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Abstract

The KEK B-factory is a facility to study CP violation in the B meson
system with producing a large number of B mesons. Identification of muons
at the KEK B-factory is important as the most promising decay mode of
B mesons is B — J/¢Kgs where J/1 further decays into y*u~ and ete”
. In order to identify muons efficiently, we developed muon identification
software adopting Kalman filter algorithm. By evaluating its performance
with Monte Carlo simulation and real data taken at the KEK B-factory
in 1999, it is proven that the Kalman filter is an effective tool to identify
muons. In the end, we demonstrated the reconstruction of inclusive B decays
into J/v¢ where J/1’s were tagged with dimuons. From the signal yield of
(136 & 13) events collected with an integrated luminosity of 239 pb™!, the
branching fraction was estimated to be Br(B — J/¢X) = 0.83 + 0.08(%),
where the error is statistical only.
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Chapter 1

Introduction

One of the hot topics of the elementary particle physics (high energy physics)
nowadays is CP violation which was first observed in the decay of neutral
K mesons by V.L.Fitch and J.W.Cronin et al in 1964 [1]. This broken
symmetry under Charge and Parity conjugation means that interactions
among particles are different from that of antiparticles. Thus it is one of
necessary conditions to explain why our universe is dominated by matter
but not antimatter [2].

As well known, the Standard Model (SM) [3] in the elementary par-
ticle physics has been supported by many experimental results. In 1973,
Kobayashi and Maskawa (KM) published one quite interesting paper, today
known as the KM model, which explained the origin of the CP violation
within the framework of the SM, and predicted that there would be at least
six quark flavors, twice the number of quark flavors known at that time. This
was later proven by the discoveries of ¢, b and t quarks [4]. Nevertheless the
origin of the CP violation itself is not yet confirmed.

In 1980, Sanda and Carter pointed out the possibility that large CP
asymmetry would be seen in the decays of neutral B mesons according to
the KM model which is now an essential part of the SM [5]. Several ex-
perimental projects to observe such CP violation producing a large number
of B mesons, which are generally called “B-Factories”, were planned since
then.

The KEK B-factory [6], which consists of the KEKB acceralator and
the BELLE detector, is one of them. The features of the KEK B-factory
are very high luminosity of 103*cm™2s~! , asymmetric collisions at a By of
0.425 (8.0GeV /c electrons on 3.5 GeV /c positrons), optimized detector com-
ponents with a precise vertex reconstruction capability and efficient particle



identification (PID) system.

Among various roles of the BELLE detector, identification of muons at
the KEK B-factory plays an essential role as the most promising decay mode
of the B meson is B — J/1#Kg where J/1 further decays into u+pu~ and
ete .

In this thesis, we developed muon reconstruction software with a new
idea based on the “Kalman filter” algorithm[10] and studied its performance
with real data. In Chapter 2, the physics motivation of the B-factory is ex-
plained with a special emphasis on muon identification. The experimental
apparatus of the KEK B-factory is explained in Chapter 3, followed by the
characteristics of muons inside the BELLE detector in Chapter 4. After de-
scribing the Kalman filter algorithm and its application to the BELLE muon
identification system in Chapter 5, the performance of the muon identifica-
tion software is given in Chapter 6. We conclude this study in Chapter
7.



Chapter 2

Motivation for Muon
Identification at KEK
B-Factory

2.1 CP violation in B decays

At the KEK B-factory, electrons and positrons collide to produce the Y(4S5)
mesons which decay into pairs of B mesons. The main purpose of the KEK
B-factory is to observe time-dependent CP asymmetry expected to arise
when one of two neutral B mesons decays into a CP eigenstate (denoted
by fcp) and the other into a final state (denoted by frag) that comes
from a specific b-flavor (called a flavor-specific decay). At the time of the
flavor-specific decay, the other B has a definite b-flavor, i.e. it is either B
or B_O . As time passes, it becomes a mixture of B° and B? due to the
BY-BY mixing (B? becomes BY(t) and BY to B%(t)). The time dependent
decay-rate asymmetry is defined as

[(B°(At) - fep) — T(B°(At) — fcp)
T(BY(At) — fcp) + T(BY(At) - fcp)’

afop(A) = (2.1)
where At is the decay time difference between B — fcp and B — frag.
As BO(t) is the CP conjugate of B%(t), a non-zero value of afp (At) means
the CP violation.

The most promising final state for fop is J/9¥Kg. The Feynman diagram
is shown in Figure 2.1. According to the SM, the asymmetry in this case is

afop (At) = sin2¢; sin(AMAR), (2.2)
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Figure 2.1: Feynman diagram of B® —J/}Ks .

where ¢; is an angle of the unitarity triangle and AM is the mass difference
between two mass-eigenstates. The derivation of this equation as well as a
theoretical framework of CP violation is given in Appendix A.

Among many decay modes of J/v , J/1p — pTu~ (as well as ete™)
has the largest branching ratio (~ 6%). In this case, expected background
events are also exceedingly small. Therefore, it is important to identify these
muons with a high efficiency as the precision of the sin2¢; measurement
will be dominated by the statistical error. Figure 2.2 shows the expected
momentum distribution of muons in B — J/9 (— pu) Kg decay. As shown

800 [

number of p
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Figure 2.2: Muon momentum ddistribution in J/v (— up) ks decay in the
event generator (the vertical scale is arbitrary).



in the figure, the momentum range is from 0.65 GeV/c to 3.9 GeV/c. As
for the flavor specific decays, we do not have to reconstruct the B mesons
exclusively, but it is enough to tag the flavor of the parent B meson. There
are several ways of such “flavor tagging”. One of them is to tag a high-
momentum muon in semi-leptonic decays such as B — Duv, B — D*pv,
B — D**pv etc. Figure 2.3 shows the momentum spectrum of such muons.

1600 [
1400 | -
1200
1000 |-
800 |
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Figure 2.3: Muon momentum distribution in generic B decays in the event
generator.
the solid line is for muons from b and the dashed line is for muons from c.

Also shown in the same figure are muons from charmed hadrons populated
in the lower momentum region that can be easily distinguished.

2.2 Other Muons

Besides the observation of CP violation, it is also important at the KEK
B-factory to measure the magnitudes of elements of the CKM matrix. The
size of V; can be determined from both inclusive and exclusive semi-leptonic
B decays with the b — ¢ transition. Measurements of |V,,;| are also impor-



tant but more challenging as the expected size is much smaller than |V|.
Measurements of muons (and electrons) above the kinematical limit of the
b — ¢ transition in inclusive semi-leptonic B decays provides a current ex-
perimental evidence for non-zero value of |Vy| [7, 8]. Another possibility is
a measurement of exclusive semileptonic decays B — X /{7 where X = m, p,
and w and | = p and e. Thoretical calculations for these modes are expected
to be less uncertain than those for the inclusive modes, although the it must
rely on form factors measured experimentally.

Muons are also important in searching for rare B decays such as B — uu
and K*up. Lepton flavor-violating processes such as B — ep and prt also
require muon identification. Physics in 7 lepton decays in the ete™ — 77~
process is often studied by tagging muons from the 7 — uvv decay.

Other processes such as ee — uu, ee — ppy, and the 2 photon process
vy — up are quite useful to study the performance of muon identification
with real data, as they cover a wide range of momentum region.



Chapter 3

Experimental Apparatus at
KEK B-Factory

3.1 Overview

A B-factory is an experimental facility to observe CP violation with pro-
ducing a large amount of B mesons. The KEK B-factory is one of them, at
KEK (High Energy Accelerator Research organization), Japan. It consists
of the KEKB accelerator and the BELLE detector. The KEKB accelerator
is an electron-positron synchrotron collider characterised by 2 rings, high lu-
minosity and asymmetric collisions with a finite crossing angle. The BELLE
detector is optimized to observe CP violation in B decays at KEKB. In this
chapter, we will briefly describe the accelerator and the detector.

3.1.1 KEKB accelerator

The KEKB accelerator was designed to produce 10® Y (45)’s per year, with
a center-of-mass energy adjusted to the T(4S) resonance. The design lumi-
nosity is 103*cm~2s~! which is the highest in the world.

Almost all the T(4S) mesons decay into B meson pairs. Since the thresh-
old energy for the pair creation of B mesons is nearly equal to the mass of
T (4S) which is 10.58 GeV, the momentum of each B is only 0.34 GeV/c in
the Y(4S) rest frame.

In order to mmeasure the decay time difference from the distance be-
tween B-decay vertices, therefore, T(4.S) mesons need to be boosted so as to
provide enough flight distance of B mesons. The Lorentz boost parameter
is chosen to be By = 0.425.
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Figure 3.1: Composition of the KEKB accelerator system.

Figure 3.1 illustrates the KEKB acceralator system. It consists of 2
main rings, the HER (High Energy Ring) to keep electrons at 8 GeV and
the LER (Low Energy Ring) to keep positrons at 3.5 GeV, and the LINAC
to accelerate both electrons and positrons. Both electrons and positrons
collide at the TSUKUBA area where the BELLE detector is placed. The
main parameters of KEKB are listed in Table 3.1 [20].



Table 3.1: Main parameters of KEKB.

Ring LER HER
Energy E 3.5 8.0 GeV
Circumference C 3016.26 m
Luminosity L 1 x 103 cm 2571
Crossing angle 0, +11 mrad
Tune shifts €a/&y 0.039/0.052
Beta function at IP Bx/ B, 0.33/0.01 m
Beam current I 2.6 1.1 A
Natural bunch length oy 0.4 cm
Energy spread O 71x107%  6.7x107%
Bunch spacing Sb 0.59 m
Particle/bunch N 3.3x 1010 1.4 x10%
Emittance eg/ey,  1.8x1078/3.6 x 10710 m
Synchrotron tune Vs 0.01 ~ 0.02
Betatron tune vp/vy  45.52/45.08 47.52/43.08
Momentum ap 1x107% ~ 2x10°*
compaction factor
Energy loss/turn U, 0.811/1.5% 3.5 MeV
RF voltage Ve, 5 ~ 10 10 ~ 20 MV
RF frequency frF 508.887 MHz
Harmonic number h 5120
Longitudinal Te 431/231 23 ms
damping time
Total beam power ) 2.71/4.5% 4.0 MW
Radiation power Psg 2.11/4.0% 3.8 MW
HOM power Pgom 0.57 0.15 MW
Bending radius p 9 16.3 104.5 m
Length of bending Lp 0.915 5.86 m

magnet

t: without wigglers, I: with wigglers



3.1.2 BELLE detector

The structure of the BELLE detector is asymmetric due to the asymmetric
beam energy of KEKB, as shown in Figure 3.2. The BELLE detector has 1.5
T superconducting solenoid and sub-detectors optimized to observe particles
from B meson decays : the Silicon Vertex Detector (SVD), the Central Drift
Chamber (CDC), the Aerogel Cherenkov Counter (ACC), the Time of Flight
counter (ToF), the Electro-magnetic Cesium iodide caLorimeter (ECL) and
the K;, and Muon detector (KLM).

These sub-detectors are grouped into two: i.e. tracking devices (the
SVD, CDC) and particle identification devices (the CDC, ACC, ToF, ECL,
KLM).! The definition of coordinate system is shown in Figure 3.3.

For muon identification, the CDC and the KLM are used. A muon
with sufficient momentum can reach and penetrate the KLM, whereas other
particles don’t. Although a small fraction of pions can reach the KLM, it is
largely scattered inside the KLLM. Therefore muons can be clearly identified
by checking the range and x? of a reconstructed track in the KLM which is
made by extrapolating the track in the CDC.

3.1.3 Status of Data Taking

The KEK B factory was commissioned and started taking data in 1999.
The integrated luminosity recorded (as of January 2000) is 0.34 fb~, corre-
sponding to more than 10° collision events with hadronic interaction.

3.2 Central Drift Chamber (CDC)

The Central Drift Chamber (CDC) has two important roles. One is to re-
construct charged tracks for measurement of momentum from its curvature,
and the other is to measure energy loss (dE/dz) in the CDC, which depends
on velocity (8 = v/c). Therefore, the kind of particles can be specified with
both information.

The CDC has a cylindrical shape with inner and outer radii of 8 and
88 cm, respectively. It consists of 50 sense-wire layers and 3 cathode strip
layers. The sense-wire layers are grouped into 11 super layers : 6 axial and
5 stereo super layers. Stereo angles range from 42.5 mr to 72.1 mr. The
number of readout channels is 8,400 for anode wires and 1,792 for cathode
strips. A mixture of 50% helium-50% ethane gas is used in the chamber to

! the CDC is also used for particle identification since it provides dE/dX information.

10
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Figure 3.2: Side view of the BELLE detector.
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minimize the multiple Coulomb scattering contribution to the momentum
resolution. Figure 3.4 shows an example of an event display for the CDC.

Exp 3 Run 37 Farm 6 Event 762 (o)
Eher 8,00 Eler 3.50 Date/TIME Wed Jun 2 08202247 1999 Trk € Theta  Phimatch efid
| I I | 10049 147 101 0 O
B TrgiD O DetVer QMaglD O BField 1.50 DspVer 2.03 2 0083 195 187.9 0 ©
_ 3 0471 310 3320 0 O
13 4 0431 381 301 0 0
(CDC Chrg Trk ) N 5 0145 362 2110 0 O
Trich Ptot Theta  Phi ace tof muid 6 0630 459 1276 1 O
14 2207 54B 356 1 0 -1 _ 7 0086 40.8 26350 0 O
2 - 1485 675 2393 2 0 1 © \ 8 0224 442 77.0 0 0
3 - 1163 460 1058 3 0 -1 f \ 9 0229 426 2202 1 O
4 + 0576 B3B 3140 4 0 -1 10 0034 443 2500 0 O
5 - 0562 BO6 2715 5 O — >, 11 0.684 492 1019 0 O
6 + D672 450 2600 6 O 12 2169 542 257 1 0
7 - 0468 139.4 1661 7 g v 3 0439 59.0 667 O O
8 + 0308 475 3471 K QN 1597 67.2 2527 1 0O
9 + 0419 1075 O 060 643 2047 0 O
10— 0257 6665 211 R ) 18 79.4 3055 1 0
2 839 2749 2
o 84.1 282, o
19 ACI X 98.4 %0 o
993 0 0
[J 9 1171 0 0
S8 V4 260 0 O
3 a0 4 1980 0 0
7 _paT 1181 0 0
! 2146 2 0
0 g4 2143 2 0
1 SP\ 2062 1 0
i A\ 2095 0 0
; 3134 0 0
)
[
- 3
20 3
1
2 &
L/
&,
. 18
L v
10cm
ia

Figure 3.4: An example of an event display for the CDC.

3.3 K and Muon Detector (KLM)

The KLM is the outermost sub-detector of the BELLE. There are two main
purposes of the KLM. One is K, detection, and the other is muon identifi-
cation. K7 mesons are an important since B — J/¢ K|, can also be used
to observe CP violation. As described in Chapter 2, muons are important
because J/1 decays to upu.

12
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Figure 3.5: BELLE KLM detector.

3.3.1 Requirements for KLM

A large amount of material is required to stop and detect K;, and p. There-
fore the KLM consists multi-layers of absorbers and sensors. Requirements
for the sensor layers are as follows :

1. To more absorbers thick enough, each sensor must be thin.

2. Since the KLLM is outermost and the largest detector, it is desirable to
be composed by inexpensive material as much as possible.

3. Each sensor should be simple for easy fabrication and maintennance.
It must also be stable for a long-term operation.

13



4. To reconstruct K; mesons and muons, high detection efficiency and
sufficient position resolution are essential.

The KLM detector was designed to satisfy such requirements.

3.3.2 Structure of KLM

The KLM consists of one barrel and two endcap parts. An overview of the
KLM is shown in Figure 3.5.

The octagonal barrel is segmented longitudinally into fifteen detector
superlayers interleaved with fourteen 4.7 cm thick iron plates. The amount
of iron corresponds to ~ 37 radiation length : i.e. the total amount reaches
~ 43 radiation length. A detector superlayer comprises two Resistive Plate
Counters (RPC’s) and copper strips to read out inner aluminum frame.
The dimensions are 220 cm (length) x 151 ~ 267 cm (width) x 3.9 cm
(thickness).?

The longitudinal segmentation of the endcaps is identical to that of the
barrel, except that the innermost detector layer is left out. An endcap
superlayer module is shaped as a quarter sector extending radially from
130.5 cm to 331 cm.

The innermost forward (backward) RPCis at z = 273 cm (z = —179 cm),
so that the nominal coverage in 6 is from 24.3° to 145.5°. Endcap cathodes
are segmented in § and ¢ rather than = and y as illustrated in Figure 3.6.

Phi strips

]11111tllHlHl)llll)HHHHH]HHW)H)))

Theta strips

Figure 3.6: Patterns of cathode strips for the endcap detectors.

% The gap where each superlayer was inserted is 4.4 cm.

14



3.3.3 Resistive Plate Counter (RPC)
The RPC is a kind of spark chamber with the following properties :

e No amplifier is needed because of its large pulse height of ~ 100 mV.
e Good time resolution of ~ 2 nsec.
e It is easy to make large and complex shape.

e It is made of inexpensive material.

— KLM—

—Barrel— ~ Endcap (" crounspare sz )
. L] Dielectric foam l 7 mm
. . Cathode plane 9,935 mm Copper
v D 300 mm
RPC module RPC module Casgap S 200mm
v D 500 ™,
Insulator 0.5 mm Mylar
’ Iron layer ‘ ’ Iron layer ‘ // e ] 300
/ | Gas gap oo oITr 200 mm
RPC module RPC module Y D 300 mm
Cathode plane gggsm;"mMgl)a;:per
’ Iron layer \ ’ Iron layer \ ot foam | | 7om
RPC module Ground plane 8:gg5m"r‘“"‘M‘;?:r"e'
\_ 3L6mmiotal /

Figure 3.7: The superlayer structure of KLM.

The principle of the operation of RPC is as follows : When operated with a
gas mixture of argon (61%), isobutane (35%) and Freon 116 (4%) in an elec-
tric field of 3.7-4 kV/mm in the 2 mm gap, a throughgoing charged particle
initiates an avalanche in the gas. The positive ions in this avalanche draw
more electrons out of the negative cathode, leading to a “spark” between
the negative and positive cathodes. The high resistivity of the electrodes
(p = 10"'*1 Q. cm) prevents the rapid replenishment of the charge trans-
ferred in the spark, thus quenching the discharge. This process is known
as a “limited streamer”. After a few milliseconds, the plate in this 0.1 cm?
dead region of the RPC becomes recharged as electrons bleed through the
resistive electrodes, thus restoring the electric field. The isobutane absorbs
UV photons, preventing significant afterpulsing. The streamer is imaged on
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external cathodes that also act as transmission lines.® The leading edge of
the 200 mV peak cathode signal has a resolution of 2 ns because of the small
time jitter in the formation of the streamer.

An RPC module of the KLM has the superlayer structure as illustrated
in Figure 3.7. As two RPCs in one module have strips perpendicular to
each other, we can obtain 2-dimensional position information. The widths
of cathode strips are 4.3 ~ 5.5 cm in ¢ and 4.5 cm in Z for the barrel RPC
modules, and 2.1 cm ~ 5.0 cm in ¢ and 3.8 cm in € for endcaps. The
intrinsic position resolution will be explained in detail in Chapter 5. The
superlayer structure also gives redundancy for the hit detection. As the
efficiency of a single RPC module is ~ 90%, the superlayer module provides
~ 99% efficiency [9].

3 No information about energy of charged particle is read out.
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Chapter 4

Method of Muon
identification

To detect a muon, first a charged track must be reconstructed in the CDC.
Then, hits inside the KLM associated with the track should be found. How-
ever, these two conditions are not sufficient to reduce contamination from
other kinds of particles. In this chapter, we describe how to reject such
contamination while keeping high detection efficiency for muons.

4.1 Charged tracks entering KLM

Charged particles reconstructed in the CDC are electrons, muons, pions,
kaons and protons. Except muons, most of the particles do not reach the
KLM because of the electro-magnetic or hadronic interactions in the material
of the inner detectors. Figure 4.1 shows the number of charged particles
which reach the KLM in case of the BYBY generic decays as well as their
momentum distributions.

Pion Pions are the dominant source of the contamination. As shown in the
table attached to Figure 4.1, the number of pion tracks reaching the
KLM is about 4 times as large as muons. However, most of pions can
be rejected with utilizing hadronic shower in detectors. Remaining
“punch-through” pions and decay muons from pions will be described
in the next section.

Kaon Kaons are the 2nd largest source of contamination. However, even
though the number of kaons reaching the KLM is roughly the same as
the number of muons, the ratio of the kaon mass to the muon mass is
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Figure 4.1: Momentum distributions of charged particles which deposit en-
ergy in KLM.

This plot was made by Monte Carlo simulation with 80000 B°B° events.
Each particle kind is determined while it is passing the CDC. Therefore if a
particle entering the KLM is a decay product, the particle kind of its parent
is used.

large enough for the separation. Thus the contamination of kaons is
very small.

Electron The number of electrons entering the KLM is much lower than
the number of muons, and is about one twentieth. Also the probability
of bremsstrahlung is much larger, since it is proportional to the half
power of the mass and m,, : m, = 207 : 1.
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Proton The number of protons is roughly the same as that of electrons.
Furthermore, its mass is about 10 times as large as the mass of muons.
Therefore the contamination by protons can be almost ignored.

In conclusion, the contamination except pions can be almost ignored. Thus
in the following sections only pions are considered as the source of the con-
tamination.

4.1.1 Classification of prompt muons

\

decay-in-flight before

KLM
\

decay-in-flight in KLM
[

KLM

penetration

\ |

Figure 4.2: Various prompt muons in KLM.

Prompt muons are classified into “decay-in-flight in front of KLM”, “decay-
in-flight in KLM” and “penetrating muons which don’t decay nor stop in
KLM”.

Several types of muons are seen in the KLM. What is really important is the
muons produced close to the interaction point, such as the cases J/9 — pu
and B — D*uv. In this thesis, such muons are defined as “prompt muons”.
Prompt muons are sorted in 3 classes. After passing the CDC, a part of
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muons decay into electrons in front of the KLM. Such muons are defined as
“decay-in-flight muons before KLM”. Furthremore, some muons decay inside
the KLM (most of them stop in detector components). They are defined as
“decay-in-flight muons in KLM”. Remaining muons which penetrate the
KLM are defined as “penetrating muons”. This classification is illustrated
in Figure 4.2. Their momentum distributions with single-track Monte Carlo
simulation are shown in Figure 4.3.

2250 |
2000 |
1750§

number of tracks

1500 |
1250 |
1000 |
750 |
500 |
250

0 L

Figure 4.3: Classification of prompt muons.
This plot was made by Monte Carlo simulation about single muon tracks.

This plot can be summarized as follows :
e Most of prompt muons reach the KLM without decaying in flight.
e Available lower limit of momentum is about 0.5 GeV /c.

e Most of prompt muons with momentum below 1.5 GeV/c decay in-
flight inside the KLM.

e In higher momentum region, almost all the prompt muons penetrate
the KLM.
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4.1.2 Classification of prompt pions

\
\ penetration|

scattering in KLM
\

decay-in-flight in KLM

: KLM

scattering before KLM
| T

Figure 4.4: Various prompt pions in the KLM

The classification of prompt pions are similar to muons. i.e. “decay-in-flight
in front of KLM”, “decay-in-flight in KLM”, “penetrating KLM without
decaying”. Furthermore, products from “scattering of prompt pions with
material in front of KLM” (including scattered pions and muons which are
it s decay products) and “scattered products but interacted at inner KLM”.

Prompt pions can be categorized as a similer way to prompt muons. Decay-
in-flight pions before or in the KLM, and penetrating pions are also defined.
In case of pion, however, hadronic interactions have to be considered also.
Most of pions are scattered with nucleus in material before the KLM, and
its daughters, which include muons decaying from scattered pions, enter
the KLM. A part of pions also scatter in the KLM. This classification is
illustrated in Figure 4.4. Their momentum distributions with single-track
Monte Carlo simulation are shown in Figure 4.5.
This plot can be summarized as followings :
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Figure 4.5: Momentum distributions of prompt pions
This plot was made by Monte Carlo simulation about single pion tracks.

e Most probable process is “scattering before KLM”.

e In the lower momentum region (especially below 1 GeV/c), decay-in-
flight pions become more significant.

e In the higher momentum region, the fraction of scattering inside the
KLM increases.

e Penetrating pions are much smaller than the case in prompt muons,
but distribute almost uniformly.

e Available lower limit of momentum is about 0.5 GeV/c which is the
same as prompt muons.

Evident differences are seen between muons and pions. Therefore, if we
utilize above features, we can separate pions from muon candidates.
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4.2 Parameterization of “good” Muon

Some variables are defined here to separate prompt muons from sources of
contamination, which lead to parameterization of “good” muons.

As already mentioned, muons can penetrate many layers. Hence, the
number of penetrated RPC layers is an useful index. However Figure 4.3
and 4.5 indicate that not all of muons penetrate the KLM, whereas even
some pions can penetrate it like muons. Therefore we need another index
to represent the behaviour of muons.

Consider what happens when a prompt pion interacts with nucleus in
the detector with hadronic interaction. Because of large scattering angles,
many hits generated by the pion are far from expected position for muon,
and the measured range in the KLM also becomes shorter than expected.
This is illustrated in Figure 4.6.

prange

KLM

Tt Tirange

Figure 4.6: Pions scattered inside KLM.

Since x? can justify whether its distribution is correct or not, the com-
bined information of measured range and x? about reconstructed trajectory
is the most useful index. In this study, x? is calculated by each hit associated
with the reconstructed track and the range is measured by the outermost
layer which an associated hit.

Figure 4.7 shows the distribution of x? and range obtained by single track
Monte Carlo simulation. The distribution of x? has a sharp peak around 1
in the case of muons. On the other hand, x? for pions has much broader
distribution than muons. Just an opposite tendency is seen between muons
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Figure 4.7: x? and range distributions for muons and pions.
Left: reduced x? distribution,

Right: measured range distribution.

Both plots are made by single track Monte Carlo simulation.

and pions for the range distribution. Both plots prove that they are useful
to describe “good muons”, so as to separate muons and pions.

4.3 Muon identification procedure

In order to obtain x? and range, a muon candidate should be reconstructed
as precise as possible. We can use RPC hits as inputs for track reconstruc-
tion. Charged tracks which are reconstructed in the CDC are extrapolated
to the KLM with an extrapolator using the GEANT [15] program, then they
are considered as muon candidates. An usual method utilized by BELLE
was as follows :

1. extrapolate a muon candidate with a GEANT-like extrapolator,

2. include multiple Coulomb scattering effect as covariance of tracking
parameters, position and momentum,

3. open a “window” proportional to the covariance and associate hits
which exist in the “window”,

24



4. measure the residual of extrapolated position and associated hits, then
calculate x? ,

5. iterate this process,

6. finally measure range and compare with expected range based on muon
assumption,

7. identify the muon with applying cuts to obtained values.

This method is effective to a certain extent, if covariance is correctly esti-
mated.

4.3.1 ”Blind” extrapolation

KLM;

Progressive o

Figure 4.8: The scheme of track reconstruction for muon candidates.

A muon trajectory is shifted by multiple Coulomb scattering. Blind extrap-
olation may lose hits, includes fake hits generated by another track or noise,
or results in a wrong range. Progressive extrapolation may correctly follow
this on the other hand.
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In the usual method described above, the quality of the fit becomes worse
with an unexpected large-angle scattering or a pile-up of many small-angle
scattering.

That’s why this method is called “blind extrapolation”. Of course if we
enlarge the search window which is proportional to the covariance matrix,
we may take many RPC hits. However, such a wide window allows to include
fake hits which are made by another candidate, or shower of neutral hadrons,
or just noise. On the other hand, if we reduce the window size, we lose some
RPC hits. Then calculated results are no longer accurate.

4.3.2 ”Progressive” extrapolation

If we include information of each hit layer by layer, after one hit is associated,
the track itself is updated with this information and the last status. Then,
the next extrapolation point is predicted. If this process is iterated, all the
hits can be included one after another. This method is called “Progressive
extrapolation”. Figure 4.8 shows this scheme.

It is sufficient for progressive extrapolation to have a relatively narrower
window, since extrapolated position is close to reality. Even if unexpected
phenomenon occurs, the updated track with this information may predict
the next position. This fact gives an additional merit. Because an extrap-
olated track is closer to material which is passed by the real muon, energy
loss is more correctly estimated. Consequently, range is more precisely cal-
culated.

One of effective methods for progressive extrapolation is the Kalman
filter. Kalman filter is an all-purpose theory which originates from system
theory as a mean of analyzing a discrete linear dynamic system. This method
is already adopted by track filtering in SVD [14] and fitting in CDC. Kalman
filter theory and its application to the KLM is mentioned in the next chapter.

4.3.3 Muon identification

In this study, muon identification is done with only three cut parameters.
All parameters depend on range or x? which are discussed already.

number of associated layer The number of associated layer is the num-
ber of RPC layers which are associated with an extrapolated track. It
is used for low momentum pion reduction.

range difference Range difference means the difference between the out-
ermost hit-layer expected by muon assumption and the measurement.
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Figure 4.9: The flow of muon identification.

In case of muons, it is expected to be close to 0. On the otherhand, if
it is a pion, the value will be spread.

reduced x2? As well known, though the expected value of x? shifts depend-
ing on the degree of freedom, reduced x? which is divided by the degree
of freedom is around 1 in average. That is why reduced x? is used as
a cut parameter. Since RPC read out consists of two strips crossing
perpendicularly, a reconstructed hit has 2 degrees of freedom. Con-
sequently, x? is divided by twice of the number of reconstructed hits.
This fact implies that it depends on momentum, as the number of hits
depends on momentum also. Therefore, we introduce a momentum
dependent cut.

These cut values are applied to muon candidates in the order shown in

Figure 4.9. Only a muon candidate which passes all the cuts is considered
as a muon.
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Chapter 5

Kalman Filter

The Kalman filter is the most popular tool for track fitting in high energy
physics experiments today [11, 12, 13] and it has been successfully imple-
mented for LEP experiments, CLEO and BELLE. In this chapter, principles
of Kalman filter and its application to the KLM are described.

5.1 Principles

The Kalman technique focuses on a p x 1 state vector that contains the
p state parameters to be estimated, and on a model that extrapolates the
state vector from point to point. These points can either be real points in
space or time, or can simply be dimensionless integers (e.g. the track number
in vertex fitting).

In the following, we use aj to denote the p x 1 state vector containing
the true state parameters at point k. The state vector extrapolation model
in the linear case is :

a = Fp 1051 +wp_1 (51)

where Fj,_1 is a matrix that extrapolates the state vector from point &k —1 to
point k£ and wy_1 represents “process noise” that corrupts the state vector
(in track fitting, for example, the process noise is due to multiple scattering).
The process noise is assumed to be unbiased and to have finite variance, and
its covariance matrix is Q.

The components of the state vector &, are not measured directly. The
actual m measurements my, at point k are linear functions of the state vector
ay, such that,

my = Hioy, + € (52)
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where my, is a m X 1 vector, Hy is a m X p, and €, represents measurement
noise, or measurement errors. In analogy to the process noise, the measure-
ment noise ¢, is assumed to be unbiased and to have finite variance, and its
covariance matrix is Vi. Overview of this system is illustrated in Figure 5.1.

/ 1

oy

Figure 5.1: Dynamic system for this study.

The state vector at point k-1, ap_1 is extrapolated by linear transforma-
tion Fy_q, with process noise which obeys Gaussian distribution. Actual
mesuarements my, at point k comes from projecting &y by matrix Hy, with
smearing by measurement noise €y,.

Then we define a’,:_l to be the best estimate of the true state vector &y
using all measurements up to but not including the k-th measurement, and
aﬁ to be the best estimate of the state vector including the k-th measure-
ment. In the language of Kalman filtering, a’,zfl is the predicted estimate
of ay,, and a’,g is the filtered estimate of a;. Further, for n > k, of is called
the smoothed estimate of ;.

In the Kalman scheme, a’,j is taken to be arbitrary linear function of the
extrapolated (or predicted) value of the state vector, a',z_l, and the actual
measurement my made at point & :

of = Ko™t + Kimy, (5.3)
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where K ,% and K,% are arbitrary matrices. The Kalman prediction equation

is taken to be :

ol =F okt (5.4)

Requiring of to be unbiased (i.e. expectation value of (af — &, = 0)) yields :
ok = allz_l + Ky (my, — Hkal,z_l) (5.5)

where K}, is called the Kalman gain matrix and r',:_l =my — H kallz_l is the
predicted residual. Further,

K} = (I — K,Hy) (5.6)
and
K% =K, (5.7)

K, is determined by requiring that it minimizes the sum of the squares of
the standard deviations of the estimated parameters,

OTr(Cy)

where T'r(Cy,) is the trace of Cy and C, is the p X p covariance matrix of the
estimated parameters at point k. Solving for K yields :

Ky = CF 'HYI (Vi + HyCr T HE) ™! (5.9)
where
CFl = Fe 1 CFLFE | + Qi (5.10)
and
CF = (I - KeHy)CF™! (5.11)

The filtered residual r, is derived from predicted residual :
Ty = Oéllg — Otllz_l = (I — HkKk)’I"I]:_l (512)
The covariance matrix of the filtered residual R; becomes :

Ry = (I— HpKy)Vi
= Vi, — HC,HY. (5.13)

x? incremments :
X% = X%—l + r%R,;lT'k. (514)
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Figure 5.2: The scheme of Kalman filter.

Upper: prediction of state vector, Lower: filtering of predicted state vector.
Estimated state vector up to k-1 is extrapolated by linear transformation
matrix same as true state vector. This operation is called “prediction”.
After that, predicted state vector is projected to predicted measurement. It
is compared by actual measurement, then Kalman gain is calculated with
its residual. Kalman gain updates predicted state vector to latest estimated
state vector. This operation is ca]]ed31“ﬁ1tering”.



(the superscript T denotes the transpose). In correspondence to our
earlier notation, C,’j_l is the best estimate of Cy excluding the k-th mea-
surement, and C’,’cc is the best estimate of C}, including the k-th measurement.
These schematic views are shown in Figure 5.2 We note that our equations
correspond to the “gain matrix” formulation of the Kalman filter method.
Friuhwirth further explores the “weighted means” formulation, focuses on
the K} and K} matrices instead. The two methods are mathematically
equivalent; the gain matrix formulation is generally preferred if m < p.

5.2 Application of Kalman filter to KLM

In order to implement Kalman filter to a real detector, we have to decide
the following 3 points :

e initial state vector to start Kalman filter (ap).

e extrapolator to move state vector from one measurement point (Fy_)
to the next point.

e actual measurement quantities to update the state vector.

In this section, these items are described for the case of the KLM.

5.2.1 Initial state vector

The Kalman filter requires a starting state vector. In the BELLE environ-
ment, this is achieved as the result of tracking performed in the CDC and
the SVD. To begin with, tracks are reconstructed in the CDC and expressed
by helix parameters which are convenient to describe helical trajectories in a
static magnetic-field. After that, they are updated with the SVD hits, utiliz-
ing a Kalman filter method. Then, these tracks are extrapolated from outer
hits of the CDC to outer detectors by the GEANT [15]-like extrapolator
which is employing GEANT routines internally. As a result, if an extrap-
olated track reaches the KLM, we can utilize this as the input for Kalman
filter. Note that for the state vector, instead of a helix representation used
in the CDC, we use the position-momentum vector (or any linear combina-
tion of these parameters). Since there is no magnetic field inside RPCs (cf.
Figure 5.3), helix parameters can not be handled. Of course the covariance
matrix is also transformed from helix parameters to position-momentum
notation.
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Figure 5.3: Magnetic field in the KLM detector.

The KLM iron absorber serves as a return yoke. Therefore it shows complex
magnetic field with a strong dependence in polar angle or radius. In this
plot, upper left structure is the KLM barrel region, right structure is the
forward endcap region, lower parts are inner detectors and solenoid coil (the
biggest black box between the KLM and inner parts). In the white areas the
strongest magnetic field exists. In the KLM region, white boxes represent
iron layers. Black boxes which are seen between iron layers are RPC layers.
RPC layers have no magnetic field. These magnetic fields were measured
before the experiment was started.

5.2.2 Extrapolator

Extrapolator is the model which is in charge of transportation of the state
parameters between each hit included. In the case of the CDC, the Kalman
filter procedure uses a simple helix and error matrix is updated one time for
each step. However, in our case we just use the GEANT routines to perform
the extrapolation between two layers and update the error matrices.
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GEANT is the program that transport particles through the various
regions of the setup, taking into account geometrical volume boundaries
and physical effects according to the nature of the particles themselves,
their interactions with matter and the magnetic field. In the non-uniform
magnetic field, charged particles are transported using Runge-Kutta method
for solving the kinematic equations.

We choose it for several reasons :

e In the CDC and the SVD, the material (e.g. SVD DSSDs, covers or the
CDC gas) in question can be approximated by thin layers. Treatment
of thin layers is straightforward in the update of the error matrix.
The material in the KLM (materials of RPC + 4.7 cm of iron) is too
thick to do the same thing. The effect of energy loss and multiple
Coulomb scattering can not be taken into account in one step, and it
must be divided in many steps until the thin layer assumption becomes
acceptable.

e In the CDC and the SVD, the non uniformity of the magnetic field is
taken into account as a correction. For the KLM, however, it is far
more complex due to the fact that iron part is the return yoke and
gives some large dependence in polar angle and radius of the magnetic
field (cf. Figure 5.3).

e Although GEANT routines are rather time-consuming, the number of
tracks reaching the KLLM is small. Also in many cases extrapolation
can be terminated in the middle as the particle may stop in the KLM.
Therefore the time consumption is not an issue.

GEANT is the best candidate because it offers simplicity and excellent pre-
cision.

5.2.3 Measurement quantities

Kalman filter can deal with any quantities to update the state vector. In
case of the KLM, RPCs give 2 dimensional hit position. Since 2 RPC strips
are not placed on the same plane, reconstructed hit position is at the center
of RPC. However, large resolution of RPC strip (~ 2c¢m) dilutes this effect
and we can assume that 2 strips are on the same plane. Figure 5.4 illustrates
the schematic view of reconstruction of each hit.

In case multi-strips are fired, position is reconstructed as a center of
gravity. Such multiplicity and its effect to the intrinsic resolution is studied
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} Superlayer

Figure 5.4: Schematic view of a reconstructed hit

A KLM superlayer has 2 RPCs and strips which are put on each end. When
a charged particle penetrates it, each strip fires and gives one dimensional
position. The crossing point of the hit strips gives the 2-dimensional position
information.

with several ways. Figure 5.5 represents the multiplicity at the KLM de-
tector and its effect to resolution. Though hits with high multiplicity make
resolution worse, the fraction of such tracks is considerably small.

Table 5.1 shows the intrinsic resolution used in our Kalman filter. These
values are obtained in the calibration runs with cosmic ray events.
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Figure 5.5: Multiplicity and residual.
Left: Average multiplicity distributions at several positions.

Right: Residual distributions for different multiplicities.

These quantities are obtained by cosmic ray calibration. Position 0-4 are

arbitrary strips in order from inside to outside.

Counts

600 |

400 |

200

1 Strip Mult. 1 I
1 Strip Mult. 2
— Strip Mult. 3

[ Strip Mult. 4

Residual

In the barrel part, the

mean multiplicity is about 1.5. On the other hand, endcap ¢ strips show
rather higher multiplicity but still smaller than 3. Since 1 or 2 multiplicity
cases show good resolution, hit multiplicity does not give so much impact
on reconstruction 2 dimensional hits.

) Barrel Endcap
Number of strips ¢ strip (cm) | z strip (cm) | ¢ strip (radian) | 6 strip (cm)
1 strip 1.3 1.1 1.0 1.2
2 strips 1.3 1.1 1.1 1.4
3 strips 2.0 1.7 1.3 1.8
4 strips 3.3 2.9 1.7 3.0

n strips(n > 5)

v/n/12x width of strip

Table 5.1: Intrinsic resolutions as a function of the numbers of hit strips.
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5.3 Basic Performance check

5.3.1 Definition
Residual

The definition of residual is the difference between the position of the track
extrapolated to one RPC layer and the reconstructed hit :

residual = Vexp — Vi, (5.15)

where Vi, is the position of extrapolated track, Vyi; is the position of the
reconstructed hit. It is measured along each direction of RPC strip.

Pull

Pull is defined by the following formula :

pull= —, (5.16)

e

where R is residual, o is the standard deviation of track parameters. There-
fore the pull should be unity if the error estimation is correct. The standard
deviation o consists of two parts : One (0¢qck) comes from tracking quan-
tities, which are handled by extrapolator(e.g. pposition-momentum). The
other is measurement quantity oy,eqs, which is measured by each active de-
tector. Then, the total o is

0= V t%‘ack + 0-7271,80,5 (517)

Reduced y?

This value was already mentioned in the previous.
x? itself was defined in Function (5.14).

Range difference

Although range itself was already explained, it is effective to define a new
parameter for comparison between muon assumption and reality.

range difference = expected range — measured range (5.18)

If the candidate in question is a prompt muon, ideally speaking this index
should be 0. For pions, the distribution will have a long tail.
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5.3.2 Result

Tracking performance is first studied with single track Monte Carlo simula-
tion. Each event contains a muon or pion single track with conditions listed
in Table 5.2.

We compared progressive extrapolation (Kalman filter) with blind ex-
trapolation. There was no other difference between two programs except
the method of extrapolation.

Residual

The residual distributions are shown in Figure 5.6. In case of the blind
extrapolation, because of multiple Coulomb scattering or inaccuracy of the
reconstruction in the CDC, the position at the outermost layer is spread from
true position and residual distribution shows large tails. The distribution for
pions is rather similar. Consequently, large search windows are necesserly
to hold high efficiency, which also allows many hits to be included for pions
as well. On the other hand, Kalman filtering enables us to reduce it. The
standard deviation of the residual becomes almost 2 ¢cm which is a half of
the typical strip width.
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Figure 5.6: The residual distributions with Kalman filtering (left) and with
blind extrapolation (right).

In each plot, a crossed histogram is for muons and the histogram filled with
horizontal lines is for pions. These values are measured at the outermost
layer, which had associated hits.
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Pull

The pull distributions are shown in Figure 5.7. Though covariance is slightly
overestimated in blind extrapolation (pull is 1.13), it is fixed by Kalman
filtering, i.e. pull is nearly equal to 1. Therefore, error estimation in Kalman
filtering is confirmed to be almost correct. In addition, this Gaussian tail
proves that 6 ¢ window is sufficient, since almost all the muons are contained
in this window. Pull for pions is largely stretched on the otherhand. It means
that error estimation which is based on muon assumption is too small for
pions.
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Figure 5.7: The pull distributions with Kalman filtering (left) and with blind
extrapolation (right).

In each plot, a crossed histogram is for muons and the histogram filled with
horizontal lines is for pions. These values are measured at the outermost
layer which had associated hits.

Reduced x?

The x? distributions are shown in Figure 5.8. The reduced x? distribution
is quite different between Kalman and blind extrapolation. The distribution
with blind extrapolation shows a large tail. This is due to overestimation of
covariance, lack of the care for large angle scattering, and poor reconstruc-
tion or extrapolation. The pion distribution for pions is also distorted. As
a result, p /7 separation is not so effective. On the other hand, the peak
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for muons is nearly equal to 1 with Kalman filtering. Pion contamination
roughly shows flat distribution. This implies that pions can be correctly
separated from muons.
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Figure 5.8: The reduced x? distributions with Kalman filtering (left) and
with blind extrapolation (right). In each plot, a crossed histogram is for
muons and the histogram filled with horizontal lines is for pions.

Range difference

The range differences are shown in Figure 5.9. Range difference is expected
to be 0 for muon. For blind extrapolation, 88% realize it, but others spread
slightly wide. With Kalman filtering, such tracks are recovered. Almost
94% tracks just stop in the same layer as expected with smaller scattering.
For both cases, pion distribution is clearly separated and more pions are
rejected with Kalman filtering.
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Figure 5.9: The range difference distributions with Kalman filtering (left)
and with blind extrapolation (right). In each plot, a crossed histogram is
for muons and the histogram filled with horizontal lines is for pions. These
values are measured at the outermost layer which had associated hits.

‘ condition ‘

momentum  (GeV/c) | 0.5-3.0

polar angle (degree) | 20-150
azimuthal angle (degree) | 0-360

the number of events 10000

Table 5.2: Conditions of single track Monte Carlo simulation.
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Chapter 6

Performance

In this chapter, we present the performance of the muon identification pro-
gram with Kalman filter. Efficiency and fake rate are investigated with both
Monte Carlo simulation and real data taken with the BELLE detector in
1999. Finally the reconstruction of J/¢¥ — pp is demonstrated with real
data.

6.1 Definition

Efficiency

Two types of efficiency are considered. One is the efficiency with respect to
reconstructed tracks in the CDC, which is called “Global efficiency” in this
study. Global efficiency is affected by many components of inner detectors,
besides the shape of the KLM detector itself. To reduce this effect, it is
effective to consider the efficiency with a correcction of the KLM acceptance.
This is achieved by checking whether an extrapolated muon candidate can
be sensed by RPC strips or not. It is defined as “Software efficiency”. Their
definitions are :

Global efficiency = Ny , (6.1)

recon

where Nyecon is the number of candidates reconstructed in the CDC and N,
is the number of candidates identified as a muon, and

N
Software efficiency = —*—, (6.2)
Ncand

where Ni.unq is the number of candidates successfully extrapolated to the
KLM acceptance region.
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Fake rate

Fake rate is, in other words, the efficiency of missidentifying pions (and
K,e,p) as muons. Therefore the definition is almost the same as that of
muon efficiency :
Global fake rate = M, (6.3)
recon
where Niecon 18 the number of candidates reconstructed in the CDC and
Ncont s the number of candidates identified as a muon, and

N
Software fake rate = —2% (6.4)

cand

where N_,nq is the number of candidates successfully extrapolated to the
KLM accenpance region.

6.2 Performance with Monte Carlo simulation

In this section, efficiency and fake rate with single track Monte Carlo simu-
lation are shown. We compared the performance of Kalman filter with the
optimized software for blind extrapolation [16].

6.2.1 Efficiency

Efficiency is evaluated as a function of momentum, polar angle, and az-
imuthal angle. The results are shown in Figure 6.1 and Figure 6.2.

Momentum dependence

Both cases show flat distribution, especially in high momentum region. Dif-
ference in lower momentum region is mainly due to the difference of the cut
variables.

Polar angle dependence

Without Kalman filtering, the dip of efficiency is seen at the boundary region
between barrel and endcap, forward and backward endcap region. Large
resolution without Kalman filtering implies extrapolated candidate goes out
of the KLM detector, and it can not be recovered any longer. In case of
Kalman filtering, this effect becomes smaller, since the extrapolated track
is close to the true muon track.
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Figure 6.1: Muon identification efficiency with Kalman filter.
Solid lines are Software efficiency, and dashed lines are Global efficiency. All
the plots are made by single-track Monte Carlo simulation.
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Figure 6.2: Muon identification efficiency without Kalman filter (blind ex-
trapolation).

Solid lines are Software efficiency, and dashed lines are Global efficiency.
Note that these plots were obtained by another muon identificaion tool which
was served to KEK B-factory. All the plots are made by single-track Monte
Carlo simulation.
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Azimuthal angle dependence

Azimuthal angle dependence is almost flat, except around 90 degrees. It
is due to “chimney” for the cryostat. Because the chimney penetrates the
KLM, there is no RPC detector in this region. This naturally makes effi-
ciency drop. Kalman filtering absorbs this effect.

6.2.2 Fake rate

The results are shown in Figure 6.3 and Figure 6.4.

Momentum dependence

With Kalman filter, averaged fake rate is lower than the case without Kalman
filter in all the momentum regions. In very low momentum region, the fake
rate becomes twice as that in the high momentum region without Kalman
filter, but it is reduced with Kalman filter. Thus Kalman filter enlarges the
accessible momentum region.

Angular dependence

Fake rate becomes flat with Kalman filter, both for polar angle and az-
imuthal angle distributions.
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Figure 6.3: Pion fake rate with Kalman filter.
Solid lines are Software fake rate, and dashed lines are Global fake rate. All

the plots are made by single-track Monte Carlo simulation.
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Figure 6.4: Pion fake rate without Kalman filter (blind extrapolation).

Solid lines are Software fake rate, and dashed lines are Global fake rate. Note
that these plots were obtained by another muon identificaion tool which was
served to KEK B-factory. All the plots are made by single-track Monte Carlo

simulation.
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6.2.3 Classification of identified candidates

Figure 6.5 and Figure 6.6 show classification of identified muons and misiden-
tified pions.

For muons, penetrating muons are obtained with high efficiency and
muons decaying before the KLM are never identified. Though a small frac-
tion of muon decaying in the KLM is lost, generally speaking the original
distribution is kept in the whole momentum region. Almost all the scattered

<\l decay-in
1000 \\\\\\‘\\
: s%\
250 ‘&\\ |

0.5 1 15 2 2.5

3
GeVic

Figure 6.5: Classification of identified prompt muons.
This plot was made by Monte Carlo simulation with single muon track
events.

pions are reduced in the whole mometum region. The largest component is
pions decay-in-flight before the KLM detector. Distribution of such tracks
is flat in mommentum, and shows the same behaviour as that of prompt
muons. Furthremore, in high momentum region, penetrating pions share 20
% of the total fake rate. This particle is difficult to reject, because interac-
tion is the same as prompt muons.

On the other hand, in lower momentum region, decay-in-flight pions in
the KLM are the main source of contamination. This fact implies there may
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be some room to improve muon identification performance, for example by
detecting the point of decay-in-flight.
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Figure 6.6: Classification of misidentified prompt pions.
This plot was made by Monte Carlo simulation with single pion track events.

6.3 Performance in Real Data

6.3.1 2 photon — uu

The 2 photon process is useful not only to study interesting physics (for
example 2 photon — 77), but to study detector performance because of its
wide momentum and polar angle ranges. Background events are also small.
In this study, we use 2 photon — up mode to study muon identification
performance. The Feynman diagram of this process is shown in Figure 6.7.

Selection criteria

The selection criteria are as follows :
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Pre-selection for 2 photon events [21]

—dri <5 (Cm)

— dz; <5 (cm)

— Pr; > 0.3 (GeV/c)

— 17 < 6; < 150 (degree)

Cosmic ray reduction

— 01 + 02 < 174.75 (degree)
— 601 + 02 > 185.63 (degree)

Beam background reduction

— —15<dz1—dze <15 (cm)
- —2.0<dz1 —dz2 < 3.0 (cm)

Reduction of fake particles

— Proton probability < 0.4
— Electron probability < 0.4 or E/p< 0.8 or E/p> 1.2

Event tagging

— One of 2 tracks is used to confirm this event is really 2 photon
pis event (event tagging)

— Another candidate is used to judge actual performance.
where ¢ = 1,2, Pp; is the transverse momentum, 6; is the polar angle of

each candidate, dz; and dp; are impact parameter along beam direction and
crossing direction, respectively.

Figure 6.7: 2 photon — pp Feynman diagram.
In many cases, electrons go down to the beam pipe and are unseen. There-
fore only pyu are seen in the BELLE detector.
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Performance

The efficiency is shown in Figure 6.8. The results with real data are consist
with Monte Carlo simulation in the momentum region of interest. Conse-
quently, it is ascertained that required momentum range to observe J/¢¥Kg
event (See Figure 2.2 ) is covered with sufficient efficieny.
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Figure 6.8: 2 photon — pyu efficiency as a function of momentum (left) and
polar angle (right). Black circles represent real data taken by BELLE 1999
runs. Open histograms are obtained by Monte Carlo simulation.

6.3.2 Inclusive J/v

At last, we show the performance of muon identification with inclusive B
decay to J/v ; i.e. B — J/¢X, where X means anything and J/4 is recon-
structed with J/v — pu .

The selection criteria are as follows :

e Pre-selection to select events containing some hadronic tracks [21]
e Require two candidate tracks with an opposite charge.

e Require P* < 2 (GeV/c) to reject J/1p from continuum events, where
P* means the momentum of J/v candidate at Y (4S5) rest frame (kine-
matical cut).

e muon identification
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— One candidate passes loose cut criteria.

— Another candidate passes usual cut criteria.

Figure 6.9 shows the dimuon invariant mass distribution. By estimating the
number of background events with linear function, we estimated the number
of reconstructed J/v — pu events :

Njjp—spy = 136 £ 13 events, (6.5)

where integrated luminosity is 239 pb~! for the 1999 Autumn runs of KEK
B-factory. This sharp peak clearly demonstrates that muon identification
tool utilizing Kalman filter works as expected.
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Figure 6.9: J/v — pp invariant mass distribution

Mass peak are seen around nominal mass of J /v (3096.88 + 0.04 MeV) [19].
These J /v come from B — J/¢ X. Filled circle means data point. Each bin
is seperated with 10 MeV /c width.
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Criteria | # of events | Efficiency(%) | Total Efficiency(%)

Nyjp—suu 10000
Pre-selection 8992 89.9 89.9
Reconstruction 8086 89.9 80.9
Opposite charge 7737 95.7 77.4
Kinematical cut 7622 98.5 76.2
Muon identification 6049 79.4 60.5
Fitting 5935 + 78 98.1 £1.8 59.3 £ 0.8

Table 6.1: Results of event selection for J/v — puu Monte Carlo simulation.

We can also estimate the branching ratio of B — J/4X based on this
result. First of all, Ny, ., is expressed as follows :

Nyjpsup = Nposgipx X Br(J/th — pp) X €sel X €rec X €up X €6y (6.6)

where Np_, ;/yx is the number of B — J/9X events, Br(J/y — pp) is the
branching ratio of J/¢ — pu decays, ey is the pre-selection efficiency, erec
is the reconstruction efficiency, ,1p is the muon identification efficiency and
et is the fitting efficiency.

As Ny, is estimated and each efficiency can be estimated with
Monte Carlo simulation, we can obtain Np_,j/yx. Table 6.1 shows Monte
Carlo results of B — J/¢¥X — pp.

Since Br(J/¢ — pp) = 6.01 +0.19% [19],

Since the number of produced BY B? events is estimated to be 232420 [17],

NB yanyihing = 2 X Ngg = 2 x 232420
= 464840 (6.8)

Therefore, the branching ratio of Np_, j/yx becomes

N
Br(B — J/yX) = ﬁ
anything

= 0.83+0.08(%), (6.9)

where the error is statistical only. The result is not inconsistent with the
previous experimental result of 1.12 + 0.04 + 0.06(%) [18].
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Chapter 7

Conclusion

CP violation is one of the hot topics of present elementary particle physics.
The KEK B-factory is one of facilities to study it with producing a large
number of B mesons. Identification of muons at the KEK B-factory is
important as the most promising decay mode of B meson is B — J/¢¥Kg
where J/1) further decays into ™y~ and ete™ .

For identification of muons, its character was compared with other charged
particles which are pions, kaons, electrons and protons. Since muons are able
to penetrate a large amount of material, a measurement of range is effective.
Though a small fraction of pion penetrates such material also, they can be
rejected by calculating x?’s for associated hits. In order to take the scat-
tering effect into account, methods with progressive fit are preferred for the
precise estimation of x2 . Therefore simultaneous measurements of range
and x? are needed to identify muons.

In order to meet this requirement, we developed muon identification
software adopting Kalman filter algorithm which is one of the most popular
tools to realize progressive fitting Although the Kalman filter has been used
for track fitting, in several experiments it has not been widely used to identify
muons in spite of its potential advantages.

Muon identification efficiency and pion fake rate were estimated with
Monte Carlo simulation. Both results showed sufficient performance to iden-
tify muons and reject pions at the same time.

The performance was also investigated with the data taken at the KEK
B-factory in Autumn 1999. We looked at the two photon — uu process to
evaluate the identification efficiency, and obtained good agreement between
the real and Monte Carlo data in the momentum range enough to cover
muons from J/9¥Kg events. In the end, we demonstrated the reconstruction
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of inclusive B decays into J/v (= u* ™). From the signal yield of (136413)
events collected with an integrated luminosity of 239 pb~!, the branching
fraction was estimated to be Br(B — J/$X) = 0.83 £ 0.08(%).

With these results, we conclude that muon identification with the Kalman
filter algorithm satisfies the requirements at the KEK B-factory and will play
an essential role in measuring the CP asymmetry in B decays.
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Appendix A

CP violation

A1l C,P,T symmetry

Historically speaking, various conservation laws are discovered by many
physicists. Nowadays, it is widely known that each conservation laws are
related to the symmetry of our universe. In quantum theory, several conser-
vation laws which are corresponding to discrete transformations, are known.

Charge transformation Charge transformation C is the operation to ex-
change the particle for the anti-particle. We can’t say which is original
or exchanged one, since both following the same physical law.

Parity transformation Parity transformation P is the operation to project
one vector to “mirror”. The vectors like spatial vector 7 and momen-
tum vector 7’ change their own sign (parity-), but some producted
vector like the angular momentum L = 7 x P don’t change (parity
+).

Anyway, original vector and projected one seem following the same
physical law. It means we can’t distinguish our universe and the uni-
verse in the mirror.

Time transformation Time transformation T is the operation to reverse
the flow of time. For example, momentum vector 7’ change its sign,
but still follow same physics law. This transformation can’t be distin-
guished original and reversed one also.

And more, the project of the above three transformation CPT are in-
variant for local interaction. It is guaranteed by CPT theorem, and no ex-
perimental evidence are seen to break it. Of course, it has been considered
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that each transformation about C,P, T are invariant for any interactions
,also. The world was symmetric.

A.2 C and P violation

In 1957, the violation of C and P in weak interaction were founded in the
B decay of 9Co by C.S.Wu, based on the suggestion of Lee and Yang.
However, it seemed that their product, CP was still invariant.

A.3 CP violation at K decay

CP violation at neutral K meson system was predicted by Gell-Mann and
Paris.

There are two neutral K mesons, K° and K9, where K° consists of §
and d quark (S = +1). Other hand, K° consists of s and d quark (S = —1).
In fact, both mesons are not CP eigenstates, but mass eigenstates. So, we
rewrite them to CP eigenstates with following formula :

K1) = 7|KO>\%|KO> (A.1)
|Ky) = 7|K0>\EKO> (A.2)
They satisfy :
CP|K1) = +|K1) (A.3)
CP|K) = —|Ko) (A4)

Experimentally, two neutral K mesons are observed : short lived Kg and
long lived K. Ks mainly decays into two 7, 717~ or 7%°, and K,
has decay mode to three 7 mode, 7t7 7% or 7%%7% and semi-leptonic
mode, nuFu(K);) or n¥eFr(KQ), and so on. Well, consider about CP
phase of two 7 and three 7. CP(r"7~) = +1 for ground state of this
two-body system, since 7 is boson, both 7 are symmetric to exchange, so
CP(rtm™) S CP(r—n™) 5 CP(r*7~). Otherhand, C(7%) = +1 for
C(n9) decays to two 7, where C(y) = —1. It means CP(r "7~ 7%) = —1.
Therefore, the decay into 77~ is allowed for the K1, but forbidden for the
K> if CP are conserved. This CP study suggests Kg = K1, K; = Ko,
because it is considered as explanation why long lived Kj, has really longer
life than Kg.
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However, in 1964, Christenson, Cronin, Fitch and Turlay discovered that
the long lived K1, also decays into 7™~ with a branching ratio of ~ 2x1073.
This decay mode obviously say the existence of CP violation. Both Kg and
K7 are no longer the CP eigen states :

CP|Ks) = ﬁ(cmm) +cCP|K)), (A.5)
CP|K1) = ———(CP|K,) + cCP|K1)), (A.6)

V1+ e

where ¢ is a complex number.

A.4 CP violation in the Standard Model

In the Standard Model with SU(2) x SU(1) as the gauge group of electro-
weak interactions, both the quarks and leptons are assigned to be left-handed
doubblets and right-handed singlets. Especially for three generations quarks,
their charged current J# are given by :

d
T = (@ QMV (s) , (A7)
b

where V is the 3x 3 complex mixing matrix ,called as the Cabbibo-Kobayashi-
Maskawa matrix (CKM matrix).

Vud Vus Vub
V = Vea Ves Ve
Vie Vis Vi
C1 —81C3 —S8183
= S1Cy  C1Cac3 — S953€"0  cieosg — spcge® | | (A.8)
[ )

81892 c€189c3 + c983€e" 18983 — cocze’

where ¢; = cos b, s; = sin6;, 6;(i = 1,2,3) is the mixing angles and § is the
observable phase. In fact, more than three generations only allow to exist
of such phase, give CP and T violation in the Standard Model.

Wolfenstein described V' to very convenient approximate formula using
four parameters :

1—(X?/2) A AN (p — in)
= -2 1—(A\%/2) AN? , (A.9)
AN(1 —p—in)  —AN? 1
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where A\ = siné,., 6. ~ 0.22 is the Cabbibo angle, well determined by strange
particle decays, nuclear 8 decay, the production of charm in v interaction,
and so on. A is determined from |V|, obtained from measurement of semi-
leptonic decays of B meson and from B meson life time 75. The relative
strength of b — u and b — ¢ transition in semi-leptonic B decays can

determine /p? + n?.

The requirement of unitarity to V lead one interesting relation :
VudVyy + VeaViy + ViaViy = 0, (A.10)

This is the unitarity triangle what we call, a closed triangle on the complex
plane. The form of this triangle is shown in Figure A.1.

% Vb Vid

Vb Vud 0 o

VebVed

Figure A.1: The unitarity triangle of the CKM matrix

The three internal angles of the triangle are defined as

VisVia
= m—arg| —2— 1, A1l
¢ g ( —VC’ZVcd> (A.11)
Vi Vid
¢ = arg (%) ; (A.12)
_Vuqud
VJqud
= arg| 22— ]. A.13
¢3 g <_chvcd> (A.13)

To proof KM thorem, precise measurement of above three side and three
angle of unitarity triangle.

A.5 CP violation at B physics

CP violation at B meson are classified to several types : direct CP violation,
indirect CP violation and indirect CP violation in decays of mixed B°B° .
These difference are correspond to different mechanism for violation.
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A.5.1 CP violation in decay of B
Direct CP violation means different decay width between B and B :
I'(B—f)£AT(B =) (A.14)

It occurs through the interference of more than one diagrams which have
different phases. For example, there are two leading diagram, tree and
penguin (Figure A.2).

Usual process is tree, and penguin contribution can be negligible. But
some process like B — 777~ mode which is a measurement mode of ¢ ,
penguin contribution may not be neglected.

W S 9 S
b C b c
u,c,t
w

Figure A.2: left:Tree diagram right:Penguin diagram.

A.5.2 CP violation in B°B° mixing

Generally, the Hamiltonian of the particle which decay is :
I, (A.15)

where M is mass operator, real part of H , I is decay operator, imaginary
part of H.

The flavor status B® and BO are eigenstates of the strong and electro-
magnetic interactions, but not weak interaction, which is responsible for
their decay. So, we can expect there is mixing between both flavor similar
to neutral K system. In mass eigenstates, there are two neutral B mesouns,
lighter By, which has mass m; and width 'y, and heavier By which has
mass myg and width 'y :

B} = plB%) +4|BY), (A.16)
[Bu) = plB) - q|BY) (A.17)
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Their Hamiltonian are :

M11 M12 7 Fll I‘12
H= - = . A.18
( My Moy ) 2 ( For T ) ( )
CPT invariance implies that the diagonal components of H are equal :
M M12 1 r I‘12
= — = . A.19
" ( Mf5, M ) 2 ( 'y, T ) ( )

In this term, p and ¢ become :

g l-—ep Miy — (i/2)1'],
q_ _ , A.20
P 1+€B M12—(’L/2)FIQ ( )

If ep is non-zero, it indicates indirect CP violation in B%-B0 mixing from
its definition. It is same mechanism as indirect CP violation at neutral K.
However, much larger mass of B (I'12 < Mi2) compared by K (I'12 ~ 2Mj2)
makes €g too small to be observed.

A.5.3 CP violation in decays of mixed B°B°

The most hopeful scenario to be observed CP violation in neutral B system
are that both B? and B? decay into same CP eigenstate final state fcp.

A = (fcp|H|B°), (A.21)
A = (fcp|H|BY), (A.22)
(A.23)
Here, define useful value : ~
r=2.4 (A.24)
p A

and mixing. To know what this producted value really means, consider
about following CP asymmetric parameter as., :

[(B%(At) - fep) — T(B(At) — fcp)
T(BY(At) > for) + T(BY(AL) = fop)

aon (A1) (A.25)

2 _ 21
:;fcpl2 - 1 cos AMAL + % sin AM At{A.26)
fep fep

where AM = Mp,, — Mp,, At = tcp — ttag, tcp is the decay time for
the side which decays into CP eigenstate, and tpag is the decay time for
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opposite side used by tagging flavor of B° meson. Well, even if there is no
CP violation both direct (Acp/Acp = 1) and indirect (¢/p ~ 1),

afep(At) = Im(Ajop)sin AMAL (A.27)
= =+sin2(¢py + ¢p) sin AM AL, (A.28)

where ¢ is the phase related g/p, ¢p is the phase related decay into fcp.

This type of CP violation is so useful for B physics. For example,
BY — J/yKg :

q Aspprcs (q)
K = (= = (= A2
MI/PKs) (p)B (AJ/¢KS> P/ Kk (4.29)
VieVia | [ VesVer (Vc’szcs>
= — A.30
(wm&) (Vcng;, VeV (4.50)
afep (At) = sin2¢; sin AMAt (A.31)

In short, this decay mode is sensitive to ¢1, one angle of unitarity trian-
gle and to be determined by decay time measurement of both side. This
Feynman diagram is shown in Figure 2.1.
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Appendix B

KEK B-Factory

B.1 BELLE detector

B.1.1 Silicon Vertex Detector (SVD)

As described former section, the main purpose of BELLE experiment is to
observe time-dependent CP assymetry in B°B? decays. The SVD is charged
to reconstruct the decay vertex of each B meson in order to determine the
time difference between two Bs.

Since B meson has 200um decay length (distance between the KEKB
interaction point and its decay point) in average, the required resolution
for vertex reconstruction is in the order of 100um. Furthermore, to avoid
the influence of multiple Coulomb scattering, the amount of material of the
SVD must be minimized.

Double-sided Silicon Strip Detector (DSSD) was adopted as the detector
satisfying such harsh requirement. Three layers of double-sided 300 pm-thick
silicon strip sensor boards, spanning from 3.0 to 6.05 cm in r-phi. For each
layer, p-sides are used for ¢ readouts with 50 pmpitch and n-sides are used
for z readouts with 84 pympitch. Number of readout channels is 81,920.

B.1.2 Central Drift Chamber (CDC)

Central Drift Chamber (CDC) has two important role. One is to reconstruct
charged tracks for measurement momentum of the track from its curvature,
the other is to measure energy loss (dE/dz) inner the CDC, which is not
dependent on the kind of particle, but dependent on the velocity (8 = v/c).
So, the kind of particles are specified with both information.

64



The CDC looks like a cylinder which inner and outer radii are respec-
tively 8 and 88 cm, filled by 50 sense wire layers and 3 cathode strip layers.
The sense-wire layers are grouped into 11 super layers : 6 axial and 5 stereo
super layers. Stereo angles range from 42.5 mr to 72.1 mr. The number of
readout channels is 8,400 for anode wires and 1,792 for cathode strips. A
50% helium-50% ethane gas mixture is used in the chamber to minimize the
multiple Coulomb scattering contribution to the momentum resolution.

B.1.3 Aerogel Cherenkov Counter (ACC)

The ACC is the threshold Cherenkov Counter system consists of silica aero-
gel radiators. Cherenkov radiation is the phenomenon occurring in the mat-
ter caused by passing of the charged track : assume the material is indexed
by refractive = n. when the momentum of the charged particle in the matter

exceeds
n>1/8 =1+ (m/p)?

the matter radiates Cherenkov light.

So, m and K are discretely separated by adjusting the threshold : =
exceeds but K doesn’t. It takes one part of /K separation which is high
momentum region above 1.2 GeV/c, on itself.

Each ACC module consists of fine-mesh photo multiplier tubes to detect
Cherenkov radiation. The typical aerogel module comprises aerogel tiles
contained in a 0.2-mm-thick aluminum box. The inner surface of the box
is lined with Goretex sheet as the reflector. The barrel part of the ACC
consists of 960 aerogel counters; 16-fold segmentation in z and 60-fold seg-
mentation in ¢. Five different indices of reflection, n = 1.01, 1.013, 1.015,
1.020 and 1.028, are used depending on polar angle 6 (angle with respect
to the beam axis). Each barrel counter is viewed by one or two fine-mesh
photo-multipliers (FM-PMT’s). The endcap part of the ACC has 228 coun-
ters in total with n = 1.03 and is structured in five concentric rings with 36-,
36-, 48-, 48-, and 60-fold segmentation from inside to outside. Each endcap
counter is viewed by one FM-PMT through an air light guide. The number
of readout channels is 1,560 in the barrel and 228 in the endcap.

B.1.4 Time of Flight counter (TOF)

The Time of Flight (TOF) using plastic scintillation counter is a very pow-
erful method for particle identification. It is required to have a 100ps time
resolution in order to provide 30 7/K separation for momentum below

1.2GeV/c.
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One 5-mm-thick Trigger Scintillation Counter (TSC) layer and two 4-
cm-thick Time-of-Flight counter (TOF) layer separated by a 2-cm gap are
located at r = 120 cm. The TOF is segmented into 128 in ¢ sectors and
readout by one FM-PMT at each end. TSC’s have 64-fold segmentation and
are readout from only backward end by a single FM-PMT. The number of
readout channels is 256 for the TOF and 64 for TSC.

B.1.5 Cesium Iodide Calorimeter (ECL)

The target particles of electro-magnetic calorimeter (ECL) are photons and
electrons which make electro-magnetic shower inner the ECL cluster. The
ECL detect that showers, and measure its energy.

Since there are a plenty of 70 of B meson daughters and 7° decays into
2 =y, detection of photon with high efficiency and energy resolution is an
important issue, especially for low energy photon. 7° mass resolution is
dominated by the photon energy resolution. Sensitivity to and resolution of
low energy photons are the critical parameters for the efficient 7° detection.

Electron identification in BELLE relies primarily on a comparison of the
charged particle track momentum and the energy it deposits in the electro-
magnetic calorimeter. Good energy resolution of the calorimeter results in
better hadron rejection.

In order to satisfy these requirements, we chose a design of the electro-
magnetic calorimeter based on CsI (TI) crystal. All Csl (T]) crystals are
30cm (16.1 radiation length) long, and are assembled into a tower structure
pointing near the interaction point. The barrel part of the ECL has 46-fold
segmentation in § and 144-fold segmentation in ¢.

The forward (backward) endcap part of the ECL has 13-(10-) fold seg-
mentation in 6 and the ¢ segmentation varies from 48 to 144 (64 to 144). The
barrel part has 6,624 crystals and the forward (backward) endcap part has
1,152 (960) crystals. Each crystal is readout by two 10mmx20mm photo-
diodes. Total readout channel is 17,472. The inner radius of the barrel
part is 125cm. The forward (backward) endcap part starts at z=+196cm
(-102cm).

Several tests were performed with a photon beam provided from the
backward Compton scattering between electrons and laser photon

B.1.6 K; and Muon Detector (KLM)

The K, and Muon Detector (KLM) is designed to detect neutral kaons which
cannot be identified by inside PID detectors and muons which penetrate
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almost all detectors.

The KLM detector consists of a barrel part and two endcap parts. Four-
teen layers of 4.7 cm thick iron plate and each Resistive Plate Counter (RPC)
superlayer contains two RPC planes and provides € and ¢ information. The
barrel part has one additional RPC superlayer in front of the first iron plate.
RPC is made of 2-mm thick glass electrodes. The iron plate is an absorber
material for the KLM and also serves as the return path of magnetic flux
provided by solenoid magnet. Nominally, the detector covers the polar angle
range of 25° < # < 145°. Signals are readout by ~5 cm wide cathode strips
in both 6§ and ¢. The number of readout channels is 21,856 in barrel and
16,128 in endcap.

A detailed description of the KLM was already described.
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Table B.1: Performance parameters of the BELLE detector.

Detector Type Configuration Readout | Performance
Cylindrical,
Beam pipe | Beryllium r=2.3 cm Helium gas cooled
double-wall | 0.5mm Be/2mm He
/0.5mm Be
300 pm-thick,
Double 3 layers
SVD Sided r=3.0-5.8 cm
Si Strip Length =22 -34 cm | 81.9 K oay ~ 105 pm
Small Cell | Anode: 52 layers orp = 130 pm
CDC Drift Cathode: 3 layers 0, =200 ~ 1,400pm
Chamber | r = 8.5-90 cm A: 84 K | op,/pt =0.3%/p? + 1
-77< z <160 cm C: 15K | 04p/dax = 6%
n:1.01 | ~12x12x12 cm?
~ 1.03 blocks
ACC Silica 960 barrel Heff = 6
Aerogel / 228 endcap K/m 1.2<p<3.5GeV/c
FM-PMT readout 1,788
Scintillator | 128 ¢ segmentation or = 100 ps
TOF r = 120 cm, 128 x 2 K /7 up to 1.2GeV/c
3 m-long
Towered structure og/E=
CsI ~ 5.5x5.5x30 cm? 0.67%/VE®1.8%
crystals
ECL Barrel: r = 6,624 Opos=0.5 cm/VE
125 - 162 cm
Endcap: z = 1,152(f) | E in GeV
-102 and +196 cm | 960(b)
MAGNET super inn.rad. = 170 cm B=15T
conducting
Resistive | 14layers Ap=A0=30mr for K,
(5cm Fe+4cm gap)
KLM Plate c. two WPCs o;=1ns
in each gap
# and ¢ strips 0:16 K 1% hadron fakes

$:16 K




B.2 Particle Identification

At BELLE and KEKB condition, some particles which are v, e*, put, 7%,
K* Kp, etc. can be detected as “stable”, the others are reconstructed from
these “stable” particles. So, it is very important issue to detect effectively
and identify correctly such particles. Some particles are identified by one
sub-detector, the others are identified with combined information taken by
a few sub-detectors.

B.2.1 dE/dz information

The CDC is used.

Because of 1.5 T magnetic field in the CDC, charged particles are strongly
drifted and draw long traject. It allows the CDC to measure the momentum
and dE/dzx, the deposit energy per unit length. Since it is known that dE/dx
is the function of the velocity, and this shape of function is different of the
each particle kind, particle identification can be done in the CDC.

B.2.2 v identification

The CDC and the ECL are used.
Since 7 is one of neutral particle, it doesn’t make any track at the CDC,
but make cluster hit at the ECL due to electro-magnetic shower.

In short, the required condition for -y identification is the existence of hit-
ted cluster in the ECL and no matching with any charged track extrapolated
from the CDC.

B.2.3 ¢/7m separation

The CDC and the ECL are used.

Even if same momentum is measured between electron and charged m, the
big difference is seen at the ECL. At the ECL, electron deposits much larger
energy at the ECL, because of electro-magnetic shower. This feaure is in-
dexed by E/p, the ratio of measured energy deposit at the ECL and mea-
sured momentum at the CDC, hence electron and charged = can be sepa-
rated.

B.2.4 7/K separation

The CDC, TOF and ACC are used.
Though charged K and 7 have almost same character, the mass of K is 5
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times larger than 7. Since momentum of charged particle is always measured
by the CDQC, it is needed the velocity to know the mass.

If measured momentum is lower than 1.2 GeV/c, it is available the ve-
locity measured by the TOF. But if momentum exceeds 1.2 GeV/c, velocity
measurement become difficult. The ACC is adjusted to work at such high
momentum range. If the velocity is higher than the threshold decided at
the ACC, Cherenkov radiation is emmited and measured. So, K and 7 are
discretely separated.

B.2.5 |y identification

The CDC and the KLM are used.
Precise method for muon identification is already mentioned.

B.2.6 K; identification

The CDC and the KLM are used.
K7, is neutral and longitudinal particle. So, it is difficult to detect. But Kp,
makes hadronic interaction at the ECL, solenoid and the KLM. Therefore,
the condition of identification is similer to 7, existence of hitted cluster in
the KLM and no matching with any charged tracks extrapolated from the
CDC.

About main purpose of B — J/¥K , kinematic fit which checks the
direction correlation between reconstructed J/v and K7, is applied.
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