D candidate mass Mp and the mass-
difference of the D*~ candidate AM, are determined so that the figure of merit
FOM = S/v/S + B is maximized for the data, where S and B are the numbers
of signal and background events determined from the fit to the AFE distribution,
respectively. These selection criteria for the B and D decay modes are listed in
Table 4.3.

Figures 4.7(a)— 4.7(g) show the two dimensional histograms of AE versus M, for
all the decay modes used in the lifetime analysis after all the selections, including the
selections on the vertexing quality and At which are described in the next chapter.
The signal boxes in the A FE-M,,. plane shown in Fig. 4.7 are listed in Table 4.4.

sin 2¢; Analysis

The ¥(2S5) meson is reconstructed via its decays to (70~ (¢ = u,e) and J/¢yntn

The x.1 is reconstructed via J/17y. The 7. is detected in the K3K 7+, KT K 7°,
and pp modes. For the J/¢ K2 mode, we use K3 — 777~ and 7°7° decays; for the
other modes we only use K2 — 7"7~. The reconstruction of B® — J/¢Y K (ntm™)
is the same as that for the lifetime analysis. The reconstruction and selection criteria
for the other fop channels used in the measurement are described in more detail in
Ref. [46]. For reconstructed B — fcp candidates other than J/¢K?, we identify B
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Table 4.4: Signal box for each decay mode used in the lifetime and mixing analyses.

Decay mode AFE range (GeV)

M, range (GeV/c?)

B - D 7t —0.045 < AE < 0.045 5.270 < M. < 5.290
B® — D*nt —0.07 < AE <0.07  5.270 < M. < 5.290
BY — D*pt —0.05 < AE <0.08  5.270 < M. < 5.290
B — J/YKS  —0.04 < AE <0.04 5.2694 < M, < 5.2894
B — J/YK*  —0.03<AE <0.03 5270 < M, < 5.290
Bt — DOr*t —0.06 < AE < 0.06 5.270 < My, < 5.290
BT — J/YK* —0.04 <AE <0.04 5270 < M. < 5.290

Table 4.5: Summary of AFE-My, signal regions and the numbers of candidates Ny
for the sin 2¢, analysis.

AFE range (GeV)
—0.04 < AE <0.04

M, range (GeV/c?) Ny
5.2694 < My, < 5.2894 1285

Decay mode

J/pKg(ntnT)

Jp K (n070) —0.15 < AE < 0.10 5.27 < My < 5.29 188
Y(2S) (007K —0.04 < AE <0.04 5.2694 < My, < 5.2894 91
Y(29)(J/YrtrT)KS  —0.04 < AE <0.03 5.2694 < M, < 5.2804 112
Xe1(J/Uy) K3 —0.04 < AE <0.03 5.2694 < M. < 52894 77
Ne(KOK 7)) K —0.035 < AE < 0.035  5.27 < My, < 5.29 72
n(K*K-71°) K% —0.055 < AE < 0.045  5.27 < My, < 5.29 49
1e(pp) K3 —0.025 < AE < 0.025  5.27 < M. < 5.29 21
JIWK*O(K370) —0.05 < AE < 0.03 5.27 < My, < 5.29 101

decays using the energy difference AF and the beam-energy constrained mass Mj,.
defined in Eqs. (4.15) and (4.16), respectively. Figure 4.8 shows the M, distribu-
tions for all B® candidates except for B® — J/¢K? that have AE values in the
signal regions. The B° candidates are selected by applying the mode-dependent re-
quirements on AFE and M, listed in Table 4.5. The number of observed candidates,
Niee, for each decay mode is also shown.

Candidate B — J/¢K? decays are selected by requiring the ECL and/or KLM
hit patterns that are consistent with the presence of a shower induced by a K9
meson. The centroid of the shower is required to be within a 45° cone centered
on the K? direction inferred from two-body decay kinematics and the measured
four-momentum of the J/1. The detail of the reconstruction and selection for the
B — J/¢K? channel is described in Refs. [46, 51, 52]. For the B® — J/¢K? mode,
since the energy of the K? meson cannot be measured, AE and My, cannot be used
to identify B° candidates. However, using the four-momentum of a reconstructed
J /v candidate and the flight direction of the K?, we can calculate the momentum
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Figure 4.8: Beam-energy constrained mass distribution for all decay modes other
than J/YK?.

of the K¢ candidate with the B — J/¥K? two-body decay hypothesis. We then
calculate the p3"™® which is used for the final selection. For this p3™ calculation, the
effect of the run-dependent variation of the beam energy is corrected [52]. Figure 4.9
shows the p3"® distribution. The histograms are the results of a fit to the signal and
background distributions described in Section 7.4.1. There are 1330 entries in total
in the 0.20 < p%™ < 0.45 GeV/c signal region; the fit indicates a signal purity of
63%.
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Chapter 5

Measurement of Lifetimes

In this chapter, we describe the analysis procedure for the B lifetimes measure-
ment [53]. First, the proper-time interval for each event is reconstructed from two
B decay vertices. The effects from the resolution of proper-time interval and back-
ground events are studied. Then, lifetimes of B mesons are extracted using an
unbinned maximum likelihood fit to the observed proper-time interval distributions.
Finally, the systematic uncertainties of the result are estimated.

5.1 Fitting Method

In order to make maximal use of the available statistics, an unbinned maximum
likelihood fit [54] is used for the lifetime analysis and other two time-evolution
analyses.

5.1.1 Unbinned Maximum Likelihood Fit

We suppose that a set of N independent measurements of quantities x; comes from
a probability density function (PDF) P(z; ), where a = (ay, -+ , ) is a set of n
parameters whose values are unknown. The maximum likelihood method takes the
estimators & to be those values that maximize the likelthood function

Lia) = HP(xi; ). (5.1)

The likelihood function L is the joint PDF for the data, evaluated with the data
obtained in the experiment and regarded as a function of the parameters c.

It is usually easier to work with In L, since L can be very small and exceed the
limit of the computer and both L and In L are maximized for the same parameter
values . Using the logarithm has the additional advantage that the quantity —21n L

63
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behaves like a x? in the large sample limit. In this case, s-standard-deviation errors
are determined from the contour given by the «’ such that

—2InL(a/) = —2In L(&) + 52 (5.2)

We use the MINUIT fitting package [55] to find the set of parameters & which
minimize the quantity —21In L and to calculate the statistical uncertainties on these
parameters.

5.1.2 Probability Density Function

As described in Section 2.5, the theoretical proper-time difference distribution Py
is given by

Paig(At; 1) = L exp (—M) , (5.3)

27 B

where At is the proper-time interval between two B mesons and 7 is, depending
on the reconstructed mode in the event, either the BY or the B* lifetime. This
Psig cannot be directly used as the PDF to calculate the likelihood function L,
because observed At is smeared by the finite detector resolution and there exist the
background events in the data. Taking into account these effects, the overall PDF
P(At) can be expressed as

P<At) = (1 - fol) [fsigpsig(At) + (1 - fsig)Pbkg(At)] + folPol(At)’ (5-4)

where fg, is the signal purity determined on an event-by-event basis, Psg and Phg
are the PDF's for the signal and background events, respectively. To account for a
small number of events that give large At in both the signal and background (outlier
components), we introduce a fraction of outliers f, and a function P, (At) to model
its distribution. P, is described as the convolution of a theoretical PDF Py, with
a resolution function Rgi,:

P (At) = / +OO d(At ) Psig(At') Rsig (At — A'). (5.5)

e}

We describe the reconstruction of At and the detail of R, Py, fsig, and P, in the
following sections.

5.2 Proper-time Interval Reconstruction

We need to reconstruct the proper-time interval At of each event for the lifetime
analysis or any other time-evolution analyses. As described in Section 2.5, At can
be calculated by

At — Zful — Rasc __ Az

Br - Br (5.6)
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Figure 5.1: Illustration of vertex reconstruction of two B decay vertices.

where 2 and z,s. are the z coordinates of the fully-reconstructed and associated B
decay vertices, respectively.

Figure 5.1 illustrates the reconstruction of the decay vertices. The decay vertices
of the two B mesons in each event are fitted using tracks which have sufficient
number of associated SVD hits; Having both z and r-¢ hits in at least one layer and
at least one additional layer with a z hit in SVD. We impose the constraint that
they are consistent with the IP profile [49], smeared in the r-¢ plane by 21 um to
account for the transverse B decay length. The IP profile is described as a three-
dimensional Gaussian, where the parameters are determined in each run (every
60,000 events in case of the mean position) using hadronic events. The size of the
IP region is typically o, ~ 100 pm, o, >~ 5 pum, and o, ~ 3 mm, where z and y
denote the horizontal and vertical (upward) directions, respectively. The detail of
the determination of parameters for IP profile is described in Appendix B. This IP
profile constraint makes it possible to reconstruct a decay vertex even with a single
track.

We reject a small fraction (~ 0.2%) of the events by requiring At < 70 ps (~
457p), to reject poorly reconstructed events. This selection affects the normalization
of PDF. We use the notation such that each PDF P, (At) (P, Pokg, and P,)) satisfies

/ T AP (A = 1. (5.7)

oo

This naturally satisfies the normalization of P(At):

/ " danpAn = 1 (5.8)

o0

But for the likelihood function used in the final fit, we use

Puat) = — =B (5.9)
T TS GAL) P (A) '

—70 ps
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instead of P,(At), which satisfies

/ . d(At)P,(At) = 1. (5.10)

70 ps

5.2.1 Reconstruction of Fully-reconstructed B Vertex

The decay vertex of the fully reconstructed B meson (Bg,) is obtained using all
tracks with associated SVD hits.

In the case of a fully reconstructed B — D™ X decay, the vertex is obtained
from the reconstructed D pseudo-track (the vertex position and momentum vector
obtained after D vertex fit) and tracks other than the slow 7~ candidate from D*~
decay, i.e., the primary 7+. We do not use the single track vertexing for B — D® X

For a fully reconstructed B — J/1 X decay, the vertex is determined using lepton
tracks from J/i. In this case, at least one track is required to satisfy the SVD hit
selection criterion, and the single track vertexing is allowed.

5.2.2 Reconstruction of Associated B Vertex

The decay vertex of the associated B meson (Bas.) is determined inclusively from
tracks that are not assigned to Bg, and have enough SVD hits. Here, poorly re-
constructed tracks as well as tracks that are likely to come from K9 decays are not
used. These poor-quality tracks meet one or more of the following conditions:

e A track with a longitudinal position error greater than 500 pm.

e A track forming the K3 mass (within +15 MeV/c?) with another oppositely
charged track.

e A track more than 500 pym away from the fully reconstructed B vertex in the
r-¢ plane.

We repeat the vertex reconstruction by removing the track that gives the largest
contribution to the reduced x? (x? divided by the number of degrees of freedom for
the vertex fit [n.d.f.]) until the resulting x? satisfies x?/n.d.f. < 20 or only one track
is left. However, we do not remove the lepton track with momentum greater than
1.1 GeV/c in the cms, because the high-momentum leptons are likely to come from
primary semileptonic B decays, and we remove the track with the second largest
contribution to the x?/n.d.f. instead.

The presence of the secondary charm (b — ¢) decay vertex in the associated B
meson causes a shift of the reconstructed vertex point toward charm flight direction
and degrades the vertex resolution.
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Figure 5.2: Distributions of ¢ as a function of B flight length for (a) Bgy and (b)
Basc-

5.2.3 Quality of the Vertex Fit

We use only well-reconstructed vertices for the At calculation. The ordinary y2of the
vertex fit depends on the flight length of B meson because of the tight IP constraint
in the transverse plane, which may result in a bias to the lifetime measurement.
Therefore, the assessment of the quality of the vertex fit is done only in the z
direction for both By, and B, vertices. We use the following variable

1 (Pt = Zhe ’
_ after efore 511
=52 , (5.11)

i
i=1 Ehefore

7

L er are the z positions

where n is the number of tracks used in the fit, z{ ;.. and z
of the i-th track at the closest approach to the origin before and after the vertex
fit, respectively, and ¢} ;. is the error of z{ ;.. The MC simulation study shows
that ¢ does not depend on the B decay length, as indicated in Fig. 5.2. Figure 5.3
shows the ¢ distributions for the fully reconstructed B decay vertices and for the
associated B decay vertices, obtained from a MC simulation. We require £ < 100
for both vertices to eliminate poorly reconstructed vertices. We find that about 3%
of the fully reconstructed and 1% of the associated B decay vertices are rejected in

the data.

5.3 Resolution Function

The resolution function of the signal is constructed as the convolution of four dif-
ferent contributions [56]: the detector resolution on zgy and z,s. (Rgy and Reg), an
additional smearing on z, to account for the tracks which do not originate from
the associated B vertex (Ryy), mostly from charm or Ko decays, and the kinematic
approximation that the B mesons are at rest in the cms (Ry). The overall resolution
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function, Rg.(At), is expressed as

+oo
Rua(At) = / / / AN YA VALY Ra(AE — AF) Race (AF — AF")
X Rop(AF' — AP")Re(AF"). (5.12)

We use a MC simulation to understand the resolution function and determine
its functional form. One of B mesons in each event is forced to decay to the modes
that are used to fully reconstruct the B meson while the other decays generically to
one of all possible final states.

5.3.1 Detector Resolution

In order to separate the intrinsic detector resolution from smearing due to non-
primary tracks, we use a MC simulation in which all secondary particles from Byg.
are generated with zero lifetime at the B decay vertex. Figures 5.4(a) and 5.4(b)
show the distributions of difference in z between the reconstructed and generated

vertex positions:
rec

02 = 2,° — 2§87, (5.13)

where ¢ = ful (asc) is for the fully reconstructed (associated) B vertex, and the
superscripts ‘rec’ and ‘gen’ denote the reconstructed and generated vertex positions,
respectively. Results of the fit with a sum of two Gaussians are also shown. The
fitted curves do not represent the 4z distributions in tail regions. We also find that
even a sum of three or more Gaussians with constant standard deviations cannot
represent 0z properly. We therefore consider a more elaborate function that uses
the vertex-by-vertex z-coordinate error of the reconstructed vertex (¢*) as an input
parameter. The ¢* is computed from the error matrix of the tracks used in the
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Figure 5.4: Distributions of §z for (a) fully reconstructed and (b) associated B
vertices obtained from the B — J/¢ K3 MC sample. Superimposed are the results
of the fit to a sum of two Gaussians.

vertex fit and the size of the IP region. To construct functional forms of Ry, and
R.sc, we investigate the distribution of a pull, defined as dz divided by o*. If the
o” estimation is correct on average, the pull distribution is expected to be a single
Gaussian with the standard deviation of unity.

Because of the IP profile constraint, it is possible to reconstruct a decay vertex
by a single track. The resolution for such a vertex is worse than that for the vertex
reconstructed by multiple tracks, and is considered separately.

Multiple-track Vertex

We evaluate the vertex-fit-quality dependence of the resolution using the value of
¢ defined in Eq. (5.11). We find that a pull distribution for vertices with similar £
values can be expressed as a single Gaussian. This can be seen in Fig. 5.5 which
shows the pull distributions for eight different & ranges. The result of a fit to a
single Gaussian for each £ range is superimposed. Furthermore, we find that the
standard deviation of the distribution has a linear dependence on £ as shown in
Fig. 5.6. Results from this MC study lead us to model the detector resolution of the
multiple-track vertex using the following function:

R (629) = G(02g; (s + 5,€0)75) (= ful, asc), (5.14)

where G is the Gaussian function,

Gla:0) = —— exp (—%) | (5.15)

2ro

The scale factors 52 and sé are treated as free parameters and determined from
the lifetime fit to the data. Figures 5.7(a) and 5.7(b) show the dzpy and 0z,
distributions, respectively. Superimposed are results of a fit to Rf;mmple(ézq), which
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Figure 5.5: Pull (§z/0%) distributions of (a) fully reconstructed and (b) associated
B vertices, for each ¢ range. Only vertices reconstructed with multiple tracks are
shown. Results of a fit to a single Gaussian are superimposed. These distributions
are obtained from B — J/¢ K2 MC samples.
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asc

well reproduce the dz, distributions. Figure 5.7(c) shows the distribution of the
residual of Az, §(Az) = Az"°— Az&" together with the convolution of Ry (§2,)

and Rmultiple(§2 ).

Single-track Vertex

For the single-track vertices, the & is not available. The resolution function of
the single-track vertices, Rzingle(ézq) (¢ = ful,asc), is expressed as a sum of two
Gaussians, one for the main part of the detector resolution and the other for the
tail part from the poorly reconstructed tracks:

Rzingle(fszq) = (1 - ftail)G((SZq; Smaino-g) + ftailG((qu; Staﬂo-;)7 (516)

where spa.in and sg.; are global scale factors which are common to all single-track
vertices. The parameters Spain, Stail, and fiag are treated as free parameters and
determined from the lifetime fit to the data. Figure 5.8 shows the residual distri-

butions of the single-track zp; and z.s vertices, together with a fit to Rzi“gle(ézq).

The resolution functions Rpy(d25) and Rasc(0zasc) described above are the reso-
lutions for dzgy and 0z... The 0z resolution can be easily converted into the At
resolution by replacing o} with o, = o7 /[c(87)1]-

5.3.2 Smearing due to Non-primary Tracks

The shape of Ry, is determined from MC data samples, separately for BY and B*

events, because the yield of each charmed meson, D°, D*, and D}

T, is different



Chapter 5. Measurement of Lifetimes 73

[entries/80um]
(=Y
o
w

102}

10 ¢

b ool I

-2000 -1000 0 1000 2000

NP
Zasc_ZQgc [um]

Figure 5.9: Distribution of z,s. — 2PN for multi-track vertex, where 2PN is 2,
obtained from a MC sample in which secondary decays are turned off. In making
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this plot the events in which z = Zase are removed. The histogram is obtained
from B® — J/yK2 MC whose associated B vertex is reconstructed with multiple

tracks.

between neutral and charged B mesons. Figure 5.9 shows the distribution of the
difference between z,s from the nominal MC sample and that from the special MC
sample in which secondary decays are turned off to eliminate the smearing due to
non-primary tracks. We assume R, consists of a prompt component, expressed by
Dirac’s d-function 6(dz,s), and components which account for smearing due to K2
and charm decays, expressed by a function defined as f, By, (dzasc; ¢(87)r7h,) + (1 —
Jo) Bn(0zasc; c(B7)rTy,), where f is a fraction of §z,s. > 0 component and £, and
E, are

1
E,(x;7) = - exp(— ) for > 0, otherwise 0, (5.17)

REESERE RS

1
E,(z;7) = —exp <+ ) for x < 0, otherwise 0. (5.18)
T

Thus, R, is given by

Rnp<5zasc> = f55(5zasc) + (]- - fé) [prp<5Zasc; C(ﬁ’}/)TTllqu)
+(1 - fp)En((;ZaSG 0(57>T7}?p)] ) (5'19)

where f5 is a fraction of the prompt component. We find that the vertex position

shift is correlated with o7, and {,s. as shown in Fig. 5.10 for multi-track vertices.

P n
Consequently, we define 75 and 7 as

Tr?p = TS + TS(SQSC + SiscgaSC)OaSC7 and (520)
7-I?p = 7_1? + T&(Sgsc + SzliscfaSC)O-aSC* (5.21)
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Figure 5.11: Distributions of §z,s for multiple-track vertices of (a) B® — J/¢Y K
and (b) BT — J/Y K™ decays.

Since these values can be zero or negative according to parameters, we set the lower
limit of (N and Thp 0 1.0 X 10~* ps. Figure 5.11 shows the dz, distributions for
multiple-track vertices. We fit the convolution of R,s. and R, to the distribution,
in which f5, Ips 7' , 7'1, 79 and 7! are free parameters, and the scale parameters,
s9  and sl ., for Rasc are ﬁxed to the value obtained from the fit to the §z2oNF
distribution. Results, shown as superimposed, well represent the distributions.

For single-track vertices we can only consider the correlation between the vertex
position shift and oZ,.. Figure 5.12 shows the vertex position shift versus o7, for the
single-track vertices. Since R, for the single-track vertices is defined as a sum of
main and tail Gaussians, we also introduce Rg;fin and R}fgl for main and tail parts,

respectively. Each of Rmam and Rt"’“l is expressed by the function of Eq. (5.19) with

asc’
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versus o7, for single-track vertices.

The events where z, < 2z are excluded.

parameters defined as

0 1
(Trﬁ)p)main =T + TpSmainOasc) 5.22
n 0 1
(Tnp)main = Ty + Ty SmainTasc, 5.23

0 1
TP )tail - Tp + Tp StailOasc) and

(np
(

n _ -0 1
7—np)tail = T, + T, StailOasc-

The convolution of R, and R, for single-track vertices is, thus, defined as

—+00

Rzisrégle@)RffS gle (02asc) = / daz;,sc [(1 — frail)G (0Zase — 5Z;sc; SmainTage) anpain (5Z;sc>

—00

+ f1ail G (0Zase — 02he; staﬂajsc)Rflr‘El(éz' )} . (5.26)

asc

Figure 5.13 shows the 0z, distributions for the single-track vertices. Superimposed
curves are the results of the fit to the function given by Eq. (5.26).

Table 5.1 lists the shape parameters of R, determined by fitting Rasc® Rnp(02asc)
to the MC §z,4 distributions. These parameter values are held fixed when the
lifetime fit to the data is performed.

Again, above Ry,(0zasc) is the resolution for dz,s.. The At resolution R,,(At)
can be written as

Rup(A) = f56(A1) + (1= f5) [foBo(A72) + (1= f) Ea(AL )] . (5.27)

3 np

5.3.3 Kinematic Approximation

Ry is calculated analytically as a function of E'Z"™ and cos 03" from the kinematics
of the T(4S5) two-body decay, where E§™ and 0% are the energy and polar angle of
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mesons.

Table 5.1: Shape parameters of R, used for the lifetime fit. They are determined
for multiple- and single-track vertices, separately, using MC 0z, distributions.

BO Bt
Parameters ) : . .
multiple single multiple single

fs 0.676 = 0.007  0.78779:010 0.650 = 0.010  0.76379:917
£ 0.955 & 0.004  0.79079:920 0.963 &£ 0.004  0.75779:92
790 (ps) —0.010 £ 0.011  0.108%9:968 0.037 £0.012  —0.01979:95
7l 0.927+9:0% 1.32170:999 0.674+0.025  1.1133999
70 (ps) —0.19410018 028179130 _0.269 £0.099 —0.375711)
7} 1.990101% 1.58310 % 2.07010353 1.548%9-207




Chapter 5. Measurement of Lifetimes 7

the fully reconstructed B in the cms. The difference between the true proper-time
interval At ue = tr — tase, Where tg and i, are the proper decay times of By, and
Bi,s., respectively, and At defined in Eq. (5.6) can be given by:

Zful — Rasc

Tr = At — Attrue - W - (tful - tasc)
o c(B7)turtta — (57 )asctase . _
= C(ﬁ"}/)y (tful tasc)
. (ﬁ’Y)ful B } B [(57)&80 . }
- [ Gor T By 29

where (57)f1 and (57)asc are Lorentz boost factors of the fully reconstructed and
associated B mesons, respectively, and can be expressed as:

E%ms pCBmSCOS QCBIHS
= , d 5.29
(Bt = (B7)r (mBCQ R an (5.29)

5.30
m302 chﬂy ( )

[cms S (¢ Oms
(ﬁq/)asc = (57)'1‘ ( B - Py B )

where By = 0.391 is the velocity of T(4S) in units of ¢. Defining a), = E4™/(mpc?)
and ¢ = pRE*cos 05" /(mpchy),  can be written as:
€T = (CLk + cx — 1)tfu] — (CLk —Cx — 1)tasc. (531)

Here, ay ~ 1. Because the distribution of tg, and t,s. is given by

1 t u ta‘c
Ptrue(tfulu tasc; TB) - 7__2 exp <_g> (532)

B B

as shown in Eq. (2.92), the probability of obtaining = and At simultaneously is
given by

+oo +o0
F(l'a Attrue) = / dtful/ dtascptrue (tfub tasc; 7-B)(S(Attrue - (tful - Zfasc))
0 0
X 5($ — [(ak +cx — 1)tfu] — (ak — Ckx — 1)tasc]) s (533)

and the probability of obtaining At is given by
+o00 +o0
F(Attrue) = / dtful/ dtascPtrue(tfula Zfausc; 7_B)é‘(Aﬁtrue - (tful - tasc)) . (534)
0 0

Ry (z) can, then, be expressed as Ry(x) = F(x, Atyye)/F(Atyue) which gives

E (x — [(ax — 1) Atirue + k| Atruel ] ; x| 78) (e > 0)
Rk(‘T) = 5(1’ - (ak - 1)Attrue) (Ck = 0) : (535)
EH(SL’ — [(CLk — 1)Attme + Ck|Attrue|] ; ‘Ck| TB) (Ck < 0)
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Figure 5.14 shows the z distribution for B — J/¢ K9 events with the function
Ry (z). The expected theoretical At distribution P(At) can be expressed as a con-
volution of the true PDF Py (Atie; 75) With Ry (x):

1 eXp|— At
P(At) — 2ak7'3 p (ak-‘rck)TB

1 i | At :
sars P | " araors (At < 0)

(8620) (5.36)

More generally, if the probability of obtaining ¢, and t,s. simultaneously, f(tfu, tasc)
can be expressed as

b o) = exp(—t—*) g(), (5.37)
B

B
where ty = tgy + tase and t_ = tgy — tase, Eq. (5.33) is written as

+o00o +o0o
F(l’, Attrue) = / dtful/ dtascf(tfula Zfasc)é(Attrue - (tful - tasc))

(5($ — CLk —|— Cx — 1)tfu1 — (ak — Ck — 1)tasc])

X
/+ dt/ ——exp(—%) 9t )6(Atyrne — )
X

d(x — [(ak — 1)t_ + exty]) (5.38)
and Eq. (5.34) as

+oo +oo
(Attrue / dtful/ dtascf(tfuh asc)é(Attrue - (tful tasc))

/+oodt /| ——exp<—j—;) 9t )6 (Atie — ). (5.39)
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Then, Ry(z) = F(x, Atyye)/F(Atirue) gives the same result as Eq. (5.35). Therefore,
this Ry can be applied to any distributions that satisfy Eq. (5.37), including B°-B°
mixing and C'P asymmetry distributions.

5.3.4 Outliers

We find that there still exists a very long tail that cannot be described by the
resolution functions discussed above. The outlier term is introduced to describe
this long tail and is represented by a single Gaussian with zero mean and event-

independent width:
Py(At) = G(At;04). (5.40)

Since this width o, is very large (~ 40 ps), we ignore the effect of the convolution
with the lifetime distribution or other resolution components, and ignore the effect
of the offset.

This outlier component exists also in the background events described in the next
section. Since this long tail is considered to be caused by the mis-reconstruction of
the track and independent on whether the event is signal or background, we assign
the same fraction and shape of the outlier for both signal and background events.
Therefore, the outlier term is regarded as the third component other than signal
and background components, as shown in Eq. (5.4).

The global fraction of outliers f, and its width o, are left as free parameters in

the lifetime fit. Different values are used for f, depending on whether both vertices

multiple single
e oy peineley

are reconstructed with multiple tracks or not (f; o

5.4 Background

For each of the reconstructed events, the signal probability fg, is assigned using
AFE and M, information. The remaining fraction of the event is considered as the
background. The PDF of At distribution for the background component is different
from the signal PDF. In this section, first we describe the method of fg, assignment
to an event, and then we discuss the PDF of At distribution for the background
components.

5.4.1 Signal Probability

The signal fraction fg, is calculated based on AE and M, for each event. The AE
and M, distribution is fitted with a sum of two dimensional signal and background
functions (Fy, and Fiie) in each mode. The signal function Fyg, is represented by
the two dimensional Gaussian and the background function Fj, is represented by a
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Table 5.2: Region where the event is used for Fi, + Fii, fit for each decay mode.

Decay mode AF range (GeV) M, range (GeV/c?)
B — D—nt —0.10 < AE <0.20 5.20 < M. < 5.29
B — D* 7t —0.10<AE <020 520< M, <5.29
BY — D* pt  —0.05<AF <020 520 < M. < 5.29
BY — J/YK2 —0.10 < AEF <0.20 5.20 < My, < 5.29
BY — J/YK* —0.20 < AE <0.10 520 < M, < 5.29
B = D'7"  —010<AE <020 520 < M, <5.29
Bt — J/WKT —0.10<AE <0.20 5.20 < M. < 5.29

first order polynomial in the AF axis and an ARGUS background function [57] in
the M. axis:

Fyg(AE, My.) = aG(AE — pap;oar)G(Mpe — fins,; O, ) (5.41)
M, c 2 M . 2
Fbkg(AEaMbc):b(1+CAE)MbC\/1— ( b ) exp{d [1_ ( b ) ]}
Efcam Fems
(5.42)

Using these functions, fg, is obtained as a function of both AE and M,:

Fsig<AE7 Mbc)
Fsig(AEu Mbc) + Fbkg<AE7 Mbc) .

fsig(AE7 Mbc) = (543)

An unbinned maximum likelihood fit is used for the parameter determination of Fi,
and Fiy,. The region used for the fit of each mode is listed in Table 5.2. The AE
range is chosen to avoid the satellite peak from the cross-feed. Figures 5.15 and
5.16 show the AFE and M, distributions of B candidates found in the M. and AE
signal regions, respectively.

5.4.2 Background Shape
The background PDF Py, (At) is modeled as a sum of prompt and exponential
components (Ppie(At)) convoluted with a sum of two Gaussians (Rpkg(At)):
+oo
P (At) = / d(At")Prgg (At — At') Ryig (AL, (5.44)
where

1 At — pbke
Poig(At) = f5"46(At — p13"®) + (1 — ?kg)ﬁ eXP<—w) (5.45)
g

Tokg
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the background contribution Fi,.
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Table 5.3: Excluded area where the event is not used to fit the P, for each decay
mode.

Decay mode AFE range (GeV) M, range (GeV/c?)
B — D 7t  —010<AE<0.09 5.26< M, <5.29
B — D* 7t  —0.10<AFE <0.14 526 < My, < 5.29
B — D*pt —0.05<AFE <0.17 526 < M. <5.29
BY — J/YK2 —0.10 < AE <0.08 5.26 < M, < 5.29
BY — J/YK* —0.08 < AEF <0.10 5.26 < M, < 5.29
BT — D7 —010<AE <012 526 < My <5.29
Bt — J/YK* —0.10 < AE <0.08 5.26 < My < 5.29

with ,u(gbkg and pP*8 being offsets of the distribution, and

Rl 0) = (1 = 25906 (Aol o, + oL ) + 12856 (At o, + o)

(5.46)
and f;kg depending on whether both
vertices are reconstructed with multiple tracks or not. The parameters for the
background function P, are determined by the unbinned maximum likelihood fit
to the At distribution of the background-enhanced control sample for each decay

bkg bkg bkg

Different values are used for s ., Seips foail s

mode. For the background-enhanced control sample we use the AE-M,,. sideband
region which is basically the same as the region used for f, fit shown in Table 5.2,
but the signal region which is slightly wider than the signal box shown in Table 4.4
is excluded. This excluded area for each mode is listed in Table 5.3. The fitted
parameters of the background shape for each mode are listed in Table 5.4. The At
distribution of the background-enhanced control sample is shown in Fig. 5.17 mode
by mode, with the fitted curve to the background shape listed in Table 5.4.

A MC study shows that the fraction of prompt component f;kg in the signal
region is smaller (by ~10-50% depending on the decay mode) than that in the
sideband region for B — D™ X modes. Therefore, in the lifetime fitting, we correct
Bixg to take account for this effect by multiplying the ratio of f (;D %8 in the signal box to
that in the sideband region obtained from MC sample, (f*®)signal box /( fbk&)sideband,
The ratio obtained from MC sample for each mode is listed in Table 5.5.

5.5 Fit Result

Using the PDF described above, an unbinned maximum likelihood fit is applied to
the At distribution. In the lifetime fit, following twelve parameters are determined
simultaneously;
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Table 5.4: Background shape parameters for each decay mode.

arameter — D™ — s — - — DO
P B - D nt BY— D't BY— D*pt Bt Dgt
(s mam)mump1e 1.03 4+ 0.04 0.691918 0.90 £0.07  1.02+0.02
(S Jmttiple~~ 3.037057 2.3310% 5.19155 6.27153
(58 e 0.1470:9 0.677012 0.13*0%4  0.060 = 0.008
) maiple. 0.6779:08 0.7075:97 0.344+0.09  0.52+0.03
4 p 0.09 0.08
(5758 ) ingle 0.73 £ 0.07 0.87+99 0.93+0.08  0.79+0.03
(Spast single 4697539 4.54515 3.527040 5.99%035
(fisfdinge 012004 00858 0174005 0.09001
(£5®)single 0.354+0.10 0.54+0.11  0.34£0.13  0.3340.05
Tokg (DS) 1.10%913 1.68105 0.87015 0.98 4 0.05
1% (ps) —0.03+0.03  0.00 + 0.03 0.11755%  —0.02 4+ 0.01
pPke (ps) 0.005 398 —0.117512 —0.1370%¢  —0.11+0.02

Parameter ~ B° — J/YK% B° — J/YK® Bt — J/YK*

( mam)multlple 040i8%g 109i8§é O79i8§421
( Stail )multlple 9461—3%? 6971—2%8 1901—8%
(fosfmipe— 0.29%075 0.03*005 0.6603
(£ ) muttiple 0.397018 0.08 = 0.08 0.8579:04
(s?;“in)smgle 0.965523 0.82751 1.03¥5:75
(sﬁl Jsingle 4.901%59 8.331315 11.2%57

(Pt Dsingte 0.16 507 0.09%503 005556
(f5")single 0.38%03] 0.187915 0.65757
Tﬁgg (ps) 0.3970:2 1.43+0.16 2.147041
s 8 (ps) —0.56 £0.09  —0.7075:28 —0.00 £ 0.05
(125 (ps) 02351 —0.00%5 13 —0.217537

Table 5.5: Ratio of fbkg in the signal box to that in the sideband region,
(f;kg)signal box/( bkg)&deband'

Decay mode  (f5®) et ™/ (f5 ) ieitmne (5" )amgte -~/ (f5")siaepand
BY — Dt 0.59 +0.10 0.8215:38

B — D* gt 0.54 4 0.10 0.59 4 0.31

B® — D*pt 0.65 + 0.08 0.5515:29

Bt — D™ 0.82 +£0.02 0.89 £0.07
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Figure 5.17: Distribution of At in the AFE-M,,. sideband region for each mode.

Fitted curves to the background shapes listed in Table 5.4 are superimposed. The
dashed lines represent the outlier distribution of At.
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Table 5.6: Number of events used in the lifetime fit for each mode.

Mode Number of events
B — D rnt 2269
BY — D¢t 2495
B® — D*pt 1902
B — J/¢YK? 386
BY — J/¢ypK*O 811
B total 7863
Bt — D+ 10243
Bt — J/WK™* 1804
BT total 12047
Total 19910

e The lifetimes of B mesons: 7o and 7p+.

e The detector resolution

0 1 0

1
rec’ Stecr Sascs and s

asc”

— Parameters for multiple-track vertices: s

— Parameters for single-track vertices: Smain, Stail, and fiai.

: Itipl ingl
e The outlier parameters: oo, fo =, and f5"%°.

The parameters for Ry, are fixed to the values obtained from the MC sample as listed
in Table 5.1, because R, is considered to be determined from the physics. In order
to reduce the dependence on the MC sample and as a result to reduce the systematic
error, we determine the detector resolution during the fit of the B meson lifetimes.
The detector resolution could be the most dominating part of the systematic error,
since the detector resolution is as broad as the lifetime distribution being fitted.
Because we use common detector resolution parameters for both neutral and charged
B mesons as described in Section 5.3, B® and B* should be fitted simultaneously
through the determination of the detector resolution parameters.

We also measure the lifetime ratio of the charged B meson to the neutral B
meson, r = Tg+/Tpgo, by repeating the final fit after replacing 75+ with r7pgo.

Using 29.1 fb™! data which correspond to 31.3 x 105 BB pairs, we find 7863 B°
and 12047 B* events in the signal boxes after all vertexing and selection require-
ments are applied. The number of events used in the lifetime fit for each mode
is listed in Table 5.6. The unbinned maximum likelihood fit to these data sample
yields

g0 = 1.554 £ 0.030 ps, (5.47)
T+ = 1.695 £ 0.026 ps. (5.48)
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Table 5.7: Result of the lifetime fit.

Parameter Value

50 (ps) 1.554 £ 0.030
T+ (ps) 1.695 £+ 0.026
Shec 0.80975156
sl 0.154 + 0.013
S 0.753 %0 063
s, 0.064 + 0.005
Smain 0.6470053
Stail 3.00%550
frai 0.083%0035
oo (PS) 36.2154
e (5 53442) x 104
foele 0.0306 =+ 0.0036

Table 5.8: Result of lifetime fit for each decay mode. All lifetimes are determined
simultaneously with sharing the same resolution function.

Decay mode Lifetime (ps)
B’ — D7t 1.53515:078
B® — Dt 1.57615:559
BY — D*pt 1.61810 0%
B® — J/yK%  1.778t01%
B® — J/pK*  1.36870:0%8
Bt — Dzt 1.694 4 0.029
Bt — J/pKT  1.704159%

The fit results of all the parameters are listed in Table 5.7. The At distributions
with the fitted curves for neutral and charged B mesons are shown in Fig. 5.18. The
resulting At resolution for the signal is ~ 1.56 ps (rms). The fit for the lifetime
ratio yields

T+ /Tpo = 1.091 £ 0.023. (5.49)

The result of the lifetime fit in which lifetimes are different for each decay mode
is listed in Table 5.8. All lifetimes are determined simultaneously with sharing the
same resolution function.
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Figure 5.18: Distributions of At for neutral (upper) and charged (lower) B mesons,
with fitted curves. The dashed lines represent the sum of the background and outlier
components, and the dotted lines represent the outlier component.
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Table 5.9: Summary of the systematic errors for neutral and charged B lifetimes,
and their ratio. The errors are combined in quadrature.

Source Tpo (ps) Tp+ (ps) Tp+/Tpo
IP constraint 0.004 0.003 0.001
Track selection 0.006 0.004 0.001
Vertex selection 0.003 0.002 0.002
At range 0.003 0.002 0.001
AFE-M,. signal region  0.003 0.004 0.003
Signal fraction 0.001 0.001 0.001
Ry, parameterization 0.008 0.008 Cancels
R, parameters 0.006 0.004 0.006
Background shape 0.012 0.007 0.011
Fit bias 0.006 0.007 0.005
Total 0.019 0.015 0.014

5.6 Systematic Uncertainties

We consider the systematic uncertainties from various sources listed bellow. The
results are summarized in Table 5.9. All systematic errors are combined in quadra-
ture.

IP Constraint The IP constraint vertex fit includes the uncertainty of the B
decay point due to the transverse B flight length. This uncertainty is estimated
to be 21 pum assuming a Gaussian function although it is actually an exponential
function. The systematic error due to the IP constraint is estimated by varying the
smearing by +10 pm.

The nominal IP position for each run is also determined using Bhabha events
instead of hadronic events. The systematic error due to the IP position is studied
using the IP position obtained from Bhabha events. We find the uncertainty from
the IP position to be negligible.

Track Selection Possible systematic effects due to the track quality selection of
the associated B decay vertices are studied. Each track selection criterion is varied

by +10%.

Vertex Selection The uncertainty on the vertex selection is studied by varying
the vertex-fit quality cut from & < 50 to & < 200.
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At Range We estimate the systematic uncertainty due to the maximum |At|
requirement by varying the |At| range by £30 ps and taking the maximum excursion
to be the systematic error.

At Scale We examine the uncertainty in the scale of At arising from the mea-
surement error of the SVD sizes and thermal expansion during the operation. We
find that its contribution to the lifetimes is negligibly small.

At Dependence of Reconstruction Efficiency The At dependence of the re-
construction efficiency is assessed by performing unbinned maximum likelihood fits
on the generated At distribution for all generated events, and then on the recon-
structed events, with a pure exponential function Pye(At; 75) defined by Eq. (5.3).
The difference of the lifetimes obtained from the two fits is considered to be from the
bias in the reconstruction efficiency. There is no difference between two fits beyond
the statistical error.

A E-M,. Signal Region AF-M,, signal regions listed in Table 4.4 are varied by
+10 MeV for AE and +3 Me\//c2 for M., to estimate the systematic error on the
signal region selection.

Signal Fraction The signal fraction fg, is calculated from the signal and back-
ground distributions of AE and M, as described in Section 5.4.1. The parameters
determining fg, are varied by £1o to estimate the associated systematic error.

R, Parameterization The systematic error due to the modeling of R, is es-
timated by comparing the results with different Ry, parameterizations. For this

o , Itipl :
estimation, we use modified Ry T and RMultiPle defined as

RV (520) = (1 — fI4) G (0 2t; Shbinotu) + FENG Sz siysitiiom)  (5.50)

Raﬁgltiple((szaSC) = (1 = fiai)G(02asc; SmminTase) + fim1 G (0Zasc; St SmainTase),  (5.51)

where sl and s2¢ are the first order polynomials of ¢ like Eq. (5.14). The

main main

parameters for Ry, and s/l fiul s8¢ “and f2% are obtained from MC. We consider

that this effect is same for B® and BT, and regard the average of the differences
of the fit results as the systematic error for the lifetimes. No systematic error is
assigned for the lifetime ratio.

R,, Parameters The effects of smearing on z,s reconstruction due to the non-
primary tracks are determined from the MC data sample as described in Sec-
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tion 5.3.2. The lifetime fit is repeated after varying the R,, parameters which
are obtained from the MC data sample, by +20.

Dependence on B Meson Mass The lifetime dependence on the B meson mass,
which is the input for Ry as shown in Section 5.3.3, is measured by varying the mass
by +1o from the world average value. The differences is found to be negligible.

Background Shape The parameters of the background At distribution are de-
termined from the fit to the At distribution of the AFE-Mj, sideband region in the
data, as described in Section 5.4.2. The systematic error due to the background
shape is estimated by varying its parameters by their errors. The ratio of f;’ k8 in
the signal box to that in the sideband region, obtained from the MC data sample,

is varied by +20.

Fit bias The possible bias in the fitting procedure and the effect of SVD alignment
error are studied with MC samples. The difference between the results of the fit on
the generated At distribution for reconstructed events with a pure exponential func-
tion and the fit on the reconstructed At distribution with the nominal probability
density function is considered to be the bias from the lifetime fit procedure. Since
we find no bias, we do not introduce the correction and regard the MC statistics as
a systematic error.

5.7 Summary of Lifetime Fit

We have presented the measurements of the B° and B* meson lifetimes using
29.1 fb~! of data sample collected with the Belle detector at the T(4S) resonance.
Unbinned maximum likelihood fits to the distributions of the proper-time difference
between the two B meson decays yield

7o = 1.554 £ 0.030(stat) 4+ 0.019(syst) ps, (5.52)
Tp+ = 1.695 £ 0.026(stat) £ 0.015(syst) ps, (5.53)
Tp+ [Tpo = 1.091 = 0.023(stat) = 0.014(syst). (5.54)

A value of unity for 75+ /7o is ruled out at a level greater than 3o.
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Measurement of Amy

In this chapter, we describe the analysis procedure for the measurement of the
oscillation frequency for B°-B° mixing, Amy [58]. One neutral B meson is fully
reconstructed in a flavor-specific hadronic decay mode as described in Section 4.3.4.
The flavor of the other B is extracted through a likelihood calculated using the
b-flavor information in its final decay products. An unbinned maximum likelihood
fit is applied to the distributions of the proper decay time difference of B pairs in
events tagged as same- and opposite-flavor decays.

6.1 Unbinned Maximum Likelihood Fit

The value of Am, is extracted from the time evolution of opposite-flavor (OF; B°B°)
and same-flavor (SF; B°B°, B°B°) neutral B decays.

For the reconstruction of proper-time interval, we follow the same procedure as
in the lifetime analysis described in Section 5.2. The selection criteria to assure the
vertexing quality and those on At are also the same as in the lifetime analysis.

The theoretical proper-time difference distributions for OF events (Ps?gF ) and for
SF events (PSF) are given by

sig
or i N
Pge (At; Amg) = exp| ——— | [1 4 cos(AmgAt)], and (6.1)
47’30 TRo
SF 1 |At]
Pag (At; Amy) = exp| — [1 — cos(AmgAt)], (6.2)
4TBO TRo

respectively, as discussed in Section 2.5. Including the probability of the wrong
flavor assignment for the associated B meson, w, the above distributions are diluted

92
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as
POF(At; Am ! _1Ad -
i 4) = exp [1+ (1 —2w)cos(AmgAt)], (6.3)
47’30 TRo
PSE(AL; Am ! _1Ad —(1-
o 4) = exp [1— (1 —2w)cos(AmgAt)]. (6.4)
TBO TRo

To take account for the effects of the detector resolution and the background events
in the data, the overall PDFs become

POY(AL; Amyg) = (1 — fy [fSIgPOF(At Amg) + (1 — fsig)Pg{g(Atﬂ

mg

)
+ fol [f&g 51g fs1g bkgj| ol At (65)
P (At Amg) = (1 = fa) [fSIgPSF(At Amg) + (1 = fSIg)PEEg(A )]
[

sig

+fol fmg o mg ( fSlg)( fbkg)} ( t)a (6'6)

where fgg is the signal purity determined on an event-by-event basis, PS?gF nd

PSY (P5 and Pglgg) are the PDFs for the signal and background OF (SF) events,

sig
respectively, and 51g ¥ and fbkg are the fractions of the OF events in the signal and
background events, respectively. f, and P, (At) are the fraction and the function

of the outlier described in Section 5.3.4, respectively. PS%F and Psslg are described

as the convolution of the theoretical PDFs PGy and P defined in Egs. (6.3) and
(6.4) with a resolution function Ry, described in Section 5.3:
+oo
POF(AL; Amy) = / A(AHYPOF (AY) Rug (At — AY), (6.7)
+oo
PSF (At Amg) = / A(AHYPSE(AY) Rusg (A — AY). (6.8)

The likelihood function is constructed from these PDF's:
L(Amg) = [[ PO (Ats; Amg) [T PS¥(Aty; Amy), (6.9)
i J
where the indices ¢ and j run over all selected OF and SF events in the signal region,

respectively.
Note that the PDFs are normalized as

/ d(At) [POF(At) + PS(A)] = 1. (6.10)

By using this normalization, not only the shapes of At distributions, but also the
ratio of the number of the SF events to that of the OF events can be used for the
determination of Amy.
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6.2 Flavor Tagging

To measure the oscillation frequency Amg, we need to know the flavor of the associ-
ated B meson at its decay time. This determination is called “flavor tagging.” We
refer to the associated B meson as the tag-side B meson or By,,.

We determine the flavor based on the charge information of the final state par-
ticles that belong to Bi,,. The charge of high-momentum leptons coming from
B® — X/{*v semileptonic decays provides the cleanest B flavor information. The
charges of final-state kaons can also be used, since the majority of them comes
from the B° — K*X through the cascade transition b — ¢ — 3. In addition
to these two leading discriminants, the charge of intermediate-momentum leptons
coming from ¢ — s¢*v decay, high-momentum pions that originate from decays like
B° — DW= (xF, p*, af, etc.), slow pions from D*~ — D7~ decay, and flavor of A
baryons from the cascade decay b — ¢ — s also make some contributions for flavor
assignment.

The performance of the flavor tagging is characterized by two parameters: € and
w. The parameter € is the raw tagging efficiency, while w is the probability that
the flavor tagging is wrong (wrong tag fraction). A non-zero value of w results in a
dilution of the true asymmetry. For example, if the true numbers of reconstructed
OF and SF events are nor and ngp, the corresponding asymmetry is A = (nor —
nsr)/(nor + nsr). With realistic flavor tagging, the observed numbers are Nop =
€[(1 — w)nor + wngr| for OF events and Ngg = €[(1 — w)ngp + wnor] for SF events,
and the observed asymmetry becomes (1 —2w).Aix. Since the statistical error of the

~1/2 the number of events required to have

measured asymmetry is proportional to €
the asymmetry for a certain statistical significance is proportional to e.g = €(1—2w)?,
which is called the “effective efficiency.” The tagging algorithm has been designed
to maximize €qf.

We use two parameters, ¢ and r, to represent the tagging information. The
parameter ¢ corresponds to the sign of the b-quark charge of the tag-side B meson,
where ¢ = +1 for b and hence B°, and ¢ = —1 for b and B°. The parameter 7 is
an event-by-event flavor-tagging dilution factor that ranges from r = 0 for no flavor
discrimination to » = 1 for unambiguous flavor assignment. The values of ¢ and r
are determined for each event from a look-up table prepared by a large statistics

MC sample [59]. Each entry of the table contains

N(B%) — N(
N(B%) + N(

%)
0)’
where N(B°) and N(B°) are the numbers of B® and B° in the MC sample, respec-
tively.

(6.11)

|

q-r
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( Information on charged tracks )
Track-level
look-up tables

| Slow pion Lambda | | Kaon Lepton I

Select track Calculate Select track

with combined "q.r" with

largest "r" largest "r"

q.r] \(q.r)K//\ lq.r

Event-level look-up table

Flavor information "q" and "r"

Figure 6.1: Schematic diagram of the flavor tagging.

The flavor tagging proceeds in two stages: the track-level and the event-level
flavor tagging. Initially, the b-flavor determination is performed at the track level.
Each track is examined and classified into four categories, namely those that re-
semble leptons, kaons, A baryons, and slow pions. For each category, we consider
several tagging discriminants, such as the charge of tagging particle, the track mo-
mentum, the polar angle, and the particle-identification information, as well as the
other kinematic and event shape quantities. The values of ¢ and r for each track are
assigned based on the MC-generated look-up tables that take the tagging discrimi-
nants as inputs. In the second stage, the results from the separate track categories
are combined to determine the values of ¢ and r for each event, taking into ac-
count correlations in the case of multiple track-level tags. Again a look-up table is
prepared to provide q - 7.

Figure 6.1 shows a schematic diagram of the flavor-tagging method. The event-
level parameter r should satisfy r ~ 1 — 2w.

In this analysis, we sort flavor-tagged events into six bins in r. For each r bin,
we determine w directly from data.

6.2.1 Track-level Flavor Tagging

We select tracks that do not belong to the fully reconstructed B and that satisfy
|dr| < 2 ecm and |dz| < 10 ¢cm, where dz and dr are the distances from the nominal
IP in 7-¢ plane and z direction, respectively. Tracks that belong to a K9 candidate
are not used. Each selected tag-side track is examined and assigned to one of the
four track categories.
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Lepton Category

Tracks in the lepton category are subdivided into categories for electron-like and
muon-like tracks. If the cms momentum p§™ of a track is larger than 0.4 GeV/c
and the ratio of its electron and kaon likelihoods is larger than 0.8, the track is
assigned to the electron-like category. If a track has p§™ larger than 0.8 GeV/c and
the ratio of its muon and kaon likelihoods is larger than 0.95, it is assigned to the
muon-like category.

In the lepton category, leptons from semileptonic B decays yield the largest
effective efficiency. Leptons from B — D cascade decays and high-momentum pions
from BY — D®~7*X also make a small contribution to this category.

We choose the following six discriminants:

e The track charge;

The magnitude of the momentum in the cms pj™;

Y

The polar angle in the laboratory frame 6,;

The recoil mass Moy calculated using all the tag-side tracks except the lepton
candidate;

The magnitude of the missing momentum in the cms PS; and

miss’

e The lepton-identification quality value.

The track charge directly provides the b-flavor ¢q. The lepton-identification quality
distinguishes leptons from pions. Its performance is reinforced by variables pi™* and
Oap,, which have distributions that are different for leptons and pions. The variables
D™, Miecont, and Poi discriminate semileptonic B decays from B — D cascade
decays where the D decays semileptonically.

The number of divisions for each discriminant is two for the lepton flavor (e or
), two for the track charge, eleven for pi™®, six for O.p, ten for Myecon, six for PSRS,

four for the lepton-identification quality, and 2 x2x 11 x 6 x 10 X 6 x4 = 63360 bins
in total.

Slow-Pion Category

If a track cannot be positively identified as a kaon and its momentum is less than
0.25 GeV/c, it is assigned to the slow-pion category, since low-momentum pions
often come from charged D* — D7 decays. Here the discriminant variables are:

e The track charge;
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e The momentum and polar angle in the laboratory frame, pi., and 0.p;

e The ratio of the probability for a particle to be an electron to that for the par-
ticle to be a pion, where the probability is calculated using dF /dx information;
and

® COS (i, the cosine of the angle between the slow pion candidate and the thrust
axis of the tag-side particles in the cms.

The main background sources in this category are other (i.e., non-D* daughter) low
momentum pions and electrons from photon conversions and 7° Dalitz decays. To
separate slow pions from those electrons, we use only dF/dx, because they do not
reach ECL. Due to the small () value, the direction of the slow pion is approximately
the same as the D* direction, consequently is also almost the same as the thrust
axis. The variables cos oy, Prap, and 6., thus, are effective to identify the slow
pions from D* decays.

The number of divisions for each discriminant is two for the track charge, ten
for prap, ten for 6y,,, five for the electron to pion probability, seven for cos ayy,, and
2 x 10 x 10 x 5 x 7= 7000 bins in total.

A Baryon Category

If a track forms a A candidate with another track, it is assigned to the A category.
The A category is subdivided into two parts: events with and without K2 decays,
since they have different wrong tag fractions. In this category the discriminant
variables are:

e The flavor (A or A);
e The invariant mass of the reconstructed A candidate;

e The angle difference between the A momentum vector and the direction of the
A vertex point from the nominal IP; and

e The mismatch in the z direction of the two tracks at the A vertex point.

Since the number of A candidates is small, each discriminant is subdivided into two
regions. The total number of bins is 2 x 2 x 2 x 2 x 2 = 32.
Kaon Category

If a track does not fall into any of the categories described above, and is not positively
identified as a proton, it is classified as a kaon. The kaon category is subdivided
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into two parts, one for events with K9 decays, and the other for events without
K¥’s. Separate treatment is necessary, since events with K have a larger wrong
tag fraction because of their additional strange-quark content. We use:

e The track charge;
° pCmS;
[} Hlab; and

e The ratio of the probability for a particle to be a kaon to that for the particle
to be a pion

as the tagging discriminants. The charge of kaons is the most important discrimi-
nant. The other three variables separate kaons from pions.

Although high-momentum pions have the weaker discriminating power than
charged kaons, they provide some tagging information. Therefore we include them
in the kaon category. Approximately a half of the pions with p® > 1.0 GeV/c are
included in the kaon category, while the other half falls into the lepton class, mostly
in the muon-like category.

The number of divisions for each discriminant is two for the existence of K2,
two for the track charge, 21 for p™*, 18 for 6y, 13 for the probability ratio, and
2x 2 x 21 x 18 x 13 = 19656 bins in total.

6.2.2 Event-level Flavor Tagging

For the event-level flavor tagging, we combine the results from each of the track cat-
egories to determine overall ¢ and r. For the lepton and slow-pion track categories,
we take the b-flavor assignment from the track with the highest r-value in each cat-
egory. For the kaon and A categories, a combined b-flavor output is calculated as
the product of likelihood values for all tracks:

(¢ r)r/m = IL A+ (g )il = TL{L = (g-7)d
SN VAT VRO R AT ROR)

where the subscript ¢ runs over all tracks in the kaon and A categories. The product

(6.12)

likelihood is designed to use the information from the sum of the strangeness, which
provides better flavor-tagging performance than simply choosing the best candidate.

Using the three track-level ¢ - r values, lepton, slow pion, and kaon and A combi-
nation, the event-level ¢ and r values are obtained from a look-up table determined
by a MC simulation. The MC sample for the look-up table is independent of the
sample used to obtain ¢ - r values in the track categories. The number of divisions
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for each category is 25 for the lepton, 35 for the kaon and A, 19 for the slow pion,
and 25 x 35 x 19 = 16625 bins in total.

The probability that we can assign a non-zero value for r is 99.6% in MC; i.e.,
almost all the reconstructed candidates can be used to extract Amg,. The events
where the flavor of By,, cannot be assigned (i.e., r = 0) are not used for the Amy
fit.

We group events into six bins: 0 < r < 0.25, 0.25 < r < 0.5, 0.5 < r < 0.625,
0.625 < r <0.75, 0.75 < r < 0.875, and 0.875 < r < 1. For each bin we obtain the
wrong tag fraction w;, where [ is the bin ID (I = 1,--- ,6), from the mixing fit to the
data. In this way, the analysis is not biased by systematic differences between the
MC simulation and the data due to imperfections in the modeling of the detector
response, decay branching fractions, and fragmentation in the MC simulation.

6.3 Background

For each reconstructed event, the signal probability fg, is assigned using AE and
M, information. The remaining fraction of the event is considered as the back-
ground. The method of f, assignment and the determination of background At
distribution are basically the same as in the lifetime measurement, except the infor-
mation for the flavor-tagging purity r is used.

6.3.1 Signal Probability

The signal fraction fg is calculated based on AE and My, for each event using the
signal and background functions, Fy, and Fiy,, defined as Eqgs. (5.41) and (5.42),
respectively. Since the signal purity also depends on the flavor-tagging purity r,
i.e., the high r region has less background, we account for this dependence. The
normalizations of signal and background components, a and b in Eqgs. (5.41) and
(5.42), are fitted again for each r region. The other parameters are fixed to the
values obtained from the fit for the lifetime measurement described in Section 5.4.1.

6.3.2 Background Shape

The At distributions for the background, A% (At) and Py (At), are basically the
same as those for the lifetime fit. They are modeled as a sum of prompt and
exponential components (Pgt(At) and Piy,(At)) convoluted with a sum of two
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Gaussians (Rpkg(At)):

+o0
P (At) = / d(At)PHe (At — At') Ry (AL), (6.13)
Plf’lfg (At) = / d(At) Pbkg(At — At') Ry (AY), (6.14)
where
1 | At — k]
OF bke ke pbkgy L A =
Prg(AL) = fbkg {f(s 6(At — ps®) + (1= f5 )QTbkg exp( -~ ;
(6.15)
1 | At — k]
SF bk bkg  bkgy L A= p|
Prig(At) = (1 fbkg) |:f6 O(At — ;%) + (1 — f; )QTbkg exp( -~ ;
(6.16)

and Ry, is the same as defined in Eq. (5.46).

For the parameters of PS¢ and PjE other than fQ%, we use the values obtained
from the lifetime analysis described in Section 5.4.2. The fraction of OF events in
the background, fi%, as well as the fraction of OF events in the signal, O, is deter-
mined from the fit of Fiig(AE, M) + Fixg(AE, M) to the AE-M, distribution in
each r region, where the parameters of Fg, and Fyy, other than their normalization
a and b are fixed to the result of global fit described in Section 5.4.1.

6.4 Fit Result

Using the PDF's described above, an unbinned maximum likelihood fit is applied to
the At distributions for OF and SF events. In the final fit, we fix 730 to the world
average value [20] and determine Amgy and w; (I = 1,--- ,6) simultaneously. The
parameters of the resolution function are fixed to the result of the lifetime fit. We
use the values listed in Table 5.1 and 5.7.

Using 29.1 fb™! data which correspond to 31.3 x 106 BB pairs, we find 6660
events in the signal boxes after all vertexing and flavor-tagging requirements. The
number of events used in the mixing fit for each mode is listed in Table 6.1. The
unbinned maximum likelihood fit to these data sample yields

Amg = 0.528 £0.017 ps~". (6.17)

Here the error is statistical only. The fit result of all the parameters is listed in
Table 6.2. Figures 6.2(a) and 6.2(b) show the At distributions for SF and OF events
with the fitted curves superimposed. Figure 6.3 shows the asymmetry between OF
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Figure 6.2: Distributions of At for (a) SF and (b) OF events with the fitted curves
superimposed. The dashed, dotted, and solid curves show the background, outliers,
and the sum of backgrounds and signal, respectively.
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Table 6.1: Number of events used in the mixing fit for each mode.

Mode Number of events
BY — Dt 2269
BY — D* ¢t 2490
B — D*p* 1901
Total 6660

Table 6.2: Summary of fit result.

Parameter Value

Amg (ps™!)  0.528 £0.017
wq 0.478 +£0.017
Wo 0.313 + 0.027
w3 0.212 £ 0.030
Wy 0.187 £ 0.027
ws 0.088 £+ 0.022
We 0.016 £0.013

(Nor~NgeY(NoetNgp)
o o
Now

- :...I...I...I...I...I...I...I.
03" 2746 8 10 12 14

|At] (ps)

Figure 6.3: Time dependence of the asymmetry between OF and SF events. The
curve shows the result of the Amy fit.
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Table 6.3: Summary of the systematic errors for Amgy. The errors are combined in

quadrature.
Source Error (ps™!)
Resolution parameters 0.008
Resolution parameterization 0.003
IP constraint 0.001
Track selection 0.002
Vertex selection 0.003
A E-M,,. signal box 0.001
Signal fraction 0.001
Background shape 0.002
Mixing in the background 0.002
BY lifetime 0.002
Fit bias 0.005
Total 0.011

and SF events, (Nor — Nsr)/(Nor + Nsr), as a function of |At|.
Separate fits to the D™ 7", D* 7%, and D* p* decay modes give consistent Amy
values: 0.536 & 0.027 ps~!, 0.543 +0.027 ps~!, and 0.497 4+ 0.032 ps~!, respectively.

6.5 Systematic Uncertainties

We consider the systematic uncertainties from various sources listed bellow. The
major contributions to the systematic error are found to be the uncertainties in the
resolution function. The results are summarized in Table 5.9. All systematic errors
are combined in quadrature.

Resolution Parameters To estimate the uncertainty from the resolution func-
tion parameters, we vary the parameters determined from the data (parameters for
the detector resolution and outlier) by +10, and the parameters obtained from MC
sample (R, parameters) by £20.

Resolution Parameterization The systematic error due to the modeling of the
resolution function is estimated by comparing the results with different parameteri-
zations. For this estimation, we use modified Rp""P'* and R™Ple that are used in
the study of systematic errors for the lifetime measurement and defined as Egs. (5.50)
and (5.51). We use the parameters obtained from the result of the lifetime fit for

these modified detector resolution functions.
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IP Constraint The systematic error due to the IP constraint is estimated by
varying the smearing used to account for the transverse B decay length by 10 pum.
The nominal IP position obtained from Bhabha events is also used instead of
that obtained from hadronic events to estimate the systematic error due to the IP
position. We find the difference between the two results is negligibly small.

Track Selection Possible systematic effects due to the track quality selection of
the associated B decay vertices are studied by varying each criterion by 10%.

Vertex Selection The fit quality criterion for reconstructed vertices is varied from
& < 50 to & < 200, to estimate the systematic dependence on £ selection criteria.

At Dependence of Reconstruction Efficiency The At dependence of the re-
construction efficiency is assessed by performing unbinned maximum likelihood fits
on the generated |At| distributions for all generated events, and then on the recon-
structed events, with a pure mixing function. The difference of Amy obtained from
the two fits is considered to be due to the bias in the reconstruction efficiency. Since
we find no difference between the two fits beyond the statistical error, no systematic
uncertainty is listed.

A E-M,,. Signal Box AFE-M,, signal regions are varied by 10 MeV for AE and
+3 MeV/c? for M., to estimate the uncertainty.

Signal Fraction The parameters determining the signal fraction fg,, obtained
from the fits to the AFE-M,. distributions, are varied by +1c to estimate the asso-
ciated systematic error.

Background Shape The systematic error due to the background shape is esti-
mated by varying its parameters by their errors. The parameters obtained from the
fit to the AFE-M,,. sideband data are varied by +1o, and the ratio of f;kg in the
signal box to that in the sideband region is varied by +2o.

Mixing in the Background In the nominal fit, we do not include any oscillation
component in the background. Such a component may arise from the B originated
background. To estimate this effect, we apply the fit with a background PDF
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including a mixing term:

1 At — 2]
POF (At PRES(AL — p3*®) + (1 — f%)——ex <——T
bkg( ) fbkgf5 ( Hs ) ( 5 )4Tbkg p Tokg
{1 + (1 — 2w™®) cos [Amskg(At u?kg)} } , (6.18)
1 At — pbke
PR = (1= FEAO(A = )+ (1= ) exp (-2 120])
Thkg Tokg
{1 — (1 — 2w)™®) cos [Amskg(A ,ulﬁkg)] } : (6.19)
where Amskg and w?kg (Il =1,---,6) are determined from the fit to the sideband

At distribution for each decay mode.

B° Lifetime The dependence on the BY lifetime is measured by varying the life-
time by +1o0 from the world average value.

At Range We check the systematic uncertainty due to outliers by varying the At
range to 40 ps and +100 ps, and find a negligibly small effect.

Fit Bias The possible bias in the fitting procedure and the effect of SVD alignment
error are studied with MC samples. Since we find no bias, no correction is made.
The MC statistical error is associated as a systematic error for these sources.

6.6 Summary of Amgy Fit

We have presented the measurement of Amy using 29.1 fb™" of data sample collected
with the Belle detector at the Y(45) energy. An unbinned maximum likelihood fit
to the distribution of the proper-time difference of a flavor-tagged sample with one
of the neutral B mesons fully reconstructed in hadronic decays yields

Amg = 0.528 & 0.017(stat) £ 0.011(syst) ps~". (6.20)
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Measurement of sin 2¢;

In this chapter, we describe the analysis procedure for the measurement of the
CP violation parameter sin2¢; [60]. One neutral B meson is reconstructed in
a (' P-eigenstate decay channel as described in Section 4.3.4. The flavor of the
accompanying B meson is identified by the flavor-tagging procedure used in the
Amyg analysis. From an unbinned maximum likelihood fit applied to the distribution
of the proper-time interval between the two B meson decays, the value of sin 2¢; is
extracted.

7.1 Unbinned Maximum Likelihood Fit

We determine sin 2¢; by performing an unbinned maximum likelihood fit of a C'P
violating probability density function to the observed At distribution. As discussed
in Section 2.5, the theoretical proper-time interval distribution Py, is given by

A

Pas(Btisin20y) = oo~ 2] 1 - gepsin2onsin(@made], (71
BO

47’30

where £; is the C'P eigenvalue of the reconstructed C'P eigenstate and ¢ is the sign
of the b-quark charge: ¢ = +1 (—1) if the tag side is B® (B°). However, since the
determination of the flavor of the tag-side B meson is not perfect, above distributions
for ¢ = +1 and ¢ = —1 are mixed and the observed amplitude of the asymmetry is
diluted. Therefore, Py, should be written as

Pig(At;sin2¢;) =

exp (—M) [1— g&¢(1 — 2w)sin 2¢; sin(AmyAt)|, (7.2)

4TBO TBO

where w is the probability of the wrong flavor assignment. For the B® — J/¢K*°
fit, we use the event-by-event angular information. The signal PDF for J/¢K** is

106
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written as

. 1 |At|
Pig(At;sin 2¢) = T exp( — >
X {(1 - fodd)g(l + cos? 0;) [1 — q(1 — 2w)sin 2¢; sin(AmgAt)]
+fodd2(1 — cos? Oy [1 + q(1 — 2w)sin 2¢, sin(AmdAt)]} , (7.3)

where foqq is the fraction of £, = —1 decays in the B® — J/Y K** (K** — KJ7°)
mode, determined from a full angular analysis to be 0.192+0.02(stat)£0.03(syst) [61],
and 6, is defined in the transversity basis [62] as the angle between the positive J /¢
decay lepton direction and the axis normal to the K** decay plane in the J/1 rest
frame.

There also exists the smearing due to the finite detector resolution or the back-
ground events in the data. Taking into account these effects, the overall PDF is
expressed as

P(At; sin 2¢1) = (1 - fol) [fsigpsig(At; sin 2¢1) + (1 - fsig)Pbkg(At)]
+ faPa(At), (7.4)

where fg, is the signal purity determined on an event-by-event basis, Py, and Fkg
are the PDFs for the signal and background events, respectively. fo and P, (At) are
the fraction and the function of the outlier described in Section 5.3.4, respectively.
Py, is described as the convolution of the theoretical PDF Py, defined in Eqgs. (7.2)
and (7.3) with a resolution function Ry, described in Section 5.3:

+o0

Pyig(At;sin 2¢y) = / d(At') Psig(At'; sin 21 ) Rgig (At — AL'). (7.5)

—00

The likelihood function is constructed as

L(sin2¢,) = | [ P(At;;sin26,), (7.6)

where the index ¢ runs over all selected events in the signal region.

7.2 Resolution Function

The procedure for the reconstruction of the proper-time interval At is the same as
those for the lifetime and Am, analyses which are described in Section 5.2. The
resolution function Ry, is almost identical to those used in the lifetime and Amy
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Table 7.1: Shape parameters of R,, used for the sin2¢, fit.

BY BT
Parameters ) . . .
multiple single multiple single

fo 0.959 +0.003 0.8184+0.013  0.97140.003  0.80470015
70 (ps) —0.049 £0.010  0.374+9.9% 0.01540.009  0.21479:570
7l 1.00810:02 147210105 0.736 £0.020  1.23479-104
70 (ps) —0.138%39%5  0.1931014¢ —0.07070750  —0.148791%3
7l 2.05775158 1.811+0:221 1.927+02L 9 08675318

analyses described in Section 5.3. However, since the track reconstruction algorithm
is improved and whole data sample is analyzed using this new algorithm, a new set of
parameters of the resolution function is obtained by repeating the lifetime analysis.
A MC sample is also remade with the new tracking algorithm.

We find the fraction fi.; for the tail part of the detector resolution is consistent
with zero in the case of single-track vertexing, and therefore set fi.y = 0 for this
data sample. Consequently, s, is not used. In addition, an improved statistics
enables us to determine some parameters that are previously determined only by MC
simulations: The fractions of the prompt component in R,,, for multiple- and single-
track vertices ( f;lgl,tiple, ;}g%le for BY mesons, and f;flglfiple, ;i;gﬁe for BT mesons) are
determined by the lifetime fit to the data.

As we did in the lifetime analysis, first we determine the parameters for R,
using the MC data. Table 7.1 lists the R,, parameters obtained from the new MC
sample. Then we apply the lifetime fit to the 78 fb~! data sample. Table 7.2 lists the
parameter values for Rg,(At) determined from the lifetime fit. The At distributions
with the fitted curves for neutral and charged B mesons are shown in Fig. 7.1. We
find the resulting At resolution to be ~ 1.43 ps (rms), improved over the resolution
of ~ 1.56 ps obtained for the 29.1 fb™' sample.

7.3 Flavor Tagging

We use the same flavor-tagging method used in the Amy analysis described in Sec-
tion 6.2. However, the contents of look-up tables are updated using the EvtGen
event generator, which shows the better agreement with data in the flavor specific
charged track multiplicity than the QQ event generator [63]. Therefore, the perfor-
mance of the flavor tagging is evaluated again using 78 fb™' data sample.

The wrong tag fraction w is estimated from the time-dependent B°-B° oscil-
lation. The At distributions for OF and SF events are fitted in the similar way
as described in Chapter 6. For this estimation, we use the semileptonic decay
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Table 7.2: Result of the lifetime fit.

Parameter Value
Tgo (ps) 1.551 +0.018
T+ (PS) 1.658 +0.016
Srec 0.987+0 154
S}GC 0.094 £+ 0.008
sgsc 0.778 £ 0.048
st 0.044 £ 0.002
Smain 0972 ZIZ 0045
fipo e 0.55570 013
multiple .
Spt 0.4407 5038
i 0.7010505
i 0.76470012
oo (ps) 42.015S
fromtiple (1.657513) x 1074
fa e 0.0269* 50018
(a) B° (b) B*
10
10° * 3l
3 3 8. 107
Q2 @Q [
3 10 “¢ S 102?
) (7)) £
2 9
o ) ;
1 :AAAAX‘AAAAlAAAAlAAAAlAAAAlAAAAlAAA‘PlTAT 1 A%A 1 ol PR R }AAA

20 -15 -10 -5 0 5 10 15 20 20 -15 -10 -5 0 5 10 15 20
At (ps) At (ps)

Figure 7.1: Distributions of At for (a) neutral and (b) charged B mesons, with
fitted curves. The dashed lines represent the sum of the background and outlier
components, and the dotted lines represent the outlier component.
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Table 7.3: Event fraction ¢;, wrong tag fraction w;, and effective tagging efficiency
ele = €(1 — 2w;)? for each r interval. The first and second errors of w; are statisti-
cal and systematic uncertainties, respectively. The errors of €.g are statistical and

systematic combined. The event fractions are obtained from the J/¢ K3 MC.

l r interval € w; e g

1 0.000 - 0.250 0.398 0.458 & 0.005 4+ 0.003 0.003 & 0.001
2 0.250 - 0.500 0.146 0.336 & 0.008 = 0.004 0.016 = 0.002
3 0.500 — 0.625 0.104 0.228 4 0.009 F0:0%  0.031 £ 0.002
4 0.625 - 0.750 0.122 0.160 & 0.007 399 0.056 = 0.003
5 0.750 - 0.875 0.094 0.112 4 0.008 & 0.004 0.056 + 0.003
6 0.875 - 1.000 0.136 0.020 £9-90> +0.002 0.126 3003

B® — D* (*v as well as the hadronic modes B — D~7nt, D* 7T, and D* p*
as the flavor-specific B decays. The reconstruction and selection procedures for the
hadronic modes are same as those for the Amy, analysis described in Chapter 6. The
event selection and reconstruction methods for the semileptonic decay are described
in Ref. [64]. An unbinned maximum likelihood fit is applied to the reconstructed At
distributions for OF and SF events. The likelihood function is defined as Eq. (6.9)
and the probability density functions are defined in Egs. (6.5) and (6.6). The frac-
tion and At distribution of the background events for the hadronic and semileptonic
modes are described in Section 6.3 and Ref. [64], respectively, but the parameters
are updated for 78 fb~! data. We use the parameters for resolution function Ry, (At)
described in the previous section. However, since we cannot obtain cos 83" for the
semileptonic decay due to the missing neutrino, R) part is modeled from the MC
study for the semileptonic sample [56]. From a 78 fb~' data sample, we select 47317
semileptonic decay candidates and 18015 hadronic decay candidates. The overall
efficiency of the flavor tagging is 99.8%. In the fit, we fix the B° lifetime 750 and
the B%- B oscillation frequency Amy to the world average values [65] and determine
the wrong tag fraction for each r interval, w; (I = 1,--- ,6), simultaneously. The
fit results are summarized in Table 7.3. The event fraction e obtained from the
BY — J/YKJ MC and the effective tagging efficiency e.q = (1 — 2w)? for each
r interval are also listed in Table 7.3. Figure 7.2 shows the measured asymmetry
between the OF and SF events, (Nor — Nsr)/(Nor + Nsr), as a function of |At| for
each r interval. Figure 7.3 plots the measured 1 — 2w with respect to r. It is close
to linear and confirms the validity of the flavor-tagging method.
The total effective tagging efficiency is calculated to be

et = Y _ (1l —2w)® = (28.8+0.6)%, (7.7)
l
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Figure 7.2: Measured asymmetries between the OF and SF events, (Nop —
Nsr)/(Nor + Nsr), for the six r regions as functions of |At|. The results of the

fit are superimposed.
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Figure 7.3: Measured dilution factor 1 — 2w as a function of the mean of r, (r), in
each r region. (r) is taken from the B® — J/¢ K5 MC.

where the error includes both statistical and systematic uncertainties. This value is
higher by 6.7% (relative) than that in the previous sin 2¢; measurement [45].

7.4 Background

For each of the reconstructed events, the signal probability fg, is assigned using AE
and M, information for the modes other than J/¢K? and using p%™ for J/YK?.
The remaining fraction of the event is considered as the background. The PDF of
At distribution for the background component is different from the signal PDF. In
this section, first we describe the method of fy, assignment to an event, and then
we discuss the PDF of At distribution for the background components.

7.4.1 Signal Probability

The signal fractions are determined in the different ways for B® — (ce) K9, J/1K*°,
and J/1¥K? modes.
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B° — charmonium K7

The signal fraction fy, is calculated based on AE and M, for each event. The
AFE and M, distributions are fitted with a sum of two dimensional signal and
background functions (Fye and Fiy,) in each mode. Using these functions, fgg is
obtained as a function of both AE and M.:

Fsg(AE, My,)
Fag(AE, Mye) + Foxg(AE, My.)

In the cases of B® — J/Yv K2 (K% — m"7~) and n.K2 (n. — pp), the signal
distribution of AFE is represented by a sum of two Gaussians and M, by a single

fsig(AE7Mbc) - (78)

Gaussian:
Fsig(AEa Mbc) =a [fmainG(AE — MAE; Uz%n) + (1 - fmain)G<AE — HAE; O_tAalEl')}
X G(Mye = ping,; One)- (7.9)

The AE and M, distributions for B® — (25)K2 (¥(25) — (7¢7), ¥ (2S8)K?
(6(28) = J/um7), XaKY (xa — J/7), and K (n. — K3K~7+), are repre-
sented by the two dimensional Gaussian:

Fg(AE, Mye) = a G(AE — pap; oar) G(Mye — ity Oy,e)- (7.10)

For the modes that include 7° mesons, i.e., B — J/Y K2 (K2 — 7°7") and 7. K2
(ne — KTK~7%), the AFE distribution is represented by the Crystal Ball function
fep [66] and M, distribution by a single Gaussian:

Fsig(AEa Mbc) =a fCB(AE7 HAE; OAE, &, n) G(Mbc - ,uMbC; OMbc)a (711)
where fop is defined as

fCB(AE;NAEaUAEyaan)

%exp(—%) for AE > piap — aoar
= 1 a2 (AE—;,I,AE)Q a2 —n (712)
Zexp(—T) [1 T noan 7:| for AE < HUAE — QOAE

The background function Fi, is represented by a first order polynomial in the
AFE axis and the ARGUS background function [57] in the M), axis:

Mye \? My \?
Fog(AE, Myo) = b(1 4+ ¢AE) My, 1-( b ) exp? d 1—( D ) .
B Lyt
(7.13)

An unbinned maximum likelihood fit is used for the parameter determination of
Fy, and Fiy,. For B — J/YKY (K — 7°7%), n.K% (n. — KTK 7°), and n.K3
(n. — pp), some parameters are determined from the MC simulation because the

data samples for these modes are too small to estimate the parameters reliably.
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B° — J/¢yK*°

The background for the BY — J/1K*® mode consists of three components:
e The cross-feed background from the other B — J/¢¥K* modes;
e The background from non-resonant B® — J/¢ K97" decay; and
e The combinatorial background.

The fraction of the combinatorial background f..,, is calculated from the result
of the fit to the AE and the M, distributions like (c¢)K2 case. The AE and
M, distribution for the combinatorial background, Fi..,(AFE, M), is defined in
the same way as Eq. (7.13) and that for the other components (the signal, cross-
feed background, and non-resonant background), Fj/yr+(AE, M), is defined as
Eq. (7.11). Then, f.ub is obtained as a function of both AE and My,.:

chb<AE7 Mbc)

cm AE)MC = .
f b( b) chb(AEa Mbc)+FJ/1/1K*(AE7 Mbc)

(7.14)

The ratio of the fraction of the signal to that of the cross-feed and non-resonant
backgrounds is obtained as the function of My, from the MC simulation and the
K*° mass sideband data. The fraction of the signal, fyg, is then calculated from this
ratio and the value of 1 — f.,,. Finally, the correction for the cos 6;, dependence of
the signal reconstruction efficiency to fg, determined from the MC study is applied.
The detail can be found in Refs. [61, 51].

B® — J/¢$K?

For the B — J/¢K? fit, we define the signal probability as a function of p%™ using
the fitted p3™ distribution shown in Fig. 4.9.

The J/YK? signal yield is extracted by fitting the p3™ distribution of the data
to a sum of four components:

e The signal;

e The background with K?;

e The background without K?; and
e The combinatorial .J/1 mesons.

The shapes of the first three components are determined from the .J/v inclusive MC
sample and look-up tables are used in the fit. The normalizations of these three
components are treated as free parameters in the fit to minimize the effect of the
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aforementioned uncertainty in the K? detection efficiency in the MC simulation.
The combinatorial component is evaluated using events with e-p pairs that satisfy
the requirements for J/v reconstruction. The shape is modeled by a second-order
polynomial. The normalization of this combinatorial component is also free in the
fit. An additional parameter of the fit is an offset in p3™, allowing the signal shape
to shift with respect to the background distribution. The detail of the fit to the p3"*
distribution is described in Refs. [51, 52].

The result of the fit to the p3™ distribution is shown in Fig. 4.9. Then, fqg is
calculated as a function of p3™ from the ratio of the heights of the signal and total

p3E™*® distributions.

7.4.2 Background Shape

The background At distributions are also determined in the different ways for above
three cases.

B° — charmonium K?§

The background PDF Py, (At) for the modes other than B® — J/9 K} and the com-
binatorial background for J/¢K*® mode is modeled as a sum of prompt and expo-
nential components (Ppig(At)) convoluted with a sum of two Gaussians (Rpxg(At)):

Po(At) = / T A P (A — A R (M), (7.15)
where
Pl Al) = f;kgéa(m i) + (1 — ;kg)%bkg exp(—%) o (7.16)
Rual0) = (1 = 259G (8528, fof o2 ) + 137G Attt Jo o2 ).

(7.17)

Different values are used for s* | SE;%, tl;l;lg, and f; k8 depending on whether both
vertices are reconstructed with multiple tracks or not. The parameters for the
background function P, are determined by the unbinned maximum likelihood fit
to the At distribution of the background-enhanced control sample in the AFE-M,.
sideband region. The B® — J/¢Y K2, ¥(2S)KY, xa K9, and J/¢K*® modes are
fitted simultaneously with the same parameter set. For the B® — n.K2 mode, the

different parameter set is used.
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BY — J/Q/)K*O

As described in Section 7.4.1, the background of the J/¢ K* mode consists of three
components. The fraction of each component in the background is obtained from the
AFE and the M, distributions as described in Section 7.4.1. Then, the background
At distribution for J/1K*? is defined as

+oo
B (At) = (£ 4 fiie) / A(AVYPYE(AL — A 70) Ru(AF)

—00

+ e phlkeAg) - (7.18)

cmb

where fbkg fPke and fbkg are the fractions of the background components from the
cross-feed, the non-resonant decay, and the combinatorial, respectively, and satisfy
foRE 4 fke 4 gDk 9 The At distribution of the combinatorial background P58
is defined in Eq. (7.15) as described above and Ppe® is defined as

T T

1 At
Phs(ALT) = - exp(—l) . (7.19)

The MC study shows that the effective lifetimes for the cross-feed and non-resonant
backgrounds are consistent with the nominal B° lifetime. Thus we use the nominal
B lifetime in the fit. We use the signal resolution function Ry, for these backgrounds
since the vertices are reconstructed in the same way as the signal.

B° — J/yK?

The background in the B® — J/¢K? mode is dominated by B — J/¥X decays,
including C'P eigenstates that have to be treated differently from non-C'P states.
The By for the J/1K? mode is determined by the MC simulation study separately
for each background component:

o J/pKO(Kpm);

e (= —1CP modes (J/YKY);

& = +1 CP modes (Y(25)KY, xa K, and J/¢7);

The other BY decay modes;

The B decays; and

The combinatorial background.
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The fraction of each background component is a function of p3*. Their shapes are

determined from the MC simulation study except for the combinatorial background
which is determined from the fit to the data described in Section 7.4.1. The fractions
of the background components other than the combinatorial one are calculated using
the pE™ distributions obtained from the MC study, for each of the background with
and without K? components described in Section 7.4.1. Then the fraction of the
background component for the event is given as the sum of the products of the
above MC-determined fraction and the fraction determined from the fit to data in
Section 7.4.1. The detail can be found in Ref. [51].

For the C'P-mode backgrounds, we use the signal PDF given in Eq. (7.5) with the
appropriate &; values. For the J/¢K*'(K}7°) mode, which is a mixture of {; = —1
(about 81%) and &; = +1 (about 19%) states [61], we use a net C'P eigenvalue of
§rpr=o = —0.62 £ 0.07. The MC study shows that the effective lifetime for the
background from B, Tglig , is shorter than the BT lifetime due to the contamination
of charged tracks from the fully reconstructed side (mostly 7 from J/¢p K*T (K27 T))
into the tag-side vertex. The value of Tglig is determined from the MC simulation
to be 1.558 £ 0.026 ps. The same MC study shows that the effective lifetime for
the BY background is consistent with the nominal B° lifetime. Thus we use the
nominal B lifetime in the fit. For the J/¢X background in the J/¥K? mode, we
use the signal resolution function Ry, to model the background since both the C'P-
and tag-side vertices are reconstructed with similar combinations of tracks for these
backgrounds. For the At distribution of the combinatorial background P><&
the same function as defined in Eq. (7.15). Their parameters are determined from
the fit to the e- combinations described in Section 7.4.1.

Accordingly, we obtain the background PDF for J/¢ K9

P (At) = /+oo

—00

we use

d(At') [f?}(jK*OPBIE(At — At €y pKe0)
+ O PUS(AL — A 1)
O PRSE(AL — At +1)
+ FROEPRE (AL — At o)

+ REPRE(AL — At TE) | Ryg(AL)

+ fer oy (A1), (7.20)
where PPi® is defined in Eq. (7.19) and P2 is defined as
1 At
PLE(AL; €5) = —— exp (—u) [1— g€ (1 — 2w) sin(AmgyAt)] . (7.21)
47'30 TRo
f;’}‘imo, Cbl;idd, fgl;iven, fglég, glig, and ffi% are the fractions of the background

components from J/YK*(K?7Y), £ = —1 CP-modes, &; = +1 C'P-modes, the re-



Chapter 7. Measurement of sin 2¢; 118

Table 7.4: Number of events used in the sin 2¢; fit for each mode.

Mode Number of events
J/p(T)YK (nr ) 1116
J /(0T K2 (mO070) 162
VST )K () 76
V28)(J/Yrtr ) Ko (ntr) 96
X (T4 K () 67
Ne(KSK 7)) K3(nt7m) 63
Ne(KTK-m")KY(m ™) 44
ne(pp) K§(m*7) 15
All with &5 = —1 1639
J/p(0T ) K*O(K97O) 89
T/ K? 1230
Total 2958

maining B°, Bt, and combinatorial, respectively, and they satisfy f%8 I e f};l;gdd
bk bk bk bk
fCPren T T50° T [+ Jomh =

7.5 Fit Result

Using the PDF described above, an unbinned maximum likelihood fit is applied
to the At distribution. In the final fit, we fix 730 and Amy to the world average
value [65]. The parameters of the resolution function and wrong tag fractions are
fixed to the values described above. The only free parameter in the fit is sin 2¢;.

Using 78 tb™! data which correspond to 85 x 106 BB pairs, we find 2958 events
in the signal boxes after all vertexing and flavor-tagging requirements are applied.
The number of events used in the sin2¢; fit for each mode is listed in Table 7.4.
The unbinned maximum likelihood fit to these data sample yields

sin 2¢; = 0.719 4 0.074. (7.22)

Figure 7.4 shows the observed At distributions for the ¢§y = +1 and ¢§; = —1
event samples together with the results from the fit. Figure 7.5(a) shows the raw
asymmetry and the fit result.

We examine the value of sin 2¢; in various subsamples. Table 7.5 lists the results
obtained by applying the same analysis to the subsamples. All values are statistically
consistent with each other. Figures 7.5(b) and 7.5(c) show the raw asymmetries and
the fit results for (c¢) Ko and J/¢K?, respectively.
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Figure 7.4: Distributions of At for the events with ¢§; = +1 (solid points) and

q&s = —1 (open points). The results of the global fit with sin 2¢; = 0.719 are shown
as solid and dashed curves, respectively.

Table 7.5: Numbers of candidate events and values of sin 2¢, for various subsamples
(statistical errors only).

Sample Number of events sin 2¢

J/WK S (nta™) 1116 0.73 £ 0.10
(ce) K2 except J/WW K2 (™) 523 0.67 +£0.17
J/ WK 1230 0.78 +0.17
J /KO (K%7m0) 89 0.04+0.63
Biag = B? (¢ = +1) 1465 0.65 4 0.12
Biag = B® (¢ = —1) 1493 0.77 4 0.09
0<r<05 1600 1.27 +0.36
0.5 <7 <0.75 658 0.6240.15
0.75<r <1 700 0.7240.09
data before 2002 1587 0.78 £ 0.10
data in 2002 1371 0.65+0.11

All 2958 0.72£0.07
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Figure 7.5: (a) Raw asymmetry for all modes combined. The asymmetry for J/1 K
and J/¢K*? is inverted to account for the opposite C'P eigenvalue. The correspond-
ing plots for (b) (cc)KY, (¢) J/¥K?, and (d) non-C'P control samples are also shown.
The curves are the results of the unbinned maximum likelihood fit applied separately
to the individual data samples.
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Table 7.6: Results of the || fit for subsamples (statistical errors only).

Sample [\l

TJG K () 0.95 £ 0.07
(ce)KY except J/YK2(rTn™) 0.98 +0.12
J/VK? 0.95£0.09
TJOK* (K 0r0) 0.66 = 0.34
All 0.95£0.05

We also apply the same fit to the non-C P-eigenstate modes: B° — D~ ¥,
D*xt, D*p*, J/YK*(K*Tn~), and D* ¢*v. The data samples are same as those
used for the determination of the resolution and wrong tag fraction described in
Section 7.2 and 7.3. The fit to these samples, where no asymmetry is expected,
yields

0.005 + 0.015(stat). (7.23)

The result is consistent with zero, and no systematic bias is observed. Figure 7.5(d)
shows the raw asymmetry for these non-C'P control samples.

The signal PDF for a neutral B meson decaying into a C'P eigenstate [Eq. (7.2)]
can be expressed in a more general form as

1 At
Paig(At) = T P (— |TBO|> {1 +q(1 —2w)

2 _
[|)\2|12L+)\1 sin(AmgAt) + A

BYEE i COS(AmdAt)} }, (7.24)
where ) is a complex parameter that depends on both B°-B° mixing and on the
amplitudes for B® and B° decay to a C'P eigenstate, as described in Sections 2.4 and
2.5. The presence of the cosine term (|A| # 1) would indicate direct C'P violation.
The value for sin 2¢; reported above is determined with the assumption |A| = 1, as
|A| is expected to be very close to one in SM. In order to test this assumption, we
also perform a fit using the above expression with acp = —ImA/(£¢|A|) and |A| as
free parameters, keeping everything else the same. The fit result for each subsample
is listed in Table 7.6. We obtain

A| = 0.950 & 0.049(stat) =+ 0.025(syst) (7.25)

and acp = 0.720 £ 0.074(stat) for all C'P modes combined, where the sources of the
systematic error for |A| are the same as those for sin 2¢; described in Section 7.6.
This result is consistent with the assumption used in the analysis.
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Table 7.7: Summary of the systematic errors for sin 2¢;. The errors are combined
in quadrature.

Source Error
Vertex reconstruction 0.022
Resolution function 0.014
Wrong tag fraction 0.015
Physics (1o, Amyg, J/YK*0) 0.007
Background fraction (except for J/¥K?) 0.004
Background fraction (J/¢K?) 0.010
Background shape 0.005
Fit bias 0.011
Total 0.035

7.6 Systematic Uncertainties

We consider the systematic uncertainties from various sources listed bellow. The
major contributions to the systematic error are from the vertex reconstruction. The
results are summarized in Table 7.7. All systematic errors are combined in quadra-
ture.

Vertex Reconstruction The largest contribution comes from vertex reconstruc-
tion.

The fit quality criterion for reconstructed vertices is varied from £ < 50 to
& < 200.

Possible systematic effects due to the track quality selection of the tag-side B
decay vertices are studied by varying each criterion by 10%.

We check the systematic uncertainty due to outliers and tails of the resolution
by varying the At range from |At| < 5 ps to |At| < oo, i.e., no requirement for the
At range.

The systematic error due to the IP constraint is estimated by varying the smear-
ing used to account for the transverse B decay length by +10 pm.

Possible charge-dependent bias in the track position in z is studied using the
cosmic and vy — p°p® — 77 7 1~ two-photon events. This bias may cause the
systematic shift in sin2¢;. Since we find no systematic bias in the track position
between the positive and negative tracks, we apply no correction in the nominal fit.
Systematic error is estimated by shifting the z position of the track by +3 um for
the positive and F3 um for the negative track.

The errors of the track parameters are calibrated using the cosmic data and
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the cosmic and hadronic MC samples [67]. The systematic uncertainty due to this
calibration is studied by comparing the result of the fit where this calibration is
turned off with the nominal result.

Resolution Function We estimate the contribution due to the uncertainty in the
parameters of the resolution function by varying its parameters given in Section 7.2
by +1o for the parameters determined from the real data (parameters for the de-
tector resolution and outlier, and fs’s for R,;,) and £20 for those determined from
the MC sample (R,, parameters other than fs’s).

We also estimate the uncertainty due to the resolution function form by using
the resolution function whose detector parts (Rp; and Ras.) are the sum of two
Gaussians.

Wrong Tag Fraction Systematic errors due to the uncertainties in the wrong
tag fractions given in Section 7.3 (Table 7.3) are studied by varying the wrong tag
fraction individually for each r region by its error.

We estimate the uncertainty due to the difference of wrong tag fractions between
g = +1 and —1 events by using the wrong tag fractions obtained for ¢ = +1 and
—1 events separately.

The uncertainties due to the difference of wrong tag fractions between the C'P
events and flavor-specific events are also studied using the MC samples.

Physics Parameters The B meson mass, lifetime, and mixing parameter are
fixed to the world average values [65] in the fit, i.e., mpo = 5.2794 4+ 0.0005 GeV/c?,
Tpo = 1.542 £0.016 ps, and Amg = 0.489 +0.008 ps~!. We estimate the systematic
error by repeating the fit varying these parameters by their errors.

Another physics-related uncertainty is the C'P eigenvalue of J/WK* (£;/yx0)
measured from the angular distribution of the decay daughters [61]. This systematic
uncertainty is determined from the +10 uncertainty in the measurement.

Background Fraction except for J/¢K? The background fraction in the PDF,
1 — fsig, is calculated from the signal and background distribution functions of AE
and M, as described in Section 7.4.1. These functions are determined from the
data or the MC simulation depending on the decay mode. To estimate the system-
atic errors associated with the choice of parameterization, we vary the parameters
obtained from the MC simulation by 20 and those obtained from the data by +10.

Background Fraction for J/¢¥ K} As described in Section 7.4.1, the back-

cms

ground fraction for the J/¢K? sample is obtained from a fit to the p@™ distri-
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bution. In this fit, the sum of the components is automatically constrained to the
total number of events in the signal region. Thus, the signal yield and the size of
other backgrounds are strongly anticorrelated. To determine the systematic error
on sin 2¢; that comes from the uncertainty of the background fraction, we need to
take this anticorrelation into account. To this end, we repeat the fit to the p3™
distribution with the fraction of one component fixed +10 or —1o away from the
central value obtained in the nominal fit and with the fractions of the other compo-
nents as free parameters. We obtain sin 2¢; using the resultant background yields.
This procedure is repeated for all the four component (the signal, the background
with K9, without K?, and the combinatorial background). We regard the maxi-
mum difference between the thus obtained value and the nominal sin2¢; value as
the systematic error.

We also check the systematic error due to the uncertainty in the C'P content of
the background. We repeat the fit varying the parameters to determine the various
background fractions. Since these parameters are obtained from the MC simulation,
we estimate the systematic error by conservatively changing each parameter by +20
and adding the resulting changes in quadrature.

Background Shape The parameters that determine P, (At) for the modes other
than B® — J/¢YK? and P>2(At) for J/¢K? are varied within their errors and fits
are repeated to estimate the uncertainties due to the background shape.

The effective lifetime of the B* background for J/¢K?, T]glj_g, which is determined
from the MC study as described in Section 7.4.2, is varied by +20 to estimate its
contribution.

In the background of the B — y. K2 sample, there may be the contamination
from the B® — Y.K% mode, which has the opposite C'P eigenvalue. We neglect
this effect in the nominal fit, but the systematic uncertainty due to this effect is
estimated by regarding all the background events in the y. Ko mode as the xo K9

events.

Fit Bias The possible bias in the fitting procedure and the effect of SVD alignment
error are studied with MC samples. Since we find no bias, no correction is made.
The MC statistical error is associated as a systematic error for these sources.

7.7 Summary of sin 2¢, Fit

We have presented the measurement of the C'P violating parameter sin 2¢; using
78 fb~! of data sample collected with the Belle detector at the Y(4S) energy. An
unbinned maximum likelihood fit to the distribution of the proper-time difference
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between the two B meson decays with one of the neutral B mesons fully recon-
structed in the C'P eigenstate yields

sin 2¢; = 0.719 £ 0.074(stat) & 0.035(syst). (7.26)
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Discussions and Conclusion

8.1 Discussions

8.1.1 Lifetimes

The comparisons of the measurements of 7go, T+, and 75+ /750 described in Chap-
ter 5 with other experiments are shown in Figs. 8.1, 8.2, and 8.3, respectively.
These plots are made by the LEP B lifetimes working group as of July 2002 [68].
As shown in these figures, our results are ones of the most precise measurements.
They are the first precise measurements of B-meson lifetimes at the asymmetric en-
ergy B-Factory experiment operated on the T (4S5) resonance. It is remarkable that
the B-Factory experiments reached these precisions with only two- to three-year
operation.

The measurements in the B-Factory experiments have different systematics from
the experiments at the eTe™ colliders operated on the Z-boson mass or the hadron
colliders. The B-Factory experiments on the T(4S) resonance offer the much cleaner
signal than the other experiments. The high luminosity at the B Factory offers the
advantage of the high statistics with respect to the other experiments. On the other
hand, B mesons produced in the KEK B-Factory experiment travel only ~ 200 pm,
while those produced in the other experiments travel an order of millimeters. This
results in the fact that the resolution of the proper-time interval in the KEK B-
Factory experiment is the same order as the lifetimes of the B mesons and worse
than the other experiments. In addition, the proper-time interval distributes to both
positive and negative sides since we only know the difference of two B-meson decay
points, while both the production and decay points of B meson can be measured
at the other experiments. These facts make the lifetime measurements difficult
in the B Factory. Nevertheless we successfully measured the lifetimes precisely
and determined the resolution function that is applicable to other time-evolution

126



Chapter 8. Discussions and Conclusion

™

ALEP QQQSB
ALEPH exclysiy
ALEPH 110 r e5ql;

DELPHI D'
DELPHI top 0
DEL PHI t9g0l0g)

DE PI-(bll_&
L3top 0

L& P
OPAL topgg
OPAL(&Q(@E

OPAL Inclusiw? 00

BABAR exclus
BABAR incl (@8%
BABAR exdl Pf;}
BELLE exc@gjgﬁ:

Average

B Lifetime
Working Group

July 2002

Figure 8.1: Comparison of the results for B? lifetime measurements and the world
average as of July 2002 [68]. The result shown in this thesis is presented as “BELLE

exclusive (99-01)”.
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Figure 8.2: Comparison of the results for BT lifetime measurements and the world
average as of July 2002 [68]. The result shown in this thesis is presented as “BELLE
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Figure 8.3: Comparison of the results for 7p+/7g0 measurements and the world
average as of July 2002 [68]. The result shown in this thesis is presented as “BELLE
exclusive (99-01)”.
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analyses. We established the precise measurements of the B-meson time-evolution
at the B-Factory experiment.

Since the lifetimes are the basic parameters of B mesons, the precise determi-
nation of them contributes to the precision of other experiments. For example,
in the Am, measurement using the dilepton events [69], the dominant systematic
uncertainty comes from the lifetime ratio 75+ /7pgo.

Our result of 7+ /70 = 1.091 &+ 0.023(stat) £ 0.014(syst) is consistent with the
recent theoretical prediction of 1.07+0.03 [70]. Therefore, the current framework of
the heavy quark expansion seems to be successful to explain the experimental data.

8.1.2 Oscillation Frequency Amy

The B°-B° oscillation was first observed as the time-integrated probability y4 with
the efe™ — T(45) data by the ARGUS collaboration at DORIS and the CLEO
collaboratin at CESR. The world average value of x4 from these time-integrated
measurements is 0.187 £ 0.015 [65]. The relation between x4 and Am, is expressed
as
i

2(1 + 22)’
where x4 = Amg/T. The value of Am, derived from x4 world average and Eq. (8.1)

Xd = (8.1)

is 0.491 £0.032 ps—!, and is consistent with our result of direct Amy measurement.

Figure 8.4 shows the comparison of the time-evolution Amg measurements be-
tween several experiments. This plot is made by the Working group on B oscillation
as of July 2002 [71]. We provide the Am, measurement of 4% accuracy and it is
one of the most precise measurements.

The Amg measurements in the B-Factory experiments also have different sys-
tematics from the other experiments. In addition to the differences described in
the previous subsection, the B-Factory experiments have the great advantage in the
flavor tagging because of the clean signal environment and the powerful particle
identification. The effective tagging efficiency of ~ 30% is much higher than that in
the other experiments (typically < 10%). This is the first measurement of the os-
cillation frequency for the B°-B° mixing using the flavor tagging method developed
for the KEK B-Factory experiment. We demonstrated the high performance of our
flavor tagging algorithm and the successful application of the resolution function
determined in the lifetime measurement to the other time-evolution analyses.

Since the oscillation frequency Amy is related to |Vi4| as described in Section 2.3,
accurate measurements of Amy, provide a mathematical constraint on the unitarity of
the CKM matrix. However, currently there exists the large theoretical uncertainties
on the V;; determination. The result of the constraint on the unitarity triangle is
shown in the next subsection.
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Figure 8.4: Comparison of the results for Amy measurements and the world average
as of July 2002 [71]. The result shown in this thesis is presented as “BELLE BY
(full) /comb (31M BB)”.
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Figure 8.5: Comparison of the results for sin 2¢; measurements and the world av-
erage as of July 2002. The result shown in this thesis is presented as “Belle (Jul
2002)”.

8.1.3 CP Violation Parameter sin 2¢,

The comparison of the sin 2¢; measurement described in Chapter 7 with the other
experiments [72, 73] is shown in Fig. 8.5. The average shown in the plot is the
weighted mean of the listed measurements. In all measurements, our measurement
is the most precise together with the BaBar experiment. The result in this thesis is
further precise than the previous result obtained in 2001 [45], not only due to the
~ 3-times larger statistics, but also because of the improved tracking and flavor-
tagging algorithms and the improved resolution function.

The parameters of the CKM matrix are fitted by the CKM Fitter working
group [22] using the recent experimental and theoretical results as of July 2002,
including the results shown in this thesis. For the oscillation frequency of the B%-B°
mixing Amy, the world average obtained by the Working group on B oscillation [71]
shown in Fig. 8.4 is used. Our Amy, result is also used to calculate the average.
For the C'P violation parameter sin2¢;, the weighted mean of the measured values
listed in Fig. 8.5 includes our result.

The results of the global fit including all the constraints are presented in the
(p,m) plane shown in Fig. 8.6. The regions of 10% and 95% confidence levels (CLs)
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N fitter

gel

Figure 8.6: Confidence levels in the (p,7) plane for the global CKM fit as of July
2002 [22]. The regions of 10% and 95% CLs are shown. Also shown are the 95%
CL contours of the individual constraints. For the world average of the sin2¢,
measurements indicated as “sin 28wa”, the 68% and 95% CL constraints are depicted
by the hatched areas.
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are shown in the figure. The 95% CL contours of the individual constraints as well
as the 68% and 95% CL regions corresponding to the world average of the sin 2¢;
measurements (hatched areas) are also shown.

As we can see in the Fig. 8.6, the directly measured sin 2¢; value provides the
most precise and robust constraint on the unitarity triangle. The directly measured
sin 2¢, value extraordinarily agrees with the indirect determination from the theories
and the measurements of the other parameters. The global CKM fit result gives the
consistent picture of SM. Thus, KM mechanism is most probably the dominant
source of the C'P violation at the electroweak scale. We enter the new stage of the
C'P violation: We seek for the new-physics corrections to the CKM picture rather
than search for the new-physics alternatives to the CKM picture.

8.2 Conclusion

We have measured the neutral and charged B-meson lifetimes, 70 and 75+, the
oscillation frequency Amy for the B°-BY mixing, and the C'P violation parameter
sin 2¢, at the KEK B-Factory experiment, employing the Belle detector and the
KEKB asymmetric ete™ collider operating with the energy of T(4S) resonance.

Using 29.1 fb~! of data sample, we reconstruct 7863 neutral and 12047 charged B
candidates which decay to several hadronic modes. Unbinned maximum likelihood
fits to the distributions of the proper-time difference between the two B meson
decays yield

Tpo = 1.554 £ 0.030(stat) &+ 0.019(syst) ps, (8.2)
Tp+ = 1.695 £ 0.026(stat) £+ 0.015(syst) ps,
Tp+/Tpo = 1.091 £ 0.023(stat) 4+ 0.014(syst).

Using the same data set, we reconstruct 6660 neutral B candidates which decay
to flavor-specific hadronic modes, while the flavor of the other is identified from its
decay products. From the distributions of proper decay time difference of same- and
opposite-flavor B meson pairs, we obtain

Amyg = 0.528 & 0.017(stat) £ 0.011(syst) ps~'. (8.5)

Using 78 fb~! of data sample with the improved track reconstruction and flavor
tagging algorithms, we reconstruct 2958 neutral B candidates that decay to the C'P
eigenstates. An unbinned maximum likelihood fit to the distribution of the proper-
time difference between the two B meson decays, where one is fully reconstructed in
a C'P eigenstate and the flavor of the other is determined from its decay products,
yields

sin 2¢; = 0.719 £ 0.074(stat) & 0.035(syst). (8.6)
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We have provided the most precise measurements for these parameters. These
results make tighter constraints to the CKM unitarity triangle. Thus, we have shown
that the study of time evolution of B mesons at the B Factory offers very sensitive
tests of SM. With the data presented in this thesis we have proved that the KM
mechanism is correct at the electroweak scale. We have opened a new era for the
understanding of the C'P violation to search for the new-physics corrections to the

CKM picture. Further increase of the statistics enables us to probe the physics
beyond SM.



Appendix A

Particle Identification

In this appendix, we describe the algorithms for PID.
First, the K /7 identification is explained. Then, the electron identification is
described. Finally, we mention the muon identification.

A.1 K /m Identification

The K /7 identification is carried out by combining information from three nearly
independent measurements [74]:

e dF/dx measurement by CDC;
e TOF measurement; and
e Measurement of the number of photoelectrons (N,.) in ACC.

The momentum coverage of each detector for K /7 separation is shown in Fig. A.1.
We make PDF for each measurement beforehand. Based on each PDF, the likelihood
function for each measurement is calculated and the product of the three likelihood
functions yields the overall likelihood probability for being a kaon or a pion, L or
L,. A particle is then identified as a kaon or a pion by the selection based on the
likelihood ratio P:

P(E/m) = = (A1)
P(r/K)=1- P(K/n). (A.2)

The validity of the K /m identification is demonstrated using the charm decay,
D*t — D%+, followed by D° — K~n*. The characteristic slow 7+ from the D**
decay allows these decays to be selected with a good S/N ratio (better than 30),
without relying on PID. Therefore, the detector performance can be directly probed
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Figure A.1: Momentum coverage of each detector used for K /m separation.

with the daughter K and m mesons from the D decay, which can be tagged by their
relative charge with respect to the slow pion. Figure A.2 shows two-dimensional
plots of the likelihood ratio P(K/7) and measured momenta for the kaon and pion
tracks. The figure demonstrates the clear separation of kaons and pions up to
around 4 GeV/c. The measured K efficiency and 7 fake rate in the barrel region are
plotted as functions of the track momentum from 0.5 to 4.0 GeV /¢ in Fig. A.3. The
likelihood ratio selection, P(K/m) > 0.6, is applied in this figure. For most of the

region, the measured K efficiency exceeds 80%, while the 7 fake rate is kept below
10%.

A.2 Electron Identification

Electrons are identified by using the following discriminants [75]:

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

CDC;
e Transverse shower shape at ECL;

e Matching between a cluster at ECL and charged track position extrapolated
to ECL;

e dFE/dx measured by CDC;
e Light yield in ACC; and
e Time-of-flight measured by TOF.

As in the case of K /m identification, the PDFs for the discriminants are made
beforehand. Based on each PDF, likelihood probabilities are calculated with track-
by-track basis, and unified into a final likelihood output. This likelihood calculation
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Figure A.2: Likelihood ratio P(K/m) versus momenta for daughter tracks from

DY — K~7t decays, tagged by the charge of the slow 7'’s.
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decays, for the barrel region. The likelihood ratio selection P(K/m) > 0.6 is applied.
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Figure A.4: Distribution of final unified discriminant to identify electrons. The
solid histogram is for electrons in ete™ — eTe~eTe™ events and the dashed one for
charged pion.

is carried out taking into account the momentum and angular dependence. Fig-
ure A.4 shows the output from the above procedure. Closer to unity the particle
is more likely to be an electron. The solid (dashed) histogram shows for e* in
efe” — eteete™ data (7% in K% — 777~ decays in data). The clear separation
can be seen.

The efficiency and fake rate are displayed in Fig. A.5 using electrons in real
ete” — eteeTe™ events for the efficiency measurement, and K3 — 777~ decays
in real data for the fake rate evaluation. For momentum greater than 1 GeV/c, the
electron identification efficiency is maintained to be above 90% while the fake rate
to be around 0.2-0.3%.

A.3 Muon Identification

Muon identification [76] begins with the extrapolation of the track reconstructed in
CDC, through the outer detectors. A track is considered to be within the KLM
acceptance if it crosses at least one RPC layer: This requires at least 0.6 GeV/c
of momentum. Then, associated RPC hits in KLM are searched. The outermost
layer crossed by the extrapolated track defines the predicted range of the track
assuming the track has no hadronic interaction with the materials. The actual
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Figure A.5: Electron identification efficiency (circles) and fake rate for charged pions
(squares). The different scales are used for the efficiency and fake rate.

range of the track is measured by the outermost layer with an associated RPC hit.
The difference between the predicted and measured ranges and the goodness of fit
of the transverse deviations of the associated hits from the extrapolated crossings
provide the two variables used in a likelihood ratio to test the hypothesis that the
track resembles a muon rather than a charged hadron.

Probability density distributions of two discriminant variables are constructed
beforehand using simulated singletrack events containing a muon, pion, or kaon with
measured chamber efficiencies. Then, the probability densities p,, pr, and px for
muons, pions, and kaons, respectively, are obtained from the distributions. We use
the normalized muon likelihood

Pu
L,=—""/-— A3
U (4-3)
for muon identification.
The measured efficiencies are shown as a function of momentum in Fig. A.6 for
L, > 0.9 and 0.1, for the KLM barrel only and for the entire KLM acceptance. The
efficiencies have a plateau above 1.0 GeV/c. Some fraction of charged pions and

T~ events in the eTe™

kaons will be misidentified as muons. A sample of K2 — 7
collision data was used to determine this fake rate. The measured pion fake rates as a
function of momentum are shown in Fig. A.7 for L,, > 0.9 (0.1), presented separately

for the pions in the KLM barrel and those in the entire acceptance. The fake rates
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are approximately constant at momenta above 1.5 GeV /c. In the momentum region
1.5-3.0 GeV /¢, we have a muon identification efficiency ~ 90% with a fake rate of
less than 5%.
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IP Profile

The IP profile is calculated from the hadronic data sample and the information from
the KEKB accelerator group.

First, the IP position is calculated event by event using hadronic data sample.
Then, IP distribution is fitted with the three-dimensional Gaussian run by run.
Finally, fit results are combined with the information from the accelerator and the
parameters for the IP profile are determined.

B.1 Event-by-Event IP Reconstruction

Hadronic events are selected as described in Section 4.2. Initially, the IP position is
calculated using all charged tracks. Then, the IP position is recalculated using only
the tracks coming from the initial IP position. At least two SVD hits are required
in both r-¢ and z strips to ensure the good vertex resolution for the recalculation.

An example of the reconstructed IP distribution for a typical run is shown in
Fig. B.1.

B.2 Fit for IP Distribution

The IP distribution for the run is fitted with three-dimensional Gaussian using the
unbinned maximum likelihood method.

The axes of the Gaussian are not necessarily parallel to the detector axes. Since
the electron beam is tilted 22 mrad from the z axis in the horizontal plane while
the positron beam is parallel to the z axis, IP distribution is rotated at least around
the y axis. In addition, the detector coordinate may be tilted from the beam axis.
Considering this rotation, the IP profile coordinate (x’,y’, 2’) where the axes are
parallel to the Gaussian axes and the origin is the mean point of the Gaussian,
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Figure B.1: Reconstructed IP distribution in = (top), y (middle), and z (bottom)
for a typical run.
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(Hzs fbys f1z), is defined. The transformation between the detector coordinate (x,y, 2)
and the IP profile coordinate (z', v/, 2’) is defined as

/

X xr Ha
y | =R.(0.)R,(6,)R.(6.) [ v/ | + | 1y (B.1)
z Z/ Mz

where R;(0) is the rotation matrix around 7 axis with angle 6. Since the IP distri-
bution has non-Gaussian tails in the x and y directions while it seems to be a single
Gaussian in z as in Fig. B.1, a sum of two Gaussians with a same mean is used for
the fit in 2’ and ¢’ direction. The tail is considered to be due to mis-reconstructed
events. The same value is used for the width of the wider Gaussian in 2’ and /.
The PDF becomes

12 /2
PDF = {(1 -/ exp(—2i2l> +fexp<—2;:2 )]

wide

/2 /2
[o-nenl ) eren(35)
y’ wide

12
X exp(—; 5 ) , (B.2)

O-Z/

where 0,/, 0, and 0./ are the sizes of the IP distribution along the 2, 3/, and 2’
axes, respectively, f is the fraction of the wider Gaussian, and o;qe is the width of
the wider Gaussian. Thus, the free parameters are fiz, [y, [tz, Ou, Oy, O, 0, 0,
0., f, and owiqe. However, since o,/ and o, are on the same order while o, is far
larger than them, it is difficult to determine the rotation around the z axis while
the determination of the rotation around the x or y axis is just like a fit of a line
and is easy. Therefore, if the number of events used for the fit is less than 10000,
the rotation around the z axis is fixed to be 0.

The results of the fits for a certain range of runs are plotted on Fig. B.2.

However, we know that the mean IP position sometimes moves even during a run.
To accommodate this variation, we fit the mean position with the other parameters
(the widths and the rotation angles) fixed for every 60000 events !.

B.3 Determination of IP Profile

Finally, the parameters of the IP profile are determined from the fit results described
above and the information from the KEKB accelerator.

'From September 2001, we fit the mean position for every 10000 events.
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As Figure B.2 shows, the sizes of IP profile in 2’ and 3’ obtained from the fit
are o, ~ 140 pm and o, ~ 80 um. However, values expected from the designed
parameters of the accelerator are o,y ~ 80 pm and o,y ~ 2 pm. This is due to the
vertex resolution and the effect of the resolution must be removed.

Since the actual size in y is small enough, it is negligible with respect to the
vertex resolution and the value of o, obtained from the fit can be regarded as the
vertex resolution in r-¢. Therefore, the actual o,/ is obtained to be

0w = /(o) = (o), (B.3)

where the superscript “fit” means that it is the result of the fit.

To obtain the actual size of the IP profile in 3/, the information from the KEKB
accelerator is used. The accelerator group measures beam sizes in z and y directions
for HER and LER. The values at the times run starts and stops are averaged. These
values are taken as the beam sizes of that run for both HER and LER. Then, the IP
size in y/' is calculated from the beam sizes of HER (0,"") and LER (o*") as [77]

O.HERO.LER
O'y/ = Y Y (B 4)

2 2
\/ O-ZI:IER + O-I?;ER

In the z direction, the vertex resolution (~ 100 pm) is negligible since the size
of the IP distribution is large (O(1 mm)). Therefore, no correction is applied.

Finally, the IP profile is obtained as the mean position calculated from the fit
and the size of the distribution calculated from the widths of the three-dimensional
Gaussian, its rotation angles, and the errors of the mean position.
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