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Abstract

The BELLE experiment will start its first physics program aiming at detailed studies
on CP violation in April 1999. The BELLE detector together with the accelerator KEKB
is now on commissioning and getting ready for the first physics program.

The KLLM detector which is a subdetector of the BELLE detector is designed to detect
K9 mesons and muons. RPCs with glass electrodes are employed for the KLM. The RPC
is a gaseous detector and it is better to use nonflammable gas mixture for safety. It is
also better to use environmentally safe gas mixture. From this point of view, the use
of Freon(HFC134a) which we have been using is not desirable for having a high global
warming potential. Then we have performed a study of nonflammable and freonless gas
mixture for the glass RPCs.

To make the gas nonflammable means to reduce the fraction of butane which is ex-
pected to prevent the secondary discharges by absorbing ultraviolet photons. We have
tested RPCs with nonflammable gas mixtures and compared their performance with that
with flammable ones. We verified that the effect of the secondary discharges due to de-
creasing the butane ratio was not so serious and a nonflammable gas mixture was useful
enough.

For freonless gas studies, by using SFg, we could operate RPCs at much lower high
voltage (HV) with comparable performance to the HFC134a gas mixture. However, the
RPC performance with the SFg gas mixture was characterized by its narrow plateau range

showing operation instability. The feasibility to use the SFg gas mixture as the gas for

the BELLE KLM detector is discussed.
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Chapter 1

Introduction

Symmetry plays an important role in the physics laws. It is not always conserved and
violated in some parts. One of them is CP symmetry. The violation of CP symmetry
means the violation of symmetry between matter and antimatter. Therefore it could
provide an important key to understanding the major question of why we live in a matter-

dominated Universe, which is evolved from the matter-antimatter symmetric Big Bang,.

CP violation was first discovered in the decays of neutral K mesons, and its origin is
still one of the outstanding mysteries of elementary particle physics. In 1973, Kobayashi
and Maskawa(KM) showed that CP violation could be explained by the quark mixing
within the framework of Standard Model if there were three generations, six quarks. In
1980, Sanda and Carter pointed out that KM model contained the possibility of rather
sizable CP violating asymmetries in B meson system. This means, by studying the decays
of B mesons, it would be possible to measure the CP violating parameter which has not
been determined yet in the K meson decays due to their small CP asymmetry, and to

perform decisive tests of the KM model.

Since B mesons have many decay modes and the branching ratio of each mode is small,
we need a facility to produce many B mesons, a B-factory, in order to measure the CP
asymmetry in the B meson system. Several B-factory experiments are scheduled or have
been carried out around the world. Among them, the BELLE experiment is projected
at KEK in Japan. Both the accelerator, KEKB which is an asymmetric ete™ collider
producing moving B mesons and the BELLE detector which consists of several detectors

to detect the various final state particles are in their final construction stage and getting
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ready for starting the first physics program in April 1999.

The BELLE collaboration consists of about fifty institutes from eleven countries. To-
hoku University participates in BELLE experiment and is in charge of the KLLM detector
together with Aomori University, KEK, Osaka city University, Tohoku Gakuin University,
Princeton University and Virginia Polytechnic Institute and State University. The KLM
detector which is designed to detect both K? mesons and muons is located outside the
superconducting solenoid. K9P detection is indispensable for detecting the expected CP
violating mode B® — J/vK?. Muon identification is also essential for the flavor tagging
of the B meson and for the studies of rare B decays in addition to detecting muons from
the J/¢ — p*p~. The KLM detector is composed of a sandwich of 47 mm iron absorber
plates and detectors in 44 mm gaps. RPC(Resistive Plate Counter) was chosen as the
detector for its simplicity, robustness and low cost. RPCs have been used in cosmic ray or
accelerator experiments so far. As their resistive electrodes, Bakelite(phenolic polymer)
has been mainly used. The characteristic of the BELLE RPC is that the glass is used as
the electrodes.

RPC is a gaseous detector and a selection of nonflammable gas mixture is an important
issue for safety or for avoiding complicated procedures that are required for flammable
gases. It is also better to use an environmentally safe gas mixture. From this point of
view, the use of Freon which we have been using is not desirable since it has a high global
warming potential even if it is not an ozone-depleting substance.

In this paper, study of nonflammable gas mixture and freonless gas mixture for the

glass RPC are described. The organization of this thesis is as follows.

Chapter 2: BELLE Experiment

Chapter 3: K?/u Detector (KLM)

Chapter 4: Resistive Plate Counter (RPC)

Chapter 5: Study of Nonflammable Gas Mixture

Chapter 6: Study of Freonless Gas Mixture

Chapter 7: Summary



Chapter 2

BELLE Experiment

2.1 Physics with BELLE

2.1.1 Discovery of CP Violation

C'P transformation is the product of parity transformation(P) and charge conjugation(C').
Parity transformation means a space inversion under which ¥ — —&. It changes the sign
of momenta, p’— —p, leaving spins unchanged. Charge conjugation is a transformation
which relates particles and anti-particles, leaving momenta and spins unchanged. The
electro-magnetic and the strong interactions are invariant under these transformations.
In 1956, Lee and Yang confidently argued that Parity invariance is not conserved in
the weak interaction after examining all the data of experiments on the weak interaction
[1]. The first experiment to verify their argument was performed by Wu, et al.[2]. They

studied the (-decays of polarized cobalt nuclei,
0Co —% Ni* + e + 7. (2.1)

The nuclear spins in a sample of °Clo were aligned by an external magnetic field, and an
asymmetry in the direction of emitted electrons was observed. The electron was emitted
preferentially opposite to the direction of the spin of the °Co nucleus. This is explained
if only a right-handed anti-neutrino,rg, and a left-handed electron, e;, is emitted. The
subsequent many experiments concluded that indeed only Tg(and vr) was involved in
weak interactions.

Also the weak interaction is not invariant under charge conjugation. A simple example
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is the decay of charged pion,
™ =t v (2.2)

For charge conjugated decay,
T~ — W +Tur. (2.3)

Since vy, is not able to be transformed into 7;, C' invariance is violated. However, if we

combine C' and P as one C'P transformation,
T~ — p + Vg (2.4)

CP transforms v into 7g, thus C'P is conserved. Another suggestion that supports C'P
invariance comes from C'PT theorem. C'PT theorem which is an important property of
local field theories insures C'PT invariance, where T" means the time reversal transfor-
mation changing t — —t. Because the evidence of T violation had not been discovered!,
C'P was believed to be invariant until C'P violation was observed in the neutral K meson

system in 1964 [3].

K which consists of d and 3 quarks, and its anti-particle, FO(ES) are generated
by the strong interaction and are eigenstates of the strong interaction. They differ in
their strangeness, S. K° has S = +1, while K’ has S = —1. Since the strangeness
is conserved in the strong interactions, they are generated uniquely, thus, 7=p — A°K°
can occur, but 77p — AR can not. However, the strangeness is not conserved in the
weak interaction through which they decay. For example, both K° and K’ can decay into
7Tr~ and 777", whose strangeness are zero. The well defined masses and lifetimes of
the particles are the physical states, which are the eigenstates of the total Hamiltonian
including both strong and weak interactions. These states are given by linear combination
of K° and K.

Since the C'P transformation of K° produces FO,

CP|K% = [K). (2.5)

If C'P is conserved, the physical eigenstates are the eigenstates of C'P. We define

1 0 70 0 _L 0\ _ |79
EGK )+, K) = (K7 — |K7)), (2.6)

"'We do not have any evidence for T violation yet.

|K7Y) =
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then,

CP|KY) = +|K7), CP|Ky) = —|Ky). (2.7)

Thus |KY) and |KY) are the eigenstates of CP having CP = +1 and CP = —1 respec-
tively.

The neutral K mesons decay into 7t7~ and nt7~7". The nt7~ state has CP = +1 if
its angular momentum is zero, a grand state, because both C' and P interchange the two

pions. On the other hand, the 77 7° state has CP = —1 for another 7° has CP = —1.

Hence, if C'P is conserved, KY is to decay into 777~ (or 7%7%) and K79 is to decay into

atr 70 (or 707%7Y). Since the phase space for 27 decays is larger than that for 37 decays,

the kaon decaying into 27’s has shorter lifetime than that into 37’s. Therefore the former

is called Kg(Short) and the latter is K (Long). If C'P is conserved, we can write

Ks =K, K=K (2.8)

However, K; — 21 was observed. There are three interpretations for this C'P violating

phenomenon.

(a) K slightly contains K7 having CP = —1 (Indirect CP violation).

K, state is described with a complex parameter € as
|K1) = €| K1) + | Ka), (2.9)
where € represents the magnitude of C'P asymmetry and is given |e| = 2.3 x 1075,
(b) K3 having C'P = +1 directly decays into 27’s having C P = —1 (Direct CP violation).

K) — 7t~ or n°n° (2.10)

(c) Both (a) and (b).

Note that we do not have any evidence for direct C'P violation yet.
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2.1.2 Standard Model Description of CP Violation

C'P violation in the three generation Standard Model of electroweak interactions stems
from the fact that the mass eigenstates are different from the weak interaction eigenstates
as far as quarks are concerned. (This may also be true in the lepton sector as shown in
the recent experiment on atmospheric neutrinos indicating neutrino oscillations [5].)
The main part of the Standard Model is the Electroweak Model having SU(2), xU(1)y
gauge symmetry. In order to account for C'P violation, its Lagrangian needs to have
a nontrivial complex phase. The complex phase only appears in the part of Yukawa

interactions between quarks and Higgs scalars,

—Lyukawa = [ij0:,Pnjr + gijGiLi)ij + hermitian conjugate, (2.11)
where,
_|_
b = ¢0 , (2.12)
¢
(0E3
d = g’ = ¢ : (2.13)
— ¢~
Di
%L = : (2.14)
n;
1
biLr)y = 5(1 + 75)2% pi = (Ua & t), (2-15)
1
NiL(R) — 5(1 Fs)ni, n; = (d,s,b), (2.16)

fij, gij ; arbitrary complex number.

Under the spontaneous symmetry breaking, SU(2)r, xU(1)y — U(1)gar, the complex field
¢ is shifted and becomes real and the field ¢* vanishes, then the Higgs has a vacuum

expectation value, {¢)o,

Yo=—= ) (2.17)
After spontaneous symmetry breaking, what remain for Ly ,zewe are the mass terms,

(fiiDirpjr + 9iTiLnjR) + h.c. (2.18)

_‘cmass

4

2
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= MjPiLpjr + Mlirn;r + h.c. (2.19)
v n v
MZ- = Efija M = ﬁgij (2.20)

Since M} and M;; are not diagonal generally, in order to see the mass eigenstates we must
diagonalize these mass matrices. We know that any square matrix, hermitian or not, can

be diagonalized by means of two unitary matrices;

Ui M*Up = M., DLM"Dp = M§, . (2.21)
prr) = Unmunr), nuw = Durdir), (2.22)

where, urr) and np) are the mass eigenstates. The interactions of quarks with W

bosons are then given by in the mass eigenstates,

—Ly = %@L%niLWJm + h.c. (2.23)
g _

= ﬁuiLijYudiLW-Ht + h.C., (224)

V =UlD,. (2.25)

In the weak interaction, the quarks interact with W through the SU(2); doublet,

¢ ; (2.26)
d s v
L L L
where,
d d
s |1=V] s (2.27)
b b

Hence, it is not the quark mass eigenstates but the mixing among the different generations
of them that interact with W bosons. The mixing matrix V is referred to as Kobayashi-

Maskawa(KM) matrix [6].

The KM matrix is a unitary 3 x 3 matrix and contains four physical parameters, among
which three are real rotation angles and the remaining one is a phase. It is this single

phase that causes C'P violation.
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2.1.3 The Unitarity Triangle

In the KM model, C'P violation is attributed to a single phase in the quark mixing matrix,

Vud ‘/;LS Vub
Vi=| Vi Vo Va |- (2.28)
Vie Vis Va

The nontrivial complex phase is typically assigned to the furthest off-diagonal elements,
Vw and V4. It is convenient to use the approximate parameterization of KM matrix

suggested by Wolfenstein [7],

11— ’\72 A N A(p —in)
— 2 4
V= — - A2A +O(X%), (2.29)
NAQ—p—in) NA 1

where there are four parameters, A, A, p and 7. Of the four, A and A are relatively well
determined, less is known about p and 7 that specify the KM C P-violating phase. The
parameter A is well determined from strange particle decays, nuclear § decay, and the

production of charm in v interactions to be [4]
A = 0.2196 = 0.0023. (2.30)

The parameter A is given from the measurement of the branching ratio Br(b — clv) to
be [4]
A =0.819 4+ 0.035. (2.31)

The relative strength of b — u and b — ¢ transitions in semileptonic B decays determines

the ratio [4]
|Var/Vip| = 0.08 £0.02 or /p%+n? = 0.364 £ 0.091. (2.32)

Unitarity of the KM matrix implies
> ViiVik = 0ji (2.33)
which gives the following relation involving V,; and V4,

ViaVip + VeV, + VuaVyy, = 0. (2.34)
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This expression can form a so-called “Unitarity triangle” in the complex plane, as shown
in Figure 2.1. The three internal angles are defined as

VeaVy VaudVi VeaV
gblzarg< d b), gbzzarg( d b), ¢3Earg< d b). (2.35)

VidVig, ViaVig VaudVip

The BELLE detector is designed to measure these three angles and test if they lie in the
range predicted by the KM model [13].

"
2
Vud Vub Vid Vib
\ ¢3 91
Vi Vb -

Figure 2.1: Unitarity triangle of the KM matrix.

2.1.4 CP Violation in B decays

e BB’ mixing

The neutral B mesons | B%) and |§0) can mix via Feynman diagrams shown in Figure 2.2.

An arbitrary B meson state is given by

[T 5(1)) = a(t)| B®) + b(t)| B, (2.36)
’ al(t)
Wy(t) = (b(t)) . (2.37)

And it is governed by a time-dependent Schrodinger equation
0
15 Vs(t) = H|[V5(t)) = E[T5(t)), (2.38)

where H is a 2 x 2 matrix, and its matrix elements can be written as

(HH Hu) <<BO|H|BO> <B°|H|§°>)
H= = _, oo | (2.39)
Hy  Hy (B'H|B%) (B'H|B")
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b uct d b \/\\LV\/\/—a
B® W W B B uct u,ct B
d u,ct b d e Thid b

Figure 2.2: Box diagrams of B® — B".

where the states are normalized to unity. Considering that the wave function of the

decaying particle is in general described as

U(t) = U(0)e m3Dt, (2.40)
then we have
H=M-— %I‘, (2.41)
where M and T' are Hermitian 2 x 2 matrices, which are called the mass and decay
matrices, respectively,
my;  Mio ' T
M = , I'= i (2.42)
miy Moo Iy T

If we assume C'PT invariance which guarantees equality of the lifetime between particle

and anti-particle, then we have

(B°[H|B) = (B°|H|B") = m, — %ro, (2.43)

and thus,
o ((BO|H|BO) <BO|H|§°>) <m0—gr0 mlg—gr12>

-0 -0 77150 (2.44)
(B[H|B") (B'[H|B)

mi; — 30, mo — 50
The eigenstates of this Hamiltonian represent physically meaningful mass eigenstates.

The heavy and light eigenstates denoted by By and By, and their eigenvalues Ay, Ay, are

given by
1 —0
|Be) = N |2{p|BO>—<1|B )},
P q
1 _
BL) = ————{p|B°) +q[B")}. (2.45)
Ip|* + [q]?
P q

7 7
Ag = mo_éro_pqEMH_irHa

l l
)\L = m0—§F0 +pqEML—§FL (246)
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where,
_ 4 1/2
p = (m12 - §F12) )
* Z. *
q = (mjy— §F12)1/2- (2.47)

The mass difference AM and decay width deference AI' between them are defined as
follows:

AM = My — M, Al'=Ty-—-TI;y. (2.48)
The width difference is, however, expected to be negligible for B,;(bd, bd) mesons?,
AT/T <1072 (2.49)
AT has not been measured so far, so we neglect it, hence,
Irgy=I,="T. (2.50)
On the other hand, AM has been measured [8],
xg = AM/T =0.7. (2.51)
The time evolution of these mass eigenstates are given as the solutions of (2.38) by
Bu(t) = Bp(0)e MusDr,
Bi(t) = B(0)e " Mr=3t (2.52)

Now we consider the time evolution of the states B® or B' produced in a strong
interaction at t = 0. A state which is created at time ¢ = 0 as initially pure B is
denoted |By,,,

Br(0) = —By(0) = 1/(2q) is denoted |B,)

phys

), having B (0) = By (0) = 1/(2p). Similarly an initially pure B’ having
). Then, from (2.45) and (2.52) the time

evolution of these states are given by

|BYs(1)) = g4 (t)| B +§g<t>|ﬁ°>,

Bons(t)) = gg_<t>|B°> + 9, (B, (2.53)

where,

g+(t) = M5t cos(AMt/2),

g_(t) = ieM 3 Dsin(AML/2), (2.54)

2For B, (b3, bs) mesons the width difference may be significant
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and
My + My,

<
I

(2.55)

e (P violation in decay

If the amplitude for a decay B — f and its C'P conjugate process B — f have different
magnitudes, C'P violation occurs. This type of C'P violation is called C'P violation in
decay, or direct C'P violation, which occurs in both charged and neutral decays.

An example of this type is the decay B* — 7°K¥* shown in Figure 2.3. There are at
least two different components contributing to the amplitude of these decays, so-called

“tree” and “penguin” contributions. These decay amplitudes can then be written as
A(BT — m°K) = | A ]el@9) 1| A |ei9rFo) (2.56)
AB™ — 1K) = |A]eC o) 1| A |’ ot (2.57)
where the suffixes ¢ and p denote “tree” and “penguin”, respectively, and A;(i = ¢, p) are
real amplitudes. Two types of phases appear in the decay amplitudes: the weak phases
¢; are the C'P violating parameters coming from KM matrix, and have opposite signs.
The strong phases ¢§; usually arise from rescattering effects due to strong interactions, and

have same signs.

The decay widths are estimated to be
I'(Bt = 1°K*) ~ |A(Bt = 7°K*)[’

S

va,f< . m
b . b s
O/> a
u u u u
@) (b)

Figure 2.3: Feynman diagrams for the decay B* — 7°K™*, (a)Tree diagram, (b)Penguin

diagram.
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= AL + AP 4 2|A| 4| cos(Ap + AD), (2.58)

I'(B~ = °K™) ~ |A(B~ = n°K))?

— AP+ AP + 2 Alcos(—AG + A, (2.59)
where, A¢ = ¢y — ¢, Ad = 6, — 6,. Then we have
(BT — K%)= T'(B™ — 7°K ") ~ —2|A4||A,|sin(Ag)sin(AJ). (2.60)

Therefore C'P violation can be observable if |A;| # 0, |4, # 0, sin(A¢) # 0 and
sin(Ad) # 0 are satisfied. Hence, there need to be two interfering amplitudes |A;|,|A,|
and these amplitudes must simultaneously have both different weak ¢; and different strong
phases ¢;.

Note that calculations of direct C'P-violating asymmetries have significant theoretical
uncertainties. Especially, it is very hard to calculate the non-trivial strong phase shifts

which are required for direct C'P violation.

e (P violation in the interference of decay and mixing

Consider decays of neutral B mesons into final states fop, which are accessible in both

B° and B° decays [9]. Due to B® — B’ mixing, there exist two decay channels,
B = B fop, B =B — fop. (2.61)
The decay amplitudes for pure B, B’ states are defined as,
_ 0 /P 50
Acp = (fer|B”),  Acp = (fcp|B), (2.62)

and for convenience, we also define

_ QZCP

=--—. 2.63
7"fCP pACP ( )

Then time-dependent decay amplitudes are given from (2.53) and (2.54) by

(fep Byys() = Acplgs(t) +rsepg- (1)),

erBos() = Acr(2)lo-(6) + ricpgr )] (2:64)
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The time-dependent decay widths are, hence, written as

0 2 _—Tt 1+ |TfCP|2 1— |TfCP|2 .
D(Bpp,s(t) — fep) = [Acp|7e™ | 5 + 5 cos(AMt) — Imry,,, sin(AMt)],
— 1 21— 2
F(thys(t) — fop) = |Acpl?e ™| il |;fCP| — |;fcp| cos(AMt) + Imry,, sin(AM?)].
(2.65)
Here we define the time-dependent C'P asymmetry,
I'(BY, (t — (B, .(t
Afcp (t) — ( phys( ) - fCP) (_ghyé( ) - fCP). (266)
F(thys(t) - fCP) + F<Bphys(t) - fCP)
Substituting (2.65) for (2.66), we have
A (t) = (1 = |rsopl?) cos(AME) — 2Imry,, sin(AMt). (2.67)

LA {7052

In the case of BY, [T'15] < |Mis, so q¢/p can be approximated as

a _ miy — il'7y/2

p mig — iF12/2
2 —V;"th = ¢2i%u (2.68)

mio thth

where we use the fact that mq, is related to the KM matrix such that
mig o< (Vi V)2, (2.69)

and ¢pr shows the phase of mixing(Figure 2.2), which is related to the phase of the KM
matrix(dy = ¢ ,in BY case). If direct C'P violation is not involved in the decay process
and only a single weak phase ¢p contributes to the decay amplitudes, then Acp/Acp

can be written as

Acp/Acp = npe 2P, (2.70)

where 7y is the C'P eigenvalue of the final state fop and takes ny = £1. Finally we have

A.fCP(t) - TlfImchp Sin(AMt>

= nsin2(éa + ¢p) sin(AMt). (2.71)

This type of C'P violation is called C'P violation in the interference of decay and mixing,

and of great importance at the BELLE experiment.
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2.1.5 Determination of the Shape of Unitarity Triangle

At the B factory, B® and B’ are produced in a coherent BB’ state via T(45) resonance.
They remain in this coherent state until one of particles decays. That is, at any time
until one particle decays, there exists always one B° and one EO, although each of the two
particles evolve in time as described above in terms of B® — B’ mixing. Thus, when one
particle decays, the other particle that will continue to evolve is sure to be antiparticle of
the decaying particle.

As mentioned above, decays of neutral B mesons into a C'P eigenstate fop produce
time-dependent C'P asymmetries given by

T'(B° = fop) —T'(B" = fop)
I'(BY = fop) + (B’ = fop)

A (t) = = sin 2¢¢cp - sin(AM - t), (2.72)

where, AM denotes the mass difference between the two BY mass eigenstates and ¢ shows
the proper time difference between the B and B’ decays. The t range is from —oo
to oo, thus the time-integrated asymmetry vanishes. Therefore a determination of ¢ is
indispensable for measuring a C'P asymmetry in experiments at the Y (45). This is why
we use asymmetric energy beams at the B factory — the resulting motion of the center of
mass(CM) allows ¢ to be measured. The angle ¢cp is the phase concerning the BY — B’
mixing amplitude and the BY — fop decay amplitude and is directly related to the
internal angles of the unitarity triangle. Thus, by measuring the time evolution of B
decays, we can determine the unitarity triangle angles.

It is necessary to know which B or B’ decays into a C'P eigenstate fop; this is
called flavor tagging. It can be achieved by tagging the decays specific to B® or EO, such
as BY — l+1/X,§0 — [7vX, and B — KtX, B - K-X. Figure 2.4 illustrates an
example of the time-dependent C'P asymmetry measurement, where B — J/¢ K mode

whereby ¢, can be measured is shown.

® ¢, measurement

The ¢; angle can be measured via the decay B® — J/¢Kg. Especially B — J/YvKg —
[TI~7t7~ is the most promising mode since the branching ratio for this decay has been

measured and the signals are very clean with no appreciable background. Figure 2.5
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Y (49) BJB? JW K,

oscillation

ete, Uy

_ I*vX (b—I1"vX), K'X (b— ¢~ 5)
tagging (forBS:1"vX, K X)

Figure 2.4: Detection of B — J/¢¥ K.

shows the Feynman diagrams for this decay. The weak phase in the tree diagrams is
represented by V3;V.,. There are additional contributions from the penguin diagram
represented by ViVis(i = u, c,t). We can, however, regard these as almost equal to V; V.
by considering > V;iVig = 0 and |V} Vel |ViiVis| > V.5, Vus|. Thus the measurement of ¢,
via B — J/1¢ Kg is straightforward. Other possibilities are the decays B® — J/9 K and
BY — D& DG

C
S _

9
= Ve - = Vip O’ﬁ c
b c b IS

?m< ; Lw s
VCS S

d d d d

(@) (b)

Figure 2.5: Diagrams for B® — J/1)Kg,(a) Tree diagram and (b) Penguin diagram.

e ¢, measurement

The ¢, angle can be obtained from the decay B° — mF7~. The weak phase in the tree
diagram(Figure 2.6(a)) is given by V5 V.. On the other hand, the weak phases in the
penguin diagram(Figure 2.6(b)) is given by V4V (i = u, ¢, t). In B® — 771~ case, every
ViaVii(i = u, ¢, t) is same order O()\?), then the weak phases in the penguin diagram is
different from that in the tree diagram. Thus we cannot relate the experimental data

directly to the ¢5 angle. In principle, the effect of the penguin contribution can be
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(a) (b)
Figure 2.6: Diagrams for B® — 77 ,(a) Tree diagram and (b) Penguin diagram.

eliminated by means of an isospin analysis of the amplitude for B® — nt7~, B — 7979

and B* — 7*70[10].

e (3 measurement

In principle, ¢3 can be determined from the time dependent C' P asymmetry for B — pKg
in analogy to the ¢; via B — J/1Kg and the ¢ via B — wt7~. There are, however,
ambiguities from penguins and difficulties in using Bgs decay modes.

Another possible way to determine ¢s is to measure direct C'P violation in B¥ —
{D°, D’ DeptK* or BY(BY) — {D°, D’ Dep}Ks decays [11], where Dep means the
CP eigenstate of D°. There are no penguin contributions in these modes, only the tree
diagrams shown in Figure 2.7 contribute to these decays. The decay amplitudes can be

written as

A(BT — D°K*) = Ap = Vi, Ve, (2.73)

(2

A(Bt = D°K*) = Ap = Vi V,.ep, (2.74)
where dp and 05 are hadronic phases. Since the C'P eigenstates of the D° are given by
Dis= (D" +D")/V2, (2.75)

its decay width is calculated as

| Ap|?

3 [1+ |rp|? & 2rpcos(és — m + 6], (2.76)

I[B* — DepK*] = / ar

where,

Tp = |A5/AD| (53 = 5D - 55 (277)
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Figure 2.7: Diagrams for (a) BT — DK™, and (b) BT — D'K+.

For B~ — Dgp K~ decay, we have

Z 2
[Ap| [1+|7p|? + 2rpcos(m — ¢3 + 6,)]. (2.78)

T[B~ — DopK ™| = /dF :

Thus, if the absolute values of four independent amplitudes are measured, ¢3 can be

obtained. This can be achieved by measuring the branching ratios.

It is also important to measure the sides of the unitarity triangle.

e V; and V., measurement

V4 and V,;, can be determined from inclusive semileptonic B decays®. However, The

inclusive mode rates contain a model-dependent constant,

GZmp Me
T(b— cly) = 15“%;’ |Vcb|2cl><ﬁb), (2.79)

where ® is a phase factor and b-quark mass my; has large uncertainty. Another way is
to use the exclusive B — D*lv decay. In Heavy Quark Effective Theory(HQET), the
hadronic form factors are normalized at the B — D*[v kinematic endpoint. Although the
event rate near the kinematic endpoint is small, a determination |V,| from this rate has
small model-dependent systematic error. Thus we need to produce a huge number of B
mesons for this measurement.

The value |V,;,/Vi| can be determined from inclusive decays b — ulv and b — clv by

['(b— ulv)  ®(my,/my) 2

N'(b—clv)  ®(m./my)

Vub
Vb

(2.80)

although model-dependent uncertainties are here, too.

3“Inclusive” semileptonic B decays mean B — Xlv, where X is arbitrary if permitted.
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e V,; measurement

Viq can be obtained from BY — Eg mixing. V4 is related to AM by
2

G m2 .
AM - ﬁmBm?F(%>nQCDBBdféd| tb‘/td|27 (281)

where m,; is the top quark mass, F' is a function dependent on m; and myw, ngcp is a
factor for QCD corrections, Bpg, is a “bag” factor used to account for the vacuum insertion
approximation, and fp, is a form factor of the B; meson. By measuring AM, we can
determine [V;;Viq|. However, Bp, f3 has large ambiguities.

Another possibility is to measure the ratio of radiative decay B — py and B — K*v

which is given approximately by |Via|*/|Vis|*.

Figure 2.8 summarizes how we determine the shape of the unitarity triangle.

B(p.n)

By— T

Bso— 1UlV, plv

A(1,0)

Bs— DK* B«—JYKs, DYDY
Bs — PKs (Ku)

Figure 2.8: Determination of the shape of Unitarity triangle.
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2.2 Accelerator(KEKB)

KEKB is an asymmetric electron-positron collider designed to study C'P violation in the
B meson system with a center of mass energy of 10.58 GeV. B mesons are produced via
the T(4S5) resonance. However, the mass difference between Y(4S) and BB is so small
that the produced B mesons only have 0.34 GeV/c at the most and hardly move in rest
frame. Then, in order to measure the time evolution of B mesons, an asymmetric collider
which produces moving Y(4S5), namely moving B mesons along the beam axis in the
laboratory frame is required.

The beam energy asymmetry is generally given by Lorentz boost parameter (37 to be
E_—FE,
7\/5 .

where, E_ and E, represent the energy of electron and positron respectively, and /s is the

By =

rest energy of Y(4S5), 10.58 GeV/c?. The larger the energy asymmetry, the more precise
the time evolution measurement of B mesons becomes. On the other hand, considering the
detector acceptance and other B decay modes that are not related to the time evolution
measurement, smaller energy asymmetry is desirable. Figure 2.9 shows the integrated
luminosity required for measuring C'P asymmetry with a 3o significance as a function
of By. We can find that the integrated luminosity is almost stationary in the region of
By = 0.4 ~ 0.8. Combining these considerations, Sy = 0.42 has been chosen at KEKB,

and the beam energy of electron and positron are determined to be

E_ = 8.00GeV,
E. = 3.50GeV,

respectively. Then, the average momentum of the produced B mesons becomes about 2.3
GeV/c in the laboratory frame. Electrons have higher energy than positrons in order to
avoid ion trapping, which becomes much serious at low energies. Positron ring, therefore,
is called low-energy ring(LER) and electron ring high energy ring(HER).

The overall layout of KEKB is shown in Figure 2.10 and its main parameters are listed
in Table 2.1. The two rings are installed side by side in the TRISTAN tunnel of 3 km
circumference. KEKB has only one interaction point(IP) in the Tsukuba experimental

hall where the BELLE detector is installed. The straight section at Fuji is used for
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Required Integrated Luminosity
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Figure 2.9: Integrated luminosity required for measuring C'P asymmetry.

injecting beams from the Linac, and also for installing RF cavities of the LER. The RF
cavities for the HER are installed in the straight sections of Nikko and Oho.

Since B mesons have many decay modes, the branching ratio of each B decay modes is
rather small, so in order to measure the CP asymmetry in the B meson system, we need to
produce a large number of B mesons. Therefore a large integrated luminosity is required
for the B-factory accelerator. It is estimated that at least 100 fb=! integrated luminosity
is necessary to measure the important parameters in the Standard Model. To achieve this
for the first few years of the experiment, the target peak luminosity for KEKB should be
1.0 x 10** cm2s~!. This luminosity is 250 times as large as that of TRISTAN and 20
times as large as that of CESR at Cornell University which gets the largest luminosity in

the world so far. The luminosity L of an electron-positron collider is given by,

L=22x10**¢(1+7) (?) : (2.82)
Y/ £

where, £ represents beam-beam tuneshift, r, the ratio of vertical beam size to horizontal

beam size at the collision point, I, beam current in A, F, beam energy in GeV, and

B*, beta-value at the interaction point. The signs + and — mean that this formula is
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Figure 2.10: Overall layout of KEKB

applicable both to electron and positron rings. The beam-beam tuneshift £ is usually
between 0.03 and 0.05. The beam can be so flat that » becomes as small as the the order
a few %. After all, in order to raise the luminosity, we need to choose a small 3*, large
¢ and [. In the design of KEKB, we assume £ ~ 0.05 and $* = 1 cm ( this value is
rather small compared with 4 cm of TRISTAN). Then, the beam intensities required for
L =1.0x10%em™2s7! are 1.1 A for the HER and 2.6 A for the LER. The stored current
is distributed into bunches. Each bunch, however, can store a few mA at most. Therefore
as much as 5, 000 bunches are accumulated in each ring at KEKB. It corresponds to 60 cm

bunch spacing. These high-current and large number of bunches let KEKB challenging.

To realize above designs, new technologies are introduced into KEKB. New RF cavities

are used; normal-conducting cavities with high stored energy(ARES) and superconducting
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Table 2.1: Main parameters of KEKB.

Ring LER HER

Energy E 3.5 8.0 GeV
Circumference C 3016.26 m
Luminosity L 1.0 x 10 em st
Crossing angle Oz +11 mrad
Tune shifts Ex/Ey 0.039/0.052

Beta function at IP Bx* | By* 0.33/0.01 m
Beam current I 2.6 1.1 A
Natural bunch length oz 0.4 cm
Energy spread cE/E  77x10*  7.8x10°4

Bunch spacing sB 0.6 m
Particles / bunch 3.3x 10" 1.4 x 10"
Emittance ex/ey 1.8 x 1078/3.6 x 10710 m
Synchrotron tune Vs 0.01 ~ 0.02

Betatron tune ve/vy  45.52/45.08 46.52/46.08
Momentum compaction factor ap 1.0x 1074 ~ 2.0 x 1074

Energy loss / turn Uo 0.87 4.8 MeV
RF voltage Ve 5~10 10~20 MV
RF frequency fRF 508.887 MHz
Harmonic number h 5120

Energy damping decrement To/TE  25x107% 59x10*
Bending radius p 15.3 76.6 m
Length of bending magnet Lb 0.86 4.3 m
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cavities. As the vacuum duct material, copper has been chosen for its ability to withstand
a high peak heat load and to shield radiation from the beam. The salient feature of KEKB
is +11 mrad crossing angles at the collision point. Advantage of finite crossing angle is
that we need no separation dipole magnets where incoming beam to IP emits synchrotron
lights, and they may cause backgrounds and complicated interaction region design. One
anxiety for finite crossing angle is that it may excite synchrobetatron resonances causing
luminosity reduction. To avoid this problem, KEKB is developing crab cavities as a fall-
back option. Figure 2.11 illustrates the principle of crab crossing. A pair of crab cavities
are located at both sides of IP. Incoming bunches are tilted by a crab cavity and collide
head-on in a center-of-mass frame at IP and outgoing bunches are tilted back by the other

crab cavity [12].

RF Deflector
(Crab Cavity)

Ki Ck$ €electrons positrons \ /5/
. =

kick

* head-on collision

Figure 2.11: Principle of crab crossing.
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2.3 BELLE Detector

The BELLE detector is shown in Figure 2.13 and Figure 2.14. The detector is configured
around a 1.5 Tesla superconducting solenoid and iron structure surrounding the KEKB
beams. B meson decay vertices are measured by a silicon vertex detector(SVD) situated
just outside of a cylindrical beryllium beam pipe. Charged particle tracking is provided
by a wire drift chamber(CDC). Particle identification is provided by dE/dx measurements
in the CDC, and aerogel Cerenkov counter(ACC) and time-of-flight counter(TOF) arrays
situated radially outside of the CDC. Electromagnetic showers are detected in an array of
Csl crystals located inside the solenoid coil. Muons and K? mesons are identified by KLM
which has arrays of resistive plate counters(RPCs) interspersed in the iron return yoke of
the magnet. The detector covers the laboratory polar angles extending from 17° to 150°.
Some of the otherwise uncovered angles are instrumented with BGO crystal arrays on the
surfaces of the QCS cryostats in the forward and backward directions.

The brief outlines of individual detector components are described in the following
[13][14]. The expected performance of the detector is summarized in Table 2.2. In the

following, we use the coordinate system defined by Figure 2.12.

e % Z - Z@ e+

Figure 2.12: Definition of BELLE coordinate system.
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Figure 2.13: Schematic of BELLE detector.
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Table 2.2: Parameters of expected performance for individual detector components.

Detector Type Configuration Readout | Performance
Beam pipe | Beryllium | Cylindrical, r=2.3 cm Helium gas and Water
double-wall | 0.5mm Be/2mm H,0/0.5mm Be cooled
Double 300 pm-thick, 3 layers ory <10pm
SVD Sided r = 30.0 - 60.5 mm 0,=7-40pm
Si Strip 23° <0< 140° ¢: 40960 | oa, ~ 80 pm
z: 40960
Small Cell | Anode: 50 layers or¢ = 130 pm
CDC Drift Cathode: 3 layers 0, = 200 ~ 1400pm
Chamber | r =8.5-88 cm A: 84K | 0p,/pi :O.3%\/]ﬁ
170 <60 < 150° C: 1.7TK | 04gjaz = 5.3%
n~101 | ~12x12x12 cm? blocks
ACC Silica 960 barrel/228 endcap Npe > 6
Aerogel | FM-PMT readout < 2188 | K/m 1.3<p<3.6GeV/c
TOF Scintillator | 128 ¢ segmentation 128 x 2 oy = 100 ps
r =120 cm, 2.5 m-long K/m up to 1.2GeV/c
Towered structure op/E=
Csl CsI(T1) | ~ 6x6x30 cm?® crystals 0.67%/vV E®1.8%
crystal Barrel: r = 125 - 162 cm 6624 Opos=0.D Cm/\/E
Endcap: z = 1152(f) | E in GeV
-102 and +196 cm 960(b)
MAGNET super inn.rad. = 170 cm B = 1.5 Tesla
conducting
KLM Resistive | 15(14)layers for Barrel(Endcap) Ap=A0=30mr for K,
Plate (47mm Fe+44mm gap) oy=a few ns
Counter | two RPCs in each gap 1% hadron fakes
Barrel: z and ¢ strips 21856
Endcap: 6 and ¢ strips 16128
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2.3.1 Silicon Vertex Detector(SVD)

As mentioned above, the primary goal of this experiment is the measurement of asymmetry
in the proper time distribution when one of the BB pair decays into a C'P eigenstate.
The proper time difference At is obtained from the distance between the decay vertices

of the two B mesons along the beam direction, Az, such that,
At ~ Az/cfy, (2.83)

where, (7 is the Lorentz boost factor due to the asymmetric beam energies (v = 0.42
at BELLE). Since the typical decay distance for B mesons at BELLE experiment is 200
pm, better than 100 pm spatial resolution is required for the vertex detector. Multiple
Coulomb scattering also affects the detector design. Vertex detection precision is made
difficult by multiple Coulomb scattering in the beam pipe and the first layer of the vertex
detector. Since the vertex resolution improves inversely with the distance to the first
detection layer, the first detection layer has to be placed as close as possible to the beam
pipe.

In order to satisfy these demands, double-sided silicon strip detectors(DSSDs) are
adopted as the vertex detector elements. The DSSD is made of 300 um thick n-type
silicon bulk with strips orthogonal to each other on both sides of the substance. If a
reverse bias is applied to the strips, the thickness of the depletion layer increases. When
a charged particle traverses there, electron-hole pairs are produced. By picking up the
signals at the strips, we can measure the position of the passing particle. Figure 2.15
shows the whole configuration of the SVD detector [15]. It is composed of 3 layers, each
of which is located at 30.0 mm, 45.5 mm and 60.5 mm from the center of the beam pipe
and consists of 8, 10, and 14 detector units. Front end VLSI chips are mounted on DSSDs

at each end of the detector unit. SVD detector covers a polar angle of 23° < 6, < 140°.
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Figure 2.15: SVD detector configuration.

CDC structure

CFRP 5mm"
fR880mm \ AL 10mm?
2500 760mm _ _, 1590mm a }7i,

Figure 2.16: The structure of CDC.
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2.3.2 Central Drift Chamber(CDC)

A drift chamber is used for the tracking of charged particles. It generally consists of a
large number of wire electrodes and a gas container. The gas molecules are ionized by a
charged particle passing through the detector. The liberated electrons drift toward the
anode wires, then they are multiplied rapidly by a strong electric field near the wire. This
signal is read out from the wire. We can determine the position of the passing particle
with good resolution by measuring the drift time of the electrons.

The central drift chamber(CDC) provides charged particle tracking and measurements
of the energy loss dF/dz for particle identification. Since the charged particle which are
subjected to a magnetic field by the 1.5 Tesla solenoid coil follow a helical orbit, then
from the bending radius of the charged particle track the momentum of the particle
can be measured. In addition, the energy loss dF/dx of the particle through ionization
depends on the relative velocity (3 = v/c). A measurement of the dF /dx enables therefore
a determination of the particle velocity, and together with the momentum it is possible
to identify the particle.

The CDC structure is shown in Figure 2.16. It is asymmetric in z for providing the
17° < 6 < 150° angular coverage. It consists of 3 cathode layers and 50 wire layers. There
are two types of wire layers. One is an axial wire strung parallel to the beam axis, and the
other is small-angle-stereo wire inclined by some angles against the beam axis in order to
measure the z coordinate.

Considering low-Z gas importance both for minimizing multiple Coulomb scattering
contributions to the momentum resolution and for reducing background from synchrotron
radiation, a 50% helium -50% ethane gas mixture is selected for the CDC.

The CDC provides a spatial resolution 0,4=120 pm, a momentum resolution better

than o,,/p: ~ 0.5%\/p? + 1, and dE/dz resolution ~ 5.3%.
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2.3.3 Aerogel Cerenkov Counter(ACC)

Particle identification, especially the separation of 7% and K is indispensable for studying
C'P violation in the B system. The ACC is a threshold Cerenkov counter equipped with
silica aerogels having a low refractive index and designed to achieve 7/ K separation more
than 1.2 GeV/c momentum range. When a charged particle traverses a layer of material
with refractive index n, and its velocity v = B¢ exceeds the light velocity ¢/n in the

material;

et e (1Y

G p
then Cerenkov light is emitted. Together with the momentum information of CDC, by

checking if the Cerenkov is emitted or not, it is possible to identify the particle.

The ACC is divided into two parts: a barrel array and an endcap array. These
are shown in Figure 2.17 and 2.18. The barrel ACC array consists of 960 modules:
16 modules in the z(6) direction and 60 modules in azimuth. The refractive index for
the barrel counters varies 1.010 to 1.028 with 6 considering 6 dependence of the hadron
momentum spectrum. Cerenkov light from the aerogel radiators is detected using fine-
mesh photomultiplier tubes(FMPMTs). The diameter of the FMPMT(2”, 2.5” and 3”)
varies corresponding to difference in the index. The aerogel blocks are typically 12x12x 12
cm?®. One or two FMPMTs are attached to them. The endcap ACC consists of 228
modules. All of the endcap counters use n = 1.03 aerogel. A typical endcap counter is

12 x 12 em? in cross section and 10 cm thick, and is viewed by a single 3”-FMPMT.

2.3.4 Trigger/Time of Fright Counter(TOF /TSC)

The TOF is a plastic scintillation counter and takes charge of 7/ K separation up to 1.2
GeV/c momentum range. The time of flight of a particle is given by, for a flight pass L,
L mH 2
T="\ 1+ (?) :
then the precise measurements of the time of flight together with the momentum infor-
mation of CDC enable us to identify the particle.
The TOF/TSC system consists of 128 barrel TOF counters and 64 barrel TSC(Trigger
Scintillation Counter) counters. Two trapezoidally shaped TOF counters and one TSC

counter, with a 2 c¢m intervening radial gap, form one module. The arrangement of a
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Figure 2.17: Schematic view of barrel ACC.
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Figure 2.18: Schematic view of endcap ACC.
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module is shown in Figure 2.19. Two 2"FMPMTs are mounted to the both ends of
TOF counters and a single 2" FMPMT is mounted to TSC counters. These modules are
individually mounted to the inner wall of the Csl container. The parameters for the
TOF/TSC system is listed in Table 2.3.

This TOF system provides 30 7/K separation up to 1.2 GeV/c with a TOF time
resolution of 100 ps. A coincidence between TSC and TOF counters provides a clean

event timing to the BELLE trigger system.

2” FM—PMT TOF/TSC Module

Figure 2.19: Schematic view of TOF/TSC module.

Table 2.3: Parameters of the TOF and TSC counters.

Thickness(cm)  z(cm) coverage 7r(cm) ¢ segmentation No.of PMT

TOF 4.0 -72.5,+182.5  122.0 128 2
TSC 0.5 -80.5,+182.5  117.5 64 1

2.3.5 Cesium lIodide Calorimeter(CsI)

The Csl is an electromagnetic calorimeter. Photons and electrons traversing a medium
create electromagnetic showers. We can measure the energies by detecting these showers
with the electromagnetic calorimeter.

The main purpose of the Csl calorimeter is the detection of photons with high efficiency
and good resolution. Almost one-third of the particles produced from the B meson decays
is a 7, which decays into two photons, and most of these photons have relatively low

energy. Thus sensitivity to low energy photons is very crucial. On the other hand,
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important two-body decay modes such as B — K*y and B — 7%z produce photons
with energy up to 4 GeV. It is important to retain good resolution up to this energy.

Considering these requirements, CsI(T1) crystals having features of high light output,
short radiation length and good mechanical properties are used as the material for BELLE
electromagnetic calorimeter. The overall configuration of the Csl is shown in Figure 2.20.
The barrel calorimeter consists of 6624 CsI(T1) elements, each being about 6 x 6 cm?
in cross section and 30 cm (16.2 radiation length) in length. The endcap contains 2112
CsI(T1) crystals. The CsI covers 17° < 6,4, < 150° region.

The Csl can provide energy resolution of 3% for 40 MeV and 1.6 % for 1.5 GeV photons
[16].

2.3.6 K?/u Detector(KLM)

The KLLM is the outermost detector located outside the superconducting solenoid and
aims to detect K; and muon which can not be detected at inner detectors. The KLM
detector consists of a barrel part and two endcap parts. The structure of both parts is a
repetition of 47 mm thick iron plates separated by 44 mm thick slots, into which resistive
plate counter(RPC) modules are placed. The iron plates serves as an absorber material
for K and muon detection and also as the flux return for the solenoid’s magnetic field.
There are 15 slots in the barrel and 14 in the endcaps. The barrel is divided azimuthally
into octants and the endcaps are divided into quadrants.

For K detection, we use the hadronic shower created by K meson’s interactions
in the Csl, the coil, or the iron plate. Muons are distinguished from charged pions by
their aligned and deep hit patterns in the KLM compared with pions’ broad and shallow
patterns.

The details on the KLM detector is described in the following chapter.

2.3.7 Extreme Forward Calorimeter(EFC)

The purpose of the extreme forward calorimeter(EFC) located at very small angles is to
detect the particles which are out of the BELLE detector acceptance, 17° < 0,,, < 150°,
and to monitor the luminosity. In ete™ machines the luminosity is determined by mea-

suring a well-known QED process such as e"e~ — e~ e™(Bhabha scattering) or efe™ —
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ete puT . Since the event rates of these processes are high with a small angle detector,
it is possible to measure Luminosity with good precision at the EFC.

BGO crystals are used as an active medium for the electromagnetic showers. The
principle of BGO is similar to that of CsI(T1). The resultant scintillation light is collected
by photodiodes. The crystals are divided into 5 segments in € and 32 in ¢. 320 crystals

are used in total.



Chapter 3

KY /i1 Detector (KLM)

3.1 Physics Requirements

The KLM subsystem is designed to detect K¢ mesons and muons with high acceptance,
efficiency, and purity [13].

Since K? mesons are neutral and have a long life time of c¢r ~ 15.5 m, they can
not be detected at inner detectors. The KLM detector identifies K¢ by making use of
its hadronic interactions in the Csl calorimeter, the coil, or the KLLM itself. Detection
of K9 is essential for the mode B® — J/¥ K9 whereby we can measure the angle ¢; of
the unitarity triangle (see section 2.1.5). We measure the position of the K? meson’s
interactions, thus the momentum direction, and the K? direction measurement alone is
sufficient for searching for B — J/¢K? since the K momentum can be calculated from
the kinematic constraints if the direction is known with better than 30 mrad angular
resolution.

The KLM detector also identifies muons with high efficiency and purity over a broad
momentum range. Muons are used in the CP violation measurements to identify the flavor
of the tagging B meson through its semileptonic decay, and to reconstruct J/¢ — ptpu~.
They are also important for the studies of rare B decays. Distinction from charged pions is
important for muon identification. While charged pions are attenuated by strong interac-
tions in the Csl calorimeter and the absorbing material of the KLLM, muons travel further
into the KLM and leave much cleaner and straighter tracks. In actual analysis, muons

are reconstructed by matching the track measured in the KLM with the extrapolation of

38



3.1. PHYSICS REQUIREMENTS 39

the track in the CDC.

To satisfy these requirements, we adopted position-sampling designs, in which thin
detector planes and absorber plates alternate to form a multi-layer sandwich. Hence, to
be thin is required for the detector layers. Since the KLM is the outermost detector, it
should cover large area. And furthermore, when it comes to multi-layer structure, a large
number of detectors are needed, thus the detector layers should be low cost, simple and
robust for easiness of fabrication. Considering the BELLE experiment is planning to be
performed over a period of ten years, long term durability together with high detection
efficiency is also required.

The KEKB is a lepton collider and the event rate is not so high and estimated to be
about 200 Hz. The event rate concerning KLLM is expected to be lower than the rate of
cosmic ray (~ 0.01 Hz/cm?), thus high rate capability is not necessarily required for the
detector layers.

A simulation study taking account of multiple scattering of K? in the substance shows
that 5 cm spatial resolution corresponding to 30 mrad angular resolution is sufficient for
K9 detection [17]. Although the multiple scattering of muon is less than K? 5 cm spatial
resolution is considered to be sufficient also for muon identification if the hits in multi-layer
are combined.

In view of these requirements, the KLM structure was settled as described in the

following section.
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Figure 3.1: Schematic view of KLM detector.

3.2 Structure

Figure 3.1 shows a schematic view of KLM detector. The KLM detector consists of a
cylindrical barrel part and two endcap parts. The barrel is divided azimuthally into
octants and the endcaps are divided into quadrants. The structure of both parts is a
repetition of 47 mm thick iron plates separated by 44 mm thick slots for the detectors. In
addition to serving as an absorber material for K and muon detection, the iron plates
serve as the flux return for the solenoid’s magnetic field. There are 15 slots in the barrel
and 14 in the endcaps. The area covered by the detector layers amount to about 1800
m?.

RPCs (Resistive Plate Counters) were chosen as the detector for the KLM due to
their good time and spatial resolution, inherent simplicity - with no internal wire - and

low cost. An RPC is a charged particle detector utilizing a constant and uniform electric
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field produced by two parallel electrode plates made of a material with high bulk resistiv-
ity. When a charged particle traverses the active volume and ionizes the gas between the
plates, a discharge occurs. The area affected by the discharge is limited by the high resis-
tivity of the plates. Further details on RPCs are described in chapter 4. A characteristic
of the BELLE RPC is using a float glass with the volume resistivity of 10?2 — 10*® Q.cm
as its resistive electrode. Glass was selected because of its ready availability (standard
soda-lime float glass used in household windows is employed) and its inherent stability.

The two glass electrodes are separated by 2 mm Noryl spacers with high resistivity.

RPC modules are placed into the 44 mm thick slots. Each RPC module has a su-
perlayer design containing two independent RPC layers (inner and outer). The barrel
modules contain two RPCs with about 220 ¢m in length and between 151 cm (at inner-
most layers) and 267 cm (at outermost layers) in width. There are a total of 240 modules
and 480 RPCs in the barrel. On the other hand, the endcap modules are shaped as quar-
ter disks as shown in Figure 3.2, and each superlayer quadrant contains ten wedge-shaped
RPCs (see Figure 3.4) arranged in two layers of five wedges each. The two layers in each
endcap module are arranged to stagger each other to reduce overlapping of the insensitive
regions due to edge spacers. There are a total of 112 modules and 1120 RPCs in the

endcap.

The readout for each superlayer consists of sets of orthogonal strips. In the barrel
region these strips provide two-dimensional position measurements of ¢ and z (straight
¢ and z strips), whereas for the endcap the strips are oriented so as to provide r and ¢
measurements (quarter-circular 6 and radial ¢ strips, see Figure 3.3). Since the spatial
resolution required for the KLM is about 5 cm, the natural strip width for the KLM