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Chapter 1 

Introduction 

A major unresolved issue in our understanding of the Universe is how the current 
Universe, which is composed entirely of matter, evolved from the matter-antimatter 
symmetric Big Bang. The laws of nature have a high degree of symmetry between 
matter and antimatter; violations of this symmetry—the so-called CP violations— 
are only seen as a small effect in the decays of neutral K mesons. Apparently, these 
CP-violating effects have played a key role in the development of the Universe. 

Although experimental evidence for CP violation was first observed 30 years ago, 
we still do not understand how it occurs. In a remarkable paper published in 1973, 
Kobayashi and Maskawa (KM) noted that CP violation could be accommodated in the 
Standard Model only if there were at least six quark flavors, twice the number of quark 
flavors known at that time [1]. The subsequent discovery of the c quark at SLAC [2] 
and BNL [3], and the b quark at Fermilab [4], together with the strong indirect evidence 
for the existence of the t quark from TRISTAN experiments [5], has substantiated the 
six-quark KM hypothesis, and the KM model for CP violation is now considered to be 
an essential part of the Standard Model. 

In 1980, Sanda and Carter pointed out that the KM model contained the possibility 
of rather sizable CP violating asymmetries in certain decay modes of the B meson [6]. 
The subsequent observation of a long 6 quark lifetime [7] and a large amount of mixing 
in the neutral B meson system indicated that it would be feasible to carry out decisive 
tests of the KM model by studying B meson decays. 

The observation of a CP violating asymmetry in B meson decays would be an 
important milestone—the first successful demonstration of a CP violating effect outside 
of the K° meson system—and would be a dramatic confirmation of the KM model. 
The importance of this research is reflected in the number of laboratories that are 
embarking on programs aimed at establishing this effect: 
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• SLAC has been approved to build an asymmetric e+e~ B factory; 

• CESR has been approved for an upgrade that may see CP violation in symmetric 
e + e~ collisions; 

• the DO and CDF experiments at Fermilab have been approved for upgrades 
directed toward measuring this effect; 

• the LEP experiments are studying the possibility of seeing these effects using B 
mesons produced by Z° decays; and 

• a DESY group has proposed a fixed target approach using a gas jet in the HERA 
proton ring. 

In light of this strong competition, it is essential that the upgrade to the TRISTAN 
facility and the construction of an appropriate detector proceed as quickly as possible. 

This is a Letter of Intent for an experiment at the KEK B factory. Our collaboration 
has been formed around the common interest of clarifying the long standing physics 
puzzle of CP violation. Our goal is to make a definitive test of the Standard Model's 
predictions for CP violatons in the decays of B mesons. 
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Chapter 2 

Goals of this Experiment 

Since the first observation of CP violation in the K° system in 1964 [81, an enormous 
amount of theoretical work has been done to try to understand the phenomenon. In 
addition to the Kobayashi-Maskawa (KM) scheme, which explains CP violation within 
the framework of the Standard Model, many extensions of the Standard Model have 
been proposed that incorporate CP violation. For example, in the multiple-Higgs 
model proposed by Lee, Weinberg, and others [9], spontaneous CP violation occurs in 
the Higgs particle Yukawa couplings. In the left-right symmetric model of Pati and 
Salam [10], CP violations occur in the coupling of quarks to the increased number of 
gauge bosons. Supersymmetric models accommodate CP violation rather naturally via 
complex phases in the gluino-quark couplings i l l ] . The Superweak model attributes 
the observed CP violation to a new, fifth interaction [12;. All of these theoretical 
proposals are consistent with presently available experimental data. 

Experimental progress has been slow. In spite of many efforts, the only observed 
evidence for CP violation is in the AS — 2 transition of the K° meson system. This 
observation cannot distinguish between the models mentioned above. Attempts at 
Fcrmilab [13] and CERN [14] to identify unambiguously CP violation in AS = 1 
transitions in the K° system by measurement of iie(c'/e), have yet to succeed. Even if 
a non-zero value of Re(e'/e) could be established, its theoretical interpretation contains 
a number of ambiguities [15]. It appears that further progress in our understanding 
of CP violation requires observation of the phenomenon outside of the K° system. In 
this regard, the B meson system is most promising. 

Observations of CP violation at a B factory could provide definitive information 
to settle the theoretical situation. As described below, all of the KM matrix elements 
can, in principle, be measured at a B factory. In addition to clarifying the situation 
for CP violation, these measurements may provide a first look at phenomena beyond 
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the Standard Model. 

CP violation provides an important key to understanding the baryon asymmetry 
of the universe. It is widely accepted that C P violation is one of the three necessary 
ingredients to produce the excess of baryons that characterizes the current universe. 
Many theoretical attempts at explaining this asymmetry attribute it to interactions at 
the GUT scale that invoke CP violation beyond those in the KM model. However, it 
has been pointed out that the baryon asymmetry can be produced at the electroweak 
scale. For example, Kuzmin et al. [17] have demonstrated that it can, in fact, be 
produced within the framework of the Standard Model, if the electroweak phase tran
sition is a first-order transition. B factory measurements of the KM matrix elements 
are needed to test this model. 

In the Standard Model, the complex phases of the KM matrix are the source of 
CP violation at the electroweak scale and have their origin in the quark mass ma
trix of the Yukawa sector of the theory. The quark masses and their mixing matrix 
are discussed, for example, by Fritzsch ct al., where several forms for the matrix are 
considered [18]. Another approach to understanding the mass matrix constrains the 
space-time structure of the higher dimensional theory so that it produces complex mix
ing amplitudes [19j. In these theoretical approaches, precise measurements of the KM 
matrix elements will test the validity of the conjectures. 

As indicated above, the study of CP violation and measurements of the KM matrix 
elements, including the complex phases, are very important for the development of a 
more fundamental understanding of nature. In this chapter we discuss the principle of 
their measurement at an asymmetric B factory. 

2.1 The Unitarity Triangle 

2.1.1 The KM Matrix 

In the KM model, CP violation is attributed to complex phases in the KM quark 
mixing matrix 

/ vud vul vuk \ 
Vcd Va Vcb (2.1) 

\ Vu Vt. V* J 
The nontrivial complex phases are typically assigned to the furthest off-diagonal el
ements Vui and Vtd. Unitarity of the KM matrix implies that £ i V -̂V t̂ = 5jk and 
Y,j VijVkj = Sik, which gives the following relation involving Vu(, and Vld : 

VtdVti + VcdVcl + VudV:b = 0. (2.2) 
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td v l b 

VUd V„t 

Vcd V c b 

Figure 2.1: Unitarity triangle of the KM matrix 

This expression implies that the three terms form a closed triangle in the complex plane, 
as shown in Fig. 2.1. The three internal angles of this so-called "unitarity triangle" are 
defined as 

, _ ;v*iV£\ _ (vudv:b 

& = a r S I TTTF: I . fa = a r 6 ' Vt*V£ V«Vt; 
fa = arg (2.3) 

2.1.2 Current Knowledge of the KM Matrix Elements 

Wolfenstein suggested a rather convenient approximate parameterization of the KM 
matrix [20], 

/ 1 - A 2/2 A XaA(p - irj) \ 
- A l - A 2 / 2 AM , (2.4) 

^ A M ( l - p - M j ) - A M 1 j 
where there are four parameters, A, A, p, and rj, that have to be obtained from exper

iment. Of the four, A and A are relatively well determined; less is known about p and 

V-

The parameter A, which is the sine of the Cabibbo angle, Bc, is determined from 
strange particle decays (VU J) [21, 22], nuclear /3 decay (Vui) [23], and the production 
of charm in v interactions (Kd) [24, 25] to be 

A = sin 6C = 0.221 ±0.002. (2.5) 

The semileptonic width of the B meson, determined from its lifetime TB and semilep-
tonic branching ratio Br(b —* elf), yields the best measurement of A [26], 

\VA\ = 0.041 ±0.002 ±0.004 or A = 0.839 ± 0.041 ± 0.082. (2.6) 
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The relative strength of 6 -+ u and b —» c transitions in semileptonic B decays [27] 
determines the ratio 

IKk/Kil = 0.08 ± 0.03 or yjp2 + v

2 = 0.36 ± 0.14. (2.7) 

In addition, there are three other constraints on p and 77. The strength for B°B° 
mixing, X4, is dominated by the t—quark exchange diagram and can be expressed in 
terms of Vtd as [28] 

C s m 2 

*•> = -^\ViA2rnt

2F{jj±-i)mBfBd

2BBiVB4TB. (2.8) 

Here fgd is the B° decay constant and BBi is the so-called bag parameter—both have 
theoretical uncertainties. The observed CP violation in the K°K" mass matrix, e, is 
proportional to 77 [29], 

c - 4.33A 2B Kr}[r! 3S(w c, wt) - i ;nu e F(w e ) + T; 2A 2A 4(1 - p j i u ^ w , ) ] (2.9) 

where wc and iut are m.'/Tn^, and m 2 /™.^, respectively, and expressions for the func
tions S and F are given in ref. [29], Limits on direct CP violation in AS = 1 K" —* 7rir 
decays (e') can be translated to limits on 77 given by [30], 

Re(e'/e) = (0.19 ± 0.09) x 10~2A2

V{1 - 0 . 4 6 ( l Q Q ^ - 0.7) 2]. (2.10) 

Figure 2.2 shows the allowed p — rj region estimated from the presently available 
measurements; parameter values used for the fit are listed in Table 2.1. The solid 
curves are obtained using |Vy, |T4i/Ki| , e, Re{e'/e), Xd> and mt as constraints. The 
dashed curve shows the results that obtain when xd and Re(c'/e) are not used. 

2.1.3 Determination of the Unitarity Triangle Angles 

Decays of neutral B mesons originating from the T(45') into a CP eigenstate / produce 
CP-violating asymmetries Aj given by 

A< = Z^fHR^f] = s m 2*CP s i n ( A m At)' ( 2-U ) 

where Am denotes the mass difference between the two B° mass eigenstates and At = 
h — t\, where t\ and ij are the proper time for the B° and B° decays, respectively. 
The At range is from —00 to +00 and the asymmetry vanishes in the time integrated 
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o.a 

0.8 

0.4 

0.2 

0.0 
-0.5 0 

P 
0.5 

Figure 2.2: Allowed region in the p — rj plane estimated from presently available data. 
Solid curves: |I4>|> |K<>|/|KA|> «, Re(e'/e), Xd, and mt as constraints; Dashed curves: 
without Xd and iie(e'/ e)- The inner (outer) curves denote la (90% C.L.) regions. 

Quantity Value 

Re(e'/e) 

m B d 

mc 

h 
BB 

BK 

Xd 

TB 

VB 
T7l , T72, ^ 3 

(2.268±0.023)xl0-3 [31] 
(14.5 ±5) x 10-" 

average of E731 [13] and NA31 [14] 
164±17±21 GeV/c2 [27] 

80.6±0.4 GeV/c2 [31] 
5.28 GeV/c2 [31] 

1.5 GeV/c2 

180±50 MeV [15] 
0.85±0.1 [33] 
0.8±0.2 [32] 

0.71±0.07 [27] 
1.53±0.025 ps [16] 

0.85±0.05 [33] 
0.85, 0.61, 0.36 (QCD correction) 

Table 2.1: Input used for x 2 minimization to get the allowed p — -q region. 

14 



rate. Therefore, in experiments at the T(45), the measurement of At is essential to 
the observation of a mixing-enhanced CP asymmetry. This is the motivation for the 
asymmetric beam energies in the B factory—the resulting motion of the CM enables 
the measurement of At [34]. The angle (f>cp is the phase difference between the B°B° 
mixing amplitude and the B° —• / decay amplitude, which is directly related to the 
internal angles of the unitarity triangle. 

fa m e a s u r e m e n t 

The b —» c(cs) Mode 
Figure 2.3 shows the quark diagrams responsible for the decays B —> J/ipK, via the 
6 —> c(cs) quark-level process. The weak phases for the Cabibbo-allowed tree dia
gram in Fig. 2.3(a) and the penguin QCD-loop-induced diagram in Fig. 2.3(b) are 
equal. The penguin diagram in Fig. 2.3(c) has a different weak phase, but is highly 
suppressed (by a factor of A2 ~ 5% ) [35], and only a small ambiguity is introduced 
into measurements of sin 2fa by this term. The decay B° —> JjipK, —> l+£~-K+ir~ is 
the most promising mode for the fa measurement since the branching ratio for this 
decay has been measured and the signals are very clean with no appreciable back
ground. However, the fa sensitivity can be increased by the inclusion of other decay 
modes. Therefore, we have examined the feasibility of using the following additional 
decay modes: J/I/JK. -> l+t-Tr°ir0, J/TpKL, Jji>K°- ~* J/ipK.iv°, {cc)K, -* 
Xc\K,, (cc)K, —> i>'Kai (cc)K, —» (hadrons)ir+Tr~. 

Non (cc)(sd) final states 
According to the KM model, there are several other decay modes that provide fa 

measurements. The verification of CP asymmetries in these modes, which include 
B" -> J/V"r°, D+D~, D°l2 + ir0,Ti1po, is an important test of the KM model. 

<f>2 m e a s u r e m e n t 

B° -> Tr+T-
One possible way to measure the fa angle is via the decay 5 ° —> 7r +7r - . Figure 2.4 
shows the quark diagrams responsible for this decay. The weak phases for the Cabibbo-
suppressed tree diagram in Fig. 2.4(a) and penguin diagram in Fig. 2.4(b) are different, 
which introduces a theoretical uncertainty into the asymmetry that is estimated to 
be about 20% x sin2<£2 [35]. In principle, the effects of the penguin contribution 
can be extracted by means of an isospin analysis of the amplitudes for B" —• : r + 7r - , 
B° -> 7r°7r°, and B+ -> TT+W" [36], 
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(a) (b) (c) 

VtbVcb* 
_ V C b 
b — * -

*cs 

t,C 

C 

c 
f - S u 

As.Vcs 
-r—s 

rip-\ii) 

Figure 2.3: (a) Tree and (b) penguin via t or c quark, and (c) penguin via u quark 
diagrams for B% —• J/ij)K,. 

(a) 

r

 Vub / 
b *-

3 " 
F 

X3A(1 + i^) 

(b) 

vtb »td 
\ — 

d 

rA(i-p-iij) 

Figure 2.4: (a) Tree and (b) penguin diagrams for B"d —> ir+7r~ 
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B" -> /j ±7r T and a^Tv* 
Recently, a potential method for CP-violation measurements using non-CP eigen-

state decays of neutral B mesons has been proposed [37]. In this case, the final states 
are not CP eigenstates but CP self-conjugate at the quark level so both B° and B 
can decay into the same final states. Examples are B° —• p^ir* and a f x ^ . For these 
decays, CP asymmetries arise in the same way as for the CP eigenstate case, ex
cept for an additional dilution factor that appears because the final state is not a CP 
eigenstate. 

<f>z measurement 

In principle, <j>3 can be determined from the CP asymmetry for B, —> pK, in analogy 
to the 4>\ measurement via B° —> ipK,. There are, however, difficulties using B° decay 
modes at an asymmetric B factory. Since B°t mesons are not produced at the T(4S), 
one has to use the T(5S), where the production cross section for B°Bt pairs is rather 
small. Moreover, the Standard Model expectation for the B°BM mixing strength xs is 
large (x, >8) and such mixing can mask the CP asymmetry produced by the modest 
boost of an asymmetric B Factory. This mode also suffers ambiguities from penguins, 
and isospin analyses cannot be applied to B° decays. 

One proposal is to determine (j>3 from direct CP violation in Bd,u —* D°K de
cays [38]. Note that a B meson can decay into D"K or D K through processes de
scribed by the Feynman diagrams shown in Figs. 2.5. The decay amplitudes can be 
written as 

B -> D°K : AD = \AD\eiSe^ (2.12) 

B -> D"K : A-g = \As\ea, (2.13) 

where 8 and 5 are hadronic phases. Since the CP eigenstates of the D" are 

£>1 ( 2 = {D° ± ~D°)/V2, (2.14) 

the decay amplitudes can be expressed as 

B - Dh2K : ADl:1 = {AD ± ATS)I>/2. (2.15) 

The amplitudes {AD, A-^tAolit) and (AD, Ap, ADI , , ) form triangles in the complex 
plane (Fig. 2.6). An assumption that only a single diagram contributes in each process 
gives the constraints, \AD\ = IAJJ], and \A-g\ = \AD[. In the first triangle, the angle 
between AD and A-p is |A + & | while in the second, the angle between AD and Ag 
is |A — 4>3\, where A = 5 — 6 . If the absolute values of four independent amplitudes 

17 



d ^s d - d K s 

( b ) 

Figure 2.5: Diagrams contributing to (a) B° -* D°KS, and (b) B° -* D°KS. 

(|Ao|, \AQ\, l^lflijli | 4 D 1 I 3 | ) are measured, the two triangles are fixed and fa and A can 
be obtained. The absolute values of amplitudes can be obtained from the branching 
ratios. An inequality between | ^ 4 D 1 3 | and | A£?13 j is a signature of direct CP violation. 

2.1.4 Determination of the Sides of Unitarity Triangle 
In order to confirm the KM scheme as the correct mechanism for CP violation, it is 
important to measure the sides of the unitarity triangle in addition to the three angles. 

As noted earlier, \Vcj,\ can be determined from inclusive semileptonic B decays. 
However, the interpretation of inclusive mode rates introduces model dependence. In 
Heavy Quark Effective Theory (HQET) [39], the hadronic form factors are normalized 
at the B —> D~lv kinematic end point. Although the event rate near the kinematic 
endpoint is small, a determination \V^,\ from this rate has smaller model-dependent 
systematic errors. Here, the high luminosity provided by a B factory is essential. 

Vub 
The determination of |V^tj is important since CP violation would be impossible in 

the minimal Standard Model if this element were to vanish. The excess of leptons above 
the kinematic limit for b —» c transitions in the inclusive semileptonic B decays provides 
the current experimental evidence for a non-zero value of | K j | (40, 41]. The error on 
[Kitl/IKbl is dominated by systematic effects, including model-dependent uncertainties 

—<;— 

*cs 
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l*+a-a l 

(a) 

| A 0 l = fA0-

Figure 2.6: Triangle (a) is formed by the amplitudes of B° decaying to D°KS, D°Ks, 
Di,2. Triangle (b) is formed by the amplitudes of B° decaying to these three modes. 

that correspond to ~ 40% of IKil/IKtl-

Another possibility is a measurement of the exclusive semileptonic decays B —» 
Xtv where X = -K,p, and u. Calculations for these modes are expected to be less 
uncertain theoretically than those for the inclusive modes, although the former involve 
the inclusion of form factors whose shapes have to be measured. 

— 
It has been proposed that \Vtd\ can be obtained from B°d — Bd mixing. However, 

here ambiguities are large because of uncertainties in the product /BVBB- The ratio 
of mixing parameters xd (for Bd) and x, (for B,) is given by 

x./xj = fB.2BB,VB. \Vt.\2 mB.rB. 
hi''BBiVBAvtd?'•™-BjBi 

(2.16) 

If the mixing parameter x, can be measured from direct observations of B° — B° mixing, 
we can determine |V^|. However, the Standard Model expectation for x, is quite large, 
i.e. x, ~ 10 or more; if this is the case, it will be difficult to measure [73]. 

There is a possibility of determining |Vtd| from flavor-changing-neutral-current (FCNC) 
B decays. Recently, CLEO observed the exclusive decay B —* K"(892)7 with a branch
ing fraction of (4.5 ±1.5 ±0.9) x 1 0 - s [42]. The ratio of radiative decays of B —» pj and 
B —> K'f is given approximately by |V t<i| 2/|V t J | a [43]. Thus a measurement of B —> p-j, 
which has an expected branching fraction of ~10~ 6 , can be used to determine \Vtd\-
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2.2 CP Violation Beyond The Standard Model 
In the Standard Model, the only source of CP violation is a single phase in the KM 
matrix. However, if physics beyond the Standard Model is, in fact, causing the CP 
violation observed in the K° system, it may produce a CP violation in the B meson 
system that differs from expectations based on the KM model. In this section we 
discuss this possibility. 

2.2.1 Supersymmetry (SUSY) 
Supersymmetry may give non-KM-like possibilities for CP violation [11]. In the min
imal SUSY model, a potential source of CP violation is in the gluino-squark-quark 
coupling, which can contribute significantly to B°B° mixing. Although the mass ma
trices can be diagonalized both in quark and squark sectors, the matrices that diago-
nalize the two sectors are usually mismatched, which can generate a large FCNC. In 
minimal SUSY, this FCNC is dominated by the left-handed sector. However, due to 
the constraints imposed by requiring the electroweak symmetry breaking to occur via 
radiative effects [45], the weak couplings in minimal SUSY become proportional to the 
KM factors in the Standard Model. Therefore, no new phases appear in the KM matrix 
in minimal SUSY, the unitarity of the KM matrix is preserved, and there are no non-
KM sources of CP violation. The Standard Model predictions for CP asymmetries 
are not modified. 

In non-minimal SUSY models, the FCNC are no longer dominated by the left-
handed sector and are not related to the usual KM matrix in the quark sector. There
fore new CP violating complex phases will appear [1.1]. These can modify the Standard 
Model predictions for CP asymmetries in B —* JjijiK, and in B —* 7r+7r~ decays. 

2.2.2 Multiple Higgs Doublets 

If two or more Higgs doublets exist, they provide a potential source of CP violation 
in the spontaneous symmetry breaking mechanism [9]. In this case, the Hamiltonian 
is CP symmetric, but the ground state is not. CP violation in this model requires the 
existence of multiple charged and neutral Higgs bosons. The inclusion of these Higgs 
particles leads to additional scalar couplings that are the sources of CP violation in the 
spontaneous symmetry breaking mechanism. Although Higgs-particle-mediated FCNC 
are allowed in this model, the small K^-Ks mass difference restricts them to be very 
small. Therefore, the principle of natural flavor conservation (NFC) must be extended 
to the Higgs sector to suppress the FCNC. 
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In general, models with multiple Higgs doublets can have new phases in the charged 
Higgs-quark couplings that are not related to the phase in the KM matrix. These 
couplings could contribute significantly to B°B° mixing via charged-Higgs exchange in 
the box diagram. However, the leading contribution in the box diagram is proportional 
to the mass of the t quark, which makes the new phase exactly the same as the Standard 
Model value. The unitarity of the KM matrix is also maintained. Thus, Standard 
Model predictions for CP asymmetries are not modified by the presence of additional 
Higgs doublets. 

However, when spontaneous symmetry breaking is introduced in the multiple Higgs 
model, the KM matrix becomes orthogonal, the CP violating phase goes to zero, and 
the unitary triangle becomes a line [9]. In this case, all CP asymmetries vanish [46]. 

2.2.3 Left-Right Symmetric Models 

Left-Right Symmetric (LRS) models were first proposed to provide a natural expla
nation for the origin of CP violation [10]. LRS models are based on the gauge group 
5(7(3)* x SU(Z)L x U(l), which contains the subgroup SU{3)L x (7(1), the gauge 
group of the Standard Model. If the breakdown of LRS to SU{3)i x (7(1) occurs at a 
mass scale of WR that is much larger than the mass of the (ordinary) Wi boson, the 
Standard Model is recovered at low energies. 

In general, LRS models have seven CP violating phases (reduced to six in some 
versions). One of these is the phase in the KM matrix. In LRS models, e' comes from 
Wi — WR mixing while e includes effects from right-handed neutral current in addition 
to the Standard Model contributions. 

LRS models preserve the unitarity of the mass matrix. The decays of the 6 quark 
may have some contributions from WR — mediated currents, but the experimental limit 
on the WR mass (Mwn > 350 GeV) implies that these are negligible. Some contribution 
to B°B° mixing may be expected from Wi - WR mixing, but the magnitude of K — K 
mixing implies these are small too. Thus, LRS models produce no significant changes 
to KM predictions. 

2.2.4 Superweak Model 
The Superweak model was introduced to explain CP violation in K° decays as a tree-
level AS — 2 transition corresponding to a new interaction [12]. This can be extended 
to the b quark sector as a possible source of CP violation. In this extension, CP 
violating AB = 2 transitions occur in addition to the normal AB = 1 transitions. 
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Here we assume that these new contributions are real, which means that the phases 
for the direct decays remain the same as in the Standard Model. 

This model does not modify the Standard Model prediction for the phase in B, 
mixing; however, the phase in Bd mixing is reduced. Therefore, the asymmetries in 
B —» J/ipKj and in B —• 7r +x~ cannot be related to <j>\ and <j>2 in this model. The 
other feature of this model is that direct CP violation is not allowed. 

2.3 Other B Physics Possibilities 
B meson decays that do not occur through the usual b —> c transition are classified as 
rare. Since the contribution of spectator diagrams to rare B decays is suppressed, it 
is expected that additional diagrams will make the largest contribution to some decay 
modes. The most significant of these diagrams is the one-loop flavor-changing-neutral-
current process known as the "penguin" diagram. The electromagnetic penguin process 
b —+ 57 is sensitive to t quark couplings as well as high mass scale non-Standard Model 
contributions within the loop [47], Other examples include rare hadronic decays from 
b —> u transitions, gluonic penguins, purely leptonic decays, and box diagrams. 

2.3.1 Rare Hadronic Decays 

There are hadronic B meson decays that cannot be produced by the usual 6 —• c 
transition. The results of experimental searches for these rare decay modes provide 
important information on the mechanisms of B meson decay. To date, the only positive 
experimental result is a signal observed for the sum of the modes B° —» 7r+7r~ and 
~B° -» K~r+ with a combined branching ratio of {2 At™ ± 0.2) x 10" s[48|. There are 
not yet sufficient statistics to observe signals in the individual decay modes. 

Charmless hadronic decays such as B° —> 7r +7r - , B~ —> 7r~7r°, B° —• it^p* and 
B~ —> x°p~, are expected to be produced by the b —• u spectator diagram, although 
there is a possible small contribution from a b —> d penguin diagram. As discussed in 
Section 2.1.3, the decay B° — > TT^TT' will be used to observe CP violation in the B 
meson system [49]. CP violation can arise from interference between the amplitude 
for the direct decay via the 6 —• u spectator diagram, and the amplitude for the 
decay following B° — B° mixing. The interpretation of the CP asymmetry is more 
complicated if the b —» d penguin contribution to the amplitude is significant. This 
could be resolved if measurements are made on a range of rare hadronic decay modes 
to determine the role of the penguin amplitude in any observed CP violating effects 
[49]. 
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Decays to charmless hadronic final states containing an s quark are expected to 
have a significant contribution from a b —» s penguin diagram, although they can also 
proceed via a Cabibbo suppressed b —* u spectator diagram. Parton model estimates 
of the inclusive rates for the hadronic penguin diagrams 6 —» sg and b —• 3qq are large 
(~ 0(1%)), but only a small fraction of the decays are expected to hadronize into any 
specific exclusive final state. 

Predictions by Bauer et al. (BSW) [50] have recently been updated by Deandrea 
et al. [51] using new estimates of the hadronic form factors. They find that charmless 
B decays without s quarks (i.e. those which are sensitive to Vui, and proceed via the 
spectator diagram) have branching ratios in the range (0.14~6)xl0~ 5 . Thus it should 
be possible to study these decays in detail at a B factory. 

There are two recent sets of theoretical predictions, by Deshpande et al. [53] and 
Chau et al. [52], that take into account both penguin and spectator contributions and 
make predictions for a large number of charmless hadronic B decays. Large contri
butions from the penguin amplitude arc expected in decays such as B —» K^"'(j) and 
B —* K^TT with branching ratios of order 10" 5 . However, the decays B —> Kp are 
expected to have very small penguin amplitudes due to cancellations among the various 
contributions to the amplitude [53], All of these gluonic penguins should be observable 
at a B factory. 

By measuring a sufficient number of different charmless B decay modes (e.g. B —> 
7r~7r+, B+ —> 7r+7r°, B° —» T ° T 0 ) , it should be possible to isolate the spectator and 
penguin contributions. 

Decays of the kind B —» D,XU) where the Xu system hadronizes as pions, can occur 
via a b —• u spectator diagram where the W forms a cs pair. Since other contributing 
diagrams are expected to be negligible, these decays may provide a clean environment 
in which to measure Vub in hadronic decays. Decays of the kind B° —> D*X~, where 
X, is a strange meson, are also interesting since they are mediated by a W exchange 
diagram. 

These decays have recently been searched for by ARGUS [54] and CLEO II [55]. 
The upper limits [56] are in the range (2-7) x l O - 4 while the theoretical predictions 
by Choudury et al. [57], and Deandrea et a/.[51] are in the range ( l - 8 ) x l 0 - 5 . These 
decays will probably be observable at a B factory. 

2.3.2 Experimental Constraints on the 6 —-> s'y Inclusive Rate 

The recently observed exclusive electromagnetic penguin decay B —» K"f is at a 
branching ratio of (4 .5±1.5 i0 .9)x 10~ s. This is in excellent agreement with theoretical 
predictions from the electromagnetic penguin diagram [44] . 
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At present, due to the uncertainties in the hadronization, only the inclusive 6 —» 37 
rate can be reliably compared with theoretical calculations. In principle, the inclusive 
rate can be measured using the observed exclusive rate for B —• K'f. However, the 
fraction of the inclusive rate that h&dronizes to a particular exclusive final state is not 
very well understood; a reasonable estimate that covers most of the theoretic;." ore-
dictions is (13±6)% [44, 58]. By combining this number with the measured branching 
ratio for B —• K'f, a lower limit can be obtained for the inclusive rate. This approach 
would be more reliable if additional exclusive channels with higher mass X, systems 
were to be observed. 

The inclusive rate for t quark level process 6 —> 37 can also be extracted from 
measurements near the endpoint of the inclusive photon spectrum in B decay. The 
signal for b —» 37 is expected to peak in the region 2.2 < £ 7 < 2.7 GeV, with only 15% 
of the rate expected to be outside this range [44]. So far only an upper limit on the 
inclusive process can be determined experimentally. 

Using the inclusive measurement for the upper limit, and the observation of B —> 
K'f for the lower limit, the present 95% C.L. limits on the inclusive rate are [59]: 

0.8 x 1 0 - 4 < BR{b -> 57) < 5.4 x 1CT4. (2.17) 

At a B factory, precise measurements of the full range of exclusive radiative penguin 
decays and with high statistics determinations of the inclusive rate will reduce the 
allowed range for the rate of the quark level process and provide better constraints on 
new physics contributions. 

2.3.3 h->sl+t Decays 

The 6 —• Sf diagram can be modified by replacing the real photon by a virtual photon 
or a virtual Z° (or by some other neutral boson) that produces a lepton pair. This 
penguin diagram leads to both B —* K£+£~ and B —» K"£+£~ decays, since the 
B —> K transition is no longer forbidden by angular momentum conservation as it was 
for b —» sf. Although the penguin amplitude for b —» s£+£~ is smaller than 6 —> 37 
the final states are easily distinguishable. As in the radiative penguin decay discussed 
previously, the process b —> s£+£~ is sensitive to high mass physics including charged 
Higgs bosons and non-standard neutral particles. 

The penguin amplitude has been calculated by a number of authors [60], with 
results for the inclusive b —> s e + e " rate of (1 - 2) x 10~ s and for the b —» sfi+fi~ 
rate of (4 - 8) x 10" 6 . The exclusive channels K'£+£~ and K£+£~ are expected to 
comprise 5 — 30% of the inclusive rate. However, the theoretical description of 6 —• 

24 



at+t~ is more complicated than b —> ay, since the K^~H+1~ final states can also 
be produced via "long distance" contributions from the hadronic decay B —• K^9 
followed by \P —> £+l~ where $ stands for a real or virtual charmonium state. These 
long distance contributions are expected to be small [61] compared to the short distance 
contribution for B —> K'f. Ali, Mannel, and Morozumi [62] have performed a full 
analysis of 6 —+ st+£~, including both the penguin and the long distance contributions. 
Their predictions for the inclusive b —» s£+l~ rate are in the range (2 — 6) x 10~ 6 

excluding the regions close to the ip and ip' mass where the long distance contributions 
dominate. There is interference between the penguin and long distance amplitudes 
over a wide range of dilepton masses. Tiiey point out that the sign of the interference 
is controversial, and that information about the interference can be obtained both from 
the dilepton mass distribution and from the forward-backward asymmetry of the lepton 
pair. 

Experimental searches have been made by CLEO and ARGUS at the T(45) , and 
by UA1 in pp collisions. CLEO 1.5 finds that BR{B+ - • K+e+e~) < 5.7 x 1 0 - 5 [63] 
and UA1 finds that BR(B -> K " y > ~ ) < 2.3 x lO" 5 and BR{B -> A ' . / x V ) < 
5.0 x 10~ 5 [64]. These limits suggest that b —* sl+£~ decays will eventually be observed 
at a B factory. The high statistics measurements required to extract the short distance 
contribution for this decay may also be feasible at a B factory. 

2.3.4 b —» svV Decays 

The signature for the process b —• suu is the presence of a large amount of missing 
energy opposite a reconstructed B meson. At least 105 reconstructed B mesons are 
required before sufficient sensitivity to the inclusive process can be achieved. The 
exclusive process B —» K'vv may be also observable. Although there is no uncertainty 
due to QCD corrections for this mode, the uncertainty in the B —> K' form factors 
complicates the extraction of an inclusive rate for the quark level process b —> suu. 

2.3.5 B Decays to Two Lep tons 

The Standard Model allows B° and B, mesons to decay to e + e~ , /i+\sT or T+T' via 
box diagrams or loop diagrams involving both W and Z propagators [43]. The largest 
branching fraction is predicted to be 4 x 1 0 - 7 for B, —> T+T~, and the smallest is 
2 x 1 0 - 1 5 for B° —» e + e~ . The decays to the lighter leptons are suppressed by a 
helicity factor proportional to mf, and the B° decays are suppressed relative to the B, 
decays by the factor |V^/V(,| 2. Decays to the e*/**, e ± r : f and ^T* final states are all 
forbidden in the Standard Model by lepton family number conservation. 
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The 90% C.L. upper limits [64, 65) on the allowed processes are 5.9 x 10 6 for 
B° - e+e" (CLEO II), and 3.2 x 10" 6 (CDF), 5.9 x 10~ 8 (CLEO II) and 8.3 x 10" 6 

(UAl) for B° —• /x +/i~. CLEO II also sets limits on the lepton-flavor changing decays 
of 5.9 x 10-" for 5 ° - e ± ^ ] 7.9 x 1 0 - « for B° -* e * ^ and 1.2 x 10" 3 for B° -» / ^ r * . 

These lepton-fiavor changing decays are sensitive to non-Standard Model cou
plings [66, 67]. For example, Sher and Yuan argue that larger Yukawa couplings are 
expected for third generation quarks, and that these larger couplings not only en
hance the sensitivity of the decays, but also make them less dependent on the detailed 
parameterization of the new couplings [66]. 

2.3.6 B —> TV, B —> \LV, and B —> eu 

The decay B+ —• r+u proceeds through the annihilation of the constituent quarks in 
analogy to the : r + —> n+u decay. The branching fraction is given by: 

BR{B+ -> r+„) = 3 ^ ? (i _ ^XfB\V^rB. (2.18) 

All the parameters in this equation are well known except the decay constant f& and 
the CKM matrix element Vu<,. With a more accurate knowledge of Vui, from other 
measurements, the experimental observation of the decay B+ —» T+U would provide a 
measurement of fs- This decay constant is of fundamental importance for B physics 
since its value is needed to extract Vtd from measurements of Bd — B^ mixing [68]. 

Present theoretical estimates from lattice QCD and QCD sum rules give / B = 
(180 ± 50) MeV [15]. Using this value of fu and our standard values of Vut and TB, 
we obtain a prediction of Br(B+ —> r^u) = 4.0 x 10~ 5. The decays £?"•" —+ fi+i/ and 
B+ —> e+i/ have smaller branching ratios of 1.4 x 10"' and 3.3 x 10~ 1 2 respectively. 
The decays to the muon and electron are suppressed relative to the tau decay by a 
helicity factor proportional to mf. In principle, non-Standard Model particles which 
do not have V — A couplings could enhance the rate for B —> TV and the other leptonic 
decays. 

The signature for the decay of the BJ- meson to r'u , r + —> l+uV or r + —» 7T+z/ is 
the presence of one and only one charged track and no neutral showers in addition to 
the tracks and showers that were used to reconstruct the other B~ meson. At present, 
CLEO II finds a 90% C.L. upper limit of Br{B+ -> r+u) < 0.013 [69]. 

For B+ —• \i~v the technique used is somewhat different. For this mode it is not 
necessary to fully reconstruct the other B meson. The B meson decays almost at 
rest into a quasi-monochromatic fi+ and a neutrino which are back-to-back and have 
energies of about 2.65 GeV. The muon is well identified and has little background. The 
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neutrino is "detected" by calculating the missing momentum pmi„ of the whole event. 
If all the decay products of the other B~ have been measured by the detector, p m ; „ will 
be a good estimator of the neutrino momentum. Then the analysis proceeds as if this 
were a fully reconstructed B decay, with the calculation of the energy difference, AE, 
and the beam-constrained mass, MB- The best limit at present is Br(B+ —• fi+v) < 
2.0 x 10" 5 [69]. A similar limit is obtained for B+ -* e+v. 

These limits on B+ —> T+I/ and B+ —> / i + i / are both two orders of magnitude above 
the theoretical predictions. A sample with an integrated luminosity of C(100fb - 1 ) will 
probably be required to observe these decays. 

2.4 Non-5 Physics Possibilities 
An integrated luminosity in excess of 10 f b _ 1 will provide a large number (~ 10 7) of c 
quark and r lepton events, with the possibility of precise, high-statistics measurements 
characteristic of a "r/charm factory." The precise vertex detection and excellent par
ticle identification of the B-factory detector will make it a powerful tool for exploring 
this physics. 

2.4.1 Charm Physics 
The three-dimensional detection of separated decay vertices together with particle iden
tification for momenta as high as 3 ~ 4 GeV/c will enable us to reconstruct D mesons 
efficiently and with little background. 

The Standard Model prediction for D° - D° mixing is small (~ l O - 4 ) and the long 
distance contribution is dominant. However, our data samples and high reconstruction 
efficiency make it possible to reach this level of sensitivity. The observation of mixing 
above the predicted level would be an unambiguous signal for physics beyond the 
Standard Model, such as an extended Higgs sector with FCNC. 

Rare D meson decays have not been well explored. Every decay mode correspond
ing to those investigated extensively in the K meson system is worth study to confirm 
expectations and to explore beyond the Standard Model. There is special interest 
in such modes as pure leptonic decays [D,D, — • lu), singly (D+ —» K K+,TT°TV+ or 
D° —> 7r+7r~, K+K~) and doubly (D —» Kbit's) Cabibbo-suppressed decays, and 
Standard-Model-allowed (JD —> tl or MX, D —> p~< or D —> 77) and forbidden 
(D —* fie, ir/xe) loop-induced decays. Among those decay modes, the doubly Cabibbo-
suppressed decays are of special interest because they are absent in K meson decays and 
Standard Model processes give relatively little background to explorations for possible 
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new physics. In any case, they must be well understood since they are an important 
source of background to the D° — D mixing study. 

2.4.2 r Physics 
A sample of more than 10 7 r ' s would enable us to improve the measurement preci
sion for fundamental parameters such as the lifetime and the Michel parameters. The 
present level of precision for these parameters is substantially worse than for the muon. 
The small beam size and the precise vertex detector will make it possible to measure 
the lifetime with better than 1% precision with 10B "1 vs 3" r events. The particle iden
tification capability will permit extensive measurements of exclusive decay branching 
ratios. Since the r is the only lepton that can decay hadronically, those measurements 
provide us with valuable information related to weak hadronic currents within and 
beyond the Standard Model. 

The search for r decays forbidden by the Standard Model is another important 
opportunity provided by the B factory. Among the many modes searched for in pre
vious experiments, one of the most interesting is the lepton-number-violating decays 
r~ —> £~7 and t~l+t~. A theoretical calculation based on the Left-Right Symmet
ric model with a see-saw mechanism for neutrino mass has a self-consistent solution 
with Br(r~ —* fi~fi+ /J.~) as high as 1 0 - 7 and m„ T ~ 1 MeV/c 2 [70]. Another calcu
lation based on the string model with Es symmetry indicates that Br{r~ —> /t~7) ~ 
105 x B(n~ -+ e~f) [71]. Those predicted values are well within the reach of the 
sensitivity of our experiment which should be of order 1CT7. 

The vT mass sensitivity is also greatly improved at a B factory experiment. The 
present upper limits are derived from the end-point mass spectrum for the decay prod
ucts in T~ —* vT + 37r~ -t- 2ir+ or uT + 2ir~ + x+ + 27r°. We can expect several thousand 
events in these modes with precise measurements of the charged particle momenta and 
7—ray energies, leading to an order of magnitude improvement on the uT mass limit. 
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Chapter 3 

Detector Requirements and 
Optimization 

The experimental program summarized in the previous chapter requires the quanti
tative study of B meson decay modes that have very small decay branching ratios, 
typically less than one per mil. Such studies can only be done with data samples con
taining ~ 10 7 B meson decays. This, in turn, requires the use of very high current 
electron and positron beams, about a hundred times higher than those currently used 
at TRISTAN, and a detector system capable of handling high event rates and large 
data samples. 

The implications of the physics goals discussed in the previous chapter for the 
detector design can be summarized as follows: 

Vertex Detect ion. Since CP violation is expected to appear in decay-time-dependent 
asymmetries, decay vertices for specific final states must be measured with better 
than 0.1 mm precision. 

Mome n tu m Resolution. Good momentum resolution is needed to identify specific 
B meson decay modes and separate them from background. 

Photon Detect ion . Efficient B meson reconstruction requires high quality photon 
detection to complement the charged particle tracking. Good energy resolution 
and efficient photon detection down to as low an energy as possible are important. 

Particle Identification. Clean K/-K separation is needed to select various B meson 
decay modes and for tagging the b—flavor of the associated meson in the event. 

Lepton Identification. Identification of electrons and muons over as wide momen
tum region as possible is needed both for selecting various B meson decay modes 
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and for flavor tagging. Many decay modes that will be used for CP studies 
contain a J/ip that will be identified via its lepton-pair decay mode. 

Data Acquisition and Trigger. A high event rate and a high beam-crossing fre
quency put severe requirements on the detector's electronics system. 

Data Handling Software. The high event rate and the large amount of information 
associated with each event, together with the need for large quantities of simu
lated data, put severe demands on both CPU time and data storage capacity. 

These challenging requirements must be addressed in the context of strong and 
determined competition from experiments at other laboratories. In this chapter we 
elaborate on these requirements and present a conceptual proposal for a detector con
figuration to address them. Detailed discussions of individual detector components and 
the status of related R&D will follow in the next chapter. 

3.1 Vertex Detection Requirements 
The primary goal for the vertex detector is the measurement of an asymmetry in the 
proper time distribution when one of the BB pair decays into a CP eigenstate. The 
proper time difference At is given by 

At~AzJc0-y = (z'-z)/cp1, (3.1) 

where (3f is the Lorentz boost factor due to the asymmetric beam energies (/?7 = 0.42 
for the KEK B factory) and Az is the distance between the decay vertices of the 
two B mesons along the beam direction. The measured At is smeared by errors in 
the Az measurement, causing a dilution of the measured asymmetry that reduces the 
sensitivity of the CP violation measurement. 

We have studied the effects of the finite At resolution on the asymmetry measure
ment and on the sensitivity to CP violation in the J/Tph's mode. Figure 3.1 shows 
the proper time distribution for the case of sin 2<p\ — -r0.6. The solid and dotted lines 
are the decay rates of the 13° (tagged by the other B decaying to 5° ) and the B°, 
respectively. The numbers of decays are plotted as a function of the time difference 
in units of the B lifetime, r . A negative value of At IT corresponds to the case where 
the tagging decay occurs before the I'IKS decay. The difference between the positive 
and negative time scale reflects the CP asymmetry. This can be seen either in the 
solid and dotted curves separately, or in the sum after the time scale of the dotted 
curve is reversed. The curves in the figure are drawn assuming perfect vertex-position 
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resolution. When a finite resolution is included, the difference between the positive 
and negative time scale is diluted. 

Figure 3.2 compares the integrated luminosity required for observing a given size 
of CP asymmetry in the tpKs mode for different At resolutions. The corresponding 
Az resolution is also indicated. About 70% more luminosity is needed to establish an 
effect if the resolution on A t / r degrades from 0.5 to 1.0. With silicon-strip devices, 
we expect to be able to achieve A t / r <0.5, which corresponds to about a 95 /*m po
sition resolution in the beam direction. With the possible exception of silicon pixel 
detectors, aJternative devices have worse resolution, leaving silicon-strip devices as the 
best practical choice for achieving A t / r < 0.5. In addition to providing measurements 
essential for establishing a CP asymmetry, precise vertex information will be useful 
for eliminating continuum events and reducing combinatorial backgrounds. These con
siderations place a premium on achieving the best possible vertex position resolution. 

-2 0 
( t ' - f ) / r 

Figure 3.1: CaJculated proper time distribution of tpKs decay for CP asymmetry of 
sin2<£i= +0.6. 

3.2 Tracking Requirements 
The transverse momentum distribution of charged particles from B decays is peaked 
around 200 MeV/c, which makes the detection of low pt tracks of great importance. The 
choice of the magnetic field value is a compromise between the conflicting requirements 
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Figure 3.2: Integrated luminosity required for a given sensitivity to various CP asym
metries expressed as a function of Az resolution. 

of efficient detection of low-momentum particles, which curl up in the magnetic field, 
and good momentum resolution for high momentum tracks. 

Monte Carlo estimates of the reconstruction efficiencies for some important decay 
modes for different detector configurations were used to evaluate the acceptance and 
resolution requirements of the tracking detector. Figure 3.3 shows the reconstruction 
(e r) and tagging (et) efficiencies for the B° —* J/ipK, mode as a function of the mini
mum and maximum 6 acceptance angle. This figure indicates that while good coverage 
in the forward direction is important, the acceptance is not very sensitive to coverage 
in the backward direction. Based on these studies and taking into account space lim
itations imposed by the beam separation magnets, we set as a goal tracking coverage 
over the 6 region between 17°(cos# m i n = 0.956) and 150°(cos#m l > x = —0.866). 

The momentum resolution requirements for the B° —> J/ipK, mode are not very 
severe. For this case, neither the reconstruction efficiency nor the background, which 
mainly comes from B° —> J/ipK", change much when the resolution is improved beyond 
Ap/p = 1% • Jl +Pt- On the other hand, good momentum resolution is essential 
for distinguishing B —» 7r+7r~ from B —* K±ir:f decays. For equal branching ratios 
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Figure 3.3: a) The product of the reconstruction and tagging efficiency, er-et vs cos6n 

when &mnx = 150°. b) eT • e, vs cos 6max when 0 m i n = 17°. 

33 



for the two modes and a 90% detection efficiency for 7rir decays, we find that the 
K-K contamination of the TTTT sample reduces from 65% to 20% when the momentum 
resolution improves from 0.5% • JI + p 2 to 0.2% • Jl + p,2. 

3.3 Requirements for Electromagnetic Calorime-
try 

Most of the physics goals of the experiment require the reconstruction of exclusive B 
meson final states. Since for typical B meson decays, approximately one third of the 
final state particles are 7r°'s, it is important to have 7 —ray detection capabilities that 
match those for charged particles. Figure 3.4 shows the energy spectrum of 7's from B 
meson decays with all decay modes included. This figure indicates that 7 detection with 
high efficiency and good energy resolution, especially for low energy 7's, is important 
for the reconstruction of exclusive B meson decays. The best candidate calorimeter 
for this purpose is an array of CsI(T^) crystals with a photodiode readout. However, 
because of the high cost of the CsI(T£) crystals, we made an extensive comparative 
performance study of various alternative options, including: 

Lead glass outs ide of t h e coil. We have examined the performance of the ex
isting VENUS lead glass array that is located outside of the solenoid coil. In 
addition to providing a considerable cost saving, this option would leave a large 
magnetic volume (r = 2.7 m) for tracking and particle identification. However, 
the low yield of Cherenkov light and the 0.64 radiation lengths of material of the 
coil and cryostat result in a threshold energy for detectable photons of ~100 MeV, 
compared with 2i. MeV or less for the case of CsI(T^) inside the coil. Moreover, 
the energy resolution around 100 MeV is about a factor of five worse than that 
for CsI(T£). This option might be adequate for some limited studies such as 
the J/ip decay channel, but its poor performance for low energy photons would 
preclude a comprehensive investigation of CP phenomena. 

Lead glass inside t h e coil. With an avalanche photodiode (APD) readout sys
tem, lead glass could be used inside the magnet. In this case, we need to build 
new lead glass blocks that will fit inside the VENUS coil. Although the cost of 
lead glass is much cheaper than CsI(T^), the current APD price drives the cost 
of this option back up to a level comparable to that for CsI(T^). Because of the 
smaller light yield and the electronic noise of APD, the energy resolution for 100 
MeV photons is by an order of magnitude worse than that for CsI(T^). 
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Lead / sc in t i l l a to r sampl ing ca lo r imete r . We examined an ARGUS-type calorime
ter with a phototube readout. In this case, a new solenoid coil with provision to 
allow the light to come out of the field volume to phototubes will be required, 
driving up the total cost. Here the threshold energy is 50 ~100 MeV and the 
energy resolution for 100 MeV photons is a factor of 5 ~ 6 worse than that for 
CsI(T/). 
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Figure 3.4: Energy spectrum of 7's from B meson decays with all decay modes are 
included. 

3.4 Particle Identification 
Particle identification is needed for the reconstruction of exclusive B meson final states 
and for flavor tagging. Flavor tagging uses the sign of the charges of leptons coming 
from the semileptonic B decays, and of charged K mesons from the Cabbibo-favored 
b —> c —> s decay chain. While the identification of leptons is readily achieved with the 
electromagnetic calorimeter and the muon detector, the separation of charged K's and 
7r's with the reliability dictated by the physics objectives is difficult. 
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The effective tagging efficiency depends on the particle tagging efficiency et and 
wrong-tag probability wt as 

ecn = tt[l-2wt)2. (3.2) 

Using high pt leptons alone, this is about 11% ( et = 12% and wt = 3%) for perfect lepton 
identification. If charged K's are included, the effective tagging efficiency (assuming 
perfect K identification) increases to 30%. It is, therefore, important to have high 
efficiency for charged K meson identification. Since 70% of the K's from ordinary BB 
events have momenta less than 1 GeV/c, the tagging requirement alone requires good 
low-momentum K/n separation. 

The detection of the decays B* —> D'K^, which is important for the <j>3 measure
ments, requires K/TT separation up to 3.5 GeV/c. Distinguishing B —> ir+ir~ from 
B —> K±iv:f

J an important decay mode for determining <f>2, requires K/ir separation 
for momenta as high as 4 GeV/c. Since these requirements cannot be met by dE/dx 
and TOF systems, a supplemental particle identification system based either on a ring 
imaging Cherenkov counter (RICH) or an aerogel threshold Cherenkov counter (with 
n = 1.018) is under consideration. 

3.5 Ki and Muon Detection 
A low threshold momentum for muon detection is important for several processes. For 
example, changing the threshold from 1.2 GeV/c to 0.8 GeV/c increases the detection 
efficiency for J/ift —> fi+p~ in the B° —» J/ipKs process by about 20%. 

We studied the feasibility of using a crude hadron calorimeter (.K^-catcher) external 
to the magnet coil to detect the position of the decays and/or interactions of Ki's 
from B° —* J/tpKi decays. If these decays are cleanly identified, they will increase the 
sensitivity of the <j>i measurement, and open new experimental possibilities such as a 
comparison between J/ipKs and J/ipKi [72]. This device could also be used to lower 
the detectable muon momentum. 

KL detection can be done with both the electromagnetic calorimeter and the Ki-
catcher. A hadron shower either completely in the /^-catcher or in the calorimeter 
and /fi-catcher combined is assumed to be a KL- We use the inferred KL direction 
in a kinematic fit that constrains the J/i>(—» £+£~) and KL invariant mass to be that 
of the B meson. In this analysis, it is not necessary to know the momentum of KL-
The main background comes from J/I/JK" where the pion from the K" —* Kir decay 
escapes detection. It has been shown that a resolution on the KL direction of about 
30 mr in both 8 and 4> will reduce this background to a manageable level. 
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3.6 Reference Design 

Figure 3.5 shows the detector configuration that has evolved from the work of a task 
force organized by the KEK Physics Department to study 5-factory related physics 
and detector issues [73] [74] [75]. The expected performance of the reference design 
detector is summarized in Table 3.1. 

The reference design uses the VENUS superconducting solenoid and iron structure, 
modified to meet the special needs of a B factory experiment. The field strength is 
upgraded to our optimized value of 1.0 T (from 0.75 T) and the flux return iron endcaps 
are replaced. As shown in Figure 3.6, the endcap is split into two parts: a section at 
the bottom is fixed to the flux return iron structure (Endcap Key) to provide support 
for the final beam line elements such as the separation bending dipole and the final 
focus quadrupole; the rest of the endcap is movable (Movable Endcap) to permit access 
to the detector without disturbing the accelerator vacuum. 

B meson decay vertices are measured by a silicon vertex detector (SVD) situated 
just outside of the beryllium beampipe. Charged particle tracking is provided by the 
cylindrical precision drift chamber (PDC) and central drift chamber (CDC), which 
are coaxial with the beam and extend to a radius of 90 cm. Particle identification 
is provided by dE/dx measurements in the CDC, and Cherenkov counter and time 
of flight (TOF) counter arrays situated radially outside of the CDC. Electromagnetic 
showers are detected in a nine thousand block array of Csl crystals located inside the 
solenoid coil. Muons and Ki mesons are identified by arrays of detectors interspersed 
in the iron return yoke of the magnet. 

We estimate that the reference design can provide a momentum resolution of 0.5% • 
\j\ + pi from the CDC alone, and tracking analyses that combine the SVD, PDC and 
CDC information can improve this to 0.3%. Flavor tagging using charged K's are 
provided by dE/dx measurements in the CDC, which is effective for momenta below 
0.8 GeV/c, and by the TOF system, which extends this up to 1.2 GeV/c. We consider 
a fast RICH as the most desirable choice for high momentum particle identification and 
include it in our reference design in spite of many technical difficulties that must be 
overcome before such a device could be implemented. This is because of its potential 
robustness against the high background rate and capability for superior performance. 
However, we maintain aerogel as an option because it is simpler, less expensive, and 
adds less material in front of the electromagnetic calorimeter. 

While we do not consider this to be a final design, it reflects our current notions for 
what a suitable detector would look like and serves as a useful reference for evaluating 
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Figure 3.5: Reference design for the BELLE detector. 
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Table 3.1: Parameters of expected performance for the BELLE reference design. 

Detector Type Configuration Readout Performance 

Beam pipe Beryllium Race track shape 
r = 1.5 - 3.5 cm 

double-wall 
1 mm/0.3 mm-thick 

SVD 
Double 
Sided 

Si Strip 

300 /im-thick, 3 layers 
r = 2.2 - 7.5 cm 
Length = 27 to 40 cm 1 d>: 43.5K 

z: 43.5 K 

CT PO.=6+0.4j 90-9 \ iim 

9 i n 0 

cT ,̂ ~ 80 /xm 

PDC 
Small Cell 

Drift 
i 

Chamber 

Anode: 12 layers 
Cathode: 4 layers 
r = 8.5 - 24.5 cm 

A: 0.9 K 
C: 2.4 K 

ar<f, = 100 iim 
crz = 200 ~ 1400 /xm 

j Small Cell 

CDC I Drift 
I Chamber 

Anode: 42 layers 
Cathode: 1 layers 
r = 25 - 88 cm 
-77< z < 160 cm 

A: 8.5 K 
C: 1.0 K 

aT4, = 130 fim 
avJpt =Q.b%<Jp\ + l 

CTdE/dx = 6% 

j fast 
KID : RICH 

i 

Radiator: C6F ; 4 

Photo-cathode: Csl 
Pad size: 8mm x 8mm 
Barrel: r=89-117 cm 
Endcap: z = 166-194 cm 

B: 227 K 
E: 41 K 

Iff TV/K separation 
up to 
3.4 GeV/c at 0=35°, 
6.8 GeV/c at 0=90° 

TOF Scintillator 128 0 segmentation 
T = 118 cm, 2.6 m-long 

128x2 fft = 100 ps 

ECL Csl 
Towered structure 
~ 5.5x5.5x30cm 3crystals 
Barrel: r = 125 - 162 cm 
Endcap: z = 

-102 and +196 cm 

6624 
1216(f) 
1040(b) 

<7- £;/ JB=l.SE- 1/ 4+0.6 % 

cm 

MAGNET super 
conducting j 

inn.rad. = 170 cm B = I T 

KLC kesistive 
Plate c. 

9 x 3cm/1 x 8cm Fe layers 
two RPCs in each gap 

~ 17 K cr^—ffe=Z0 mr 
fft = 1 ns 

MUO Drift Tube 
t 
! 

30/20/20 cm/ Fe layers 
Total 8 drift-tube layers 

~ 5 K 1% hadron fakes 
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the experimental sensitivities to CP violation measurements. Although studies based 
on this design indicate adequate performance, we are continuing a program of evalua
tion and optimization to ensure that definitive tests of Standard Model CP violation 
predictions will be possible. 

40 



Figure 3.6: The Iron Structure and Endcap Scheme of the Reference Design. 

41 



Chapter 4 

Accelerator-Detector Interface 

4.1 Interaction Region Design 
The current version of the interaction region (IR) design is shown in Fig. 4.1. In this 
scheme, the beams collide with a ±2.8 mr crossing angle, which is chosen based on tests 
at CESR that showed that crossing angles of this magnitude had little effect on the 
beam stability [76]. In general, head-on collisions (zero crossing angle) are preferred 
in order to avoid exciting synchro-beta resonances. However, this would reduce the 
number of RF buckets that could be filled without having parasitic crossings. In 
addition, a zero crossing angle scheme would need strong separation magnets that 
would produce a high flux of synchrotron radiation near the detector. The ±2.8 mr 
crossing angle permits filling one out of every five RF buckets; it may be possible to 
fill even more buckets and still avoid parasitic crossings. 

The dipole (BS) and quadrupole (QCS) magnets closest to the interaction point 
(IP) are superconducting, located inside the field volume of the detector solenoid, and 
common to both beams. In order to minimize backgrounds from synchrotron radiation 
generated in the QCS magnets, their axis is aligned with the centers of the incoming 
e + and e~ beams. This results in a 16 mr angle between the average direction of the 
two beams at the collision and the axis of the detector. 

Fringe fields in the detector volume from the BS magnets are kept to a minimum in 
order to preserve the tracking performance. To accomplish this, these magnets have a 
double-coil structure with the second coil serving as an active field return. To minimize 
solenoid-field-induced coupling between the x and y motions of the e + and e~ beams, 
the beamline is shielded to the extent possible by compensating solenoids that cover 
the portion of the beamline inside the field but outside of the 17° < 8 < 150° angular 
acceptance region of the detector. 
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A recent simulation study of beam instabilities by Hirata [77] indicates that crossing 
angles as large as ±10 mr might be acceptable and that crossing angles as large as 
±20 mr or more might even be better. If we could use a crossing angle of ±10 mr or 
larger, we would not need the BS magnets and, thus, would eliminate the synchrotron 
radiation backgrounds that they produce. The larger crossing angle would make a 
round beam-shape and a smaller beam pipe radius possible. It would also allow us 
to extend the compensating solenoid thus providing better shielding of the detector 
solenoid field. If a crossing angle of greater than 20 mr could be adopted, the IR 
design could be changed drastically. For example, the common QCS magnets could be 
replaced by separate quadrupoles for each beam. 

We are proceeding with the assumption of a ±2.8 mr crossing angle scheme. Further 
study of crossing-angle-induced beam instabilities will be done before the IR design is 
finalized. The accelerator group plans to decide this issue by the end of 1994. 

Length (ml 

Figure 4.1: Layout of the interaction region for a small-angle crossing scheme. 

4.2 Backgrounds 

The background estimates described here are made for the ±2.8 mr crossing angle 
version of the IR design. Background problems generally become less severe as the 
crossing angle is increased. 
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4.2.1 Synchrotron Radiation 

Although the critical energy of the synchrotron radiation is rather low, i.e., 5~30 keV, 
as many as 10 1 0 x-rays with energy greater than 5 keV pass through the beam pipe 
each beam-crossing. If even a small fraction of these enter the detector, either by 
scattering from beam masks or the downstream beam pipe, serious backgrounds will 
occur. These must be avoided by careful choice of the beam pipe dimensions and 
masking geometry. The beryllium beam pipe at the IP, shown in Fig. 4.2, has a 60 mm 
horizontal and 30 mm vertical aperture. The large horizontal aperture is necessary to 
avoid the synchrotron radiation generated in the BS magnets. 

Figure 4.3 shows the horizontal masking arrangement. The 60 mm horizontal aper
ture is chosen so x-rays emitted within the 10<7X beam envelope in both the BS and 
QCS magnets do not hit either the beryllium part of the beam pipe wall or mask-A. 
Mask-A prevents the back-scattered x-rays from directly hitting the beryllium section 
of the beam pipe. Movable masks placed upstream of QC3 and QC2 stop most of the 
x-rays generated in the upstream magnets. Since the beam is much smaller vertically 
than horizontally, only a small vertical mask at the Mask-A position is sufficient to 
stop back-scattered photons. 

/ 1 mm Be 

( 25 mm 

15 mm \ 

. l^- 35 mm J 
1" k 

^ - — 

1 
15 mm / 

Figure 4.2: Cross section of the beryllium beam pipe. 

It is, in principle, possible for x-rays that scatter more than once to enter the 
detector. Our simulations show that about four x-rays with energies between 50 and 
100 keV enter the detector per beam-crossing. Although this would be acceptable, we 
will install additional masks to reduce this level further. 
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Beam Pipe and Mask 
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Figure 4.3: Arrangement of beam pipe and horizontal masks. 

4.2.2 Spent Electrons 

The 3.5 GeV e + beam is the primary source of spent beam particles. The e~ beam has 
a lower current and its associated off-momentum particles tend to stay closer to the 
beam center and pass through the IR region without hitting the beam pipe. Assuming 
a 10~ 9 torr vacuum and a 2.6 A e + beam current, the rates of off-momentum particles 
directed toward the beam pipe are estimated to be 1600 kHz for beam-gas interactions 
upstream of BND and 400 kHz for the region between BS and BND. Even though the 
rate is much higher in the former case, it does not cause serious background because 
of the intervening cryostat, which serves as an effective shield. 

Detailed Monte Carlo simulations were used to estimate the counting rates in the 
SVD and TOF due to spent electrons. The estimated radiation dose for the SVD under 
these conditions is about 2 Krad per year and the estimated average SVD occupancy 
is about 0.2 %; these are both well within tolerance levels. The estimated trigger rate 
generated by more than one TOF counter segment firing is 300 Hz, also within our 
tolerance. Details are described below in the TOF section. The rates presented here 
are estimated for the e+ beam only. The contribution from the e~ beam is expected 
to be about 10% of the e + beam case. 

Small angle Bhabha scattering can be another possible source of the background 
and is under study. Beam losses during injection will likely be significantly larger than 
those occurring during normal running. If either of the beams accidentally hits a beam 
mask near the IR, serious radiation damage to the detectors could occur. This type 

45 



of accident can be prevented by placing a beam mask far away from the interaction 
point with an aperture in beam phase space that is more restrictive than that of the 
IR masks. A calculation by Oide [78] shows that such an arrangement is possible. 
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Chapter 5 

Reference Design Description 

5.1 Beampipe 
The precise determination of decay vertices is an essential feature of this experiment. 
Multiple Coulomb scattering in the beam pipe wall and the first layer of the silicon 
detector are the limiting factors on the z—vertex position resolution, making the mini
mization of the beam pipe thickness a necessity. Moreover, since the vertex resolution 
improves inversely with the distance to the first detection layer, the vertex detector 
has to be placed as close as possible to the interaction point and, thus, the beam pipe 
wall. This is complicated by the fact that the beam pipe at the interaction region will 
be subjected to beam-induced heating at levels as high as a few hundred watts. This 
will require an active cooling system for the beam pipe and a mechanism for shielding 
the vertex detector from this heat. 

The beam pipe cross section, which is driven primarily by the need to eliminate 
synchrotron radiation backgrounds, has a race-track shape with a 60 mm horizontal 
and 30 mm vertical aperture as shown in Fig. 4.2. The large horizontal aperture is 
necessary to prevent synchrotron x-rays generated in the IR magnets from hitting the 
central part (| z \< 10 cm) of the beam pipe. The central part oi the beam pipe is a 
double-wall beryllium structure; a 0.5 mm gap between the inner and the outer walls 
of the tube provides a water channel for cooling. The machine vacuum is supported 
by the Imm-thick inner wall; the outer wall is 0.3 mm-thick. The beryllium central 
section is braised directly to copper pipes that extend to the outside of the collision 
point. 

The maximum temperature increase for the inner (outer) beryllium wall is estimated 
to be 2.1 (0.3) °C for a 1.78 m/sec flow velocity of cooling water, assuming a uniformly 
distributed 200 W heat load on the inner wall. The estimate assumes that the copper 
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tubes in contact with the ends of the beryllium section are maintained at a fixed 
temperature by an independent cooling system. The total material thickness of the 
central beryllium part, including the cooling water, is 0.6% of the radiation length. At 
the moment, we are fabricating a 1 meter long prototype beam pipe that includes a 
double-wall beryllium section. 
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5.2 Silicon Vertex Detector 
The primary goal of this experiment is the measurement of asymmetries in the proper 
time difference distribution for decays of neutral B —meson pairs when one of the 
decay modes is a CP-eigenstate. Since the typical decay distance for B mesons at the 
asymmetric B factory is 200/im, high precision vertex detection is an essential feature 
of the detector. 

5.2.1 Configuration of Silicon Vertex Detector. 
The silicon vertex detector (SVD), which is located between the Be beam pipe and the 
inner wall (r = 80 mm) of the PDC, consists of three cylindrical layers of double-sided 
silicon micro-strip detectors (DSSD). An r-<f> view of the silicon vertex detector and 
beampipe is shown in Fig.5.1. The first layer consists of 8 detector units (see Fig. 5.2), 
the second of 11 and the third of 15. Each detector unit consists of four to six daisy-
chained DSSD's covering the angular range of 17° < 9 < 150° (four DSSD's in the inner 
layer, five in the middle and six in the outer). Signals are readout by micro-electronics 
mounted at the two ends of the detector unit; each end reads half of the detector units 
(i.e, two or three daisy-chained DSSD's). All of the readout electronics, the supporting 
structures, and the water cooling system for the preamplifier IC's are located outside 
of the 17° < 9 < 150° angular acceptance region. 

Figure 5.1: An r-<j> view of the silicon vertex detector and beam pipe. 
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Figure 5.2: One of the detector units. 

The detector units will be assembled by a bump bonding technique using an 
anisotropic conductive film that eliminates the need for bonding wires. The DSSD's 
and silicon end boards containing the preamplifier and control IC's are connected me
chanically and electrically by silicon bonding bridges (300/im-thick) on both sides of 
the detector units [79]. The CFRP I-beams (300^-m-thick and 3 to 5mm-high, de
pending on the length of the detector unit) are glued along the sides of the units to 
provide longitudinal rigidity. Based on experience from our R&D program, we expect 
a bonding yield of better than 99.9%. 

The size of the individual DSSD units has been tentatively chosen to be 3.4cm wide 
by 6.7cm long and 300/zm thick. In our current design, the n-side strips are used for the 
z-coordinate measurements (z-strips) and have a double metal layer (DML) readout 
structure. The p-strips on the opposite side measure the r-<p coordinate. As discussed 
below, we are considering an alternative option where a DML is implemented on the 
p-side and the p-strips used to measure z. The strip pitch and the readout pitch of 
the r(p- and z-strips and the ganging pattern of z-strips in the DML have not yet been 
decided. 

For performance estimates, we assume an r^-strip (readout) pitch of 25(50)/im, 
and a z-strip pitch of 50/xm. The pitch of the DML readout line is 50/xm and every 
second (third) z-strip is read out in each half detector unit oi two (three) daisy-chained 
DSSD's. In this readout scheme, two z-strips are connected to one DML readout line. 
Each detector unit has 640 x 2 readout channels for both the rj/- and z- coordinate 
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Table 5.1: The expected performance of the SVD for a minimum ionizing particle. The 
S/N ratios in parentheses are for the case where the capacitance associated with the 
DML is increased from 0.2 (nominal) to 0.4 pF/cm to allow for uncertainties. 

detector half unit S/N 
p-side 2-DSSD's 23 
p-side 3-DSSD's 16 
n-side 2-DSSD's 20 (16) 
n-side 3-DSSD's 14(11) 

measurements. The total number of readout channels for the 34 detector units is about 
87K. 

5.2.2 Expected Performance 
To extrapolate test results on existing single-sided silicon detector (SSSD) and DSSD 
samples to our DSSD design, we prepared a detailed Monte Carlo simulation [75] that 
includes the generation and collection of charges in the silicon, the distribution of the 
collected charges to strips according to a capacitive network model, and the effects of 
electronic noise. The simulation provides good agreement with measurements of the 
charge spread between strips and position resolution that we made with Hamamatsu 
SSSD's and DSSD's. 

Assuming that the total strip capacitance can be decomposed into the bulk capac
itance, the interstrip capacitance, and the capacitance associated with the DML, we 
derive the expected S/N ratios listed in Table 5.1. The capacitance values of the first 
two components were obtained from an extrapolation of measurements on Hamamatsu 
samples that were specially designed for this purpose [81]. In the simulation we as
sume that the capacitance due to the DML is dominated by the capacitance between 
the readout lines on the second metal layer (0.2 pF/cm to one of the two neighboring 
strips) and that the capacitance between the metal lines in the first and the second 
metal layers is small for a thick insulator (>5/xm Polyimide) layer. As discussed below, 
this assumption does not agree with recent measurements made with full-size DSSD's 
with different DML's. In the simulation, we also assume an equivalent noise character
istic (ENC) for the VLSI preamplifier of ENC = 75 + 45 • [Cdct + 3] , where C^pF) 
is the total readout strip capacitance seen by the preamplifier. 
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Figure 5.3 shows the expected efficiency for single cluster finding at 9 = 17° for a 
three-DSSD unit as a function of the S/N ratio for normal incidence. Here we used a 
rather simple cluster finding algorithm—a more sophisticated algorithm should improve 
the efficiency significantly. The threshold for the sparse data preamplifier scan is set 
to be 3.7 x ENC to keep the hit rate due to the electronic noise to a manageable level, 
i.e., less than 1 kHz. From this result we conclude that S/N ratio of better than 14 is 
needed to provide an adequate safety margin. 
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Figure 5.3: Expected efficiency for single cluster finding at 8 = 17° for a three-DSSD 
unit as a function of the S/N ratio. 

Figure 5.4 shows the expected position resolution on the n- ride as a function of the 
incidence angle of the track. Here the position resolution is obtained by an analog-
centroid method. We expect to improve the resolution for large angles by applying an 
optimized centroid method. Figure 5.5 shows the expected Az resolution of the vertex 
detector where one of the B mesons decays into J/ifrK,. Here the material of the beam 
pipe, the 0.5 mm thick cooling water, and the detector units as presently designed, is 
included. We find a Az resolution of about 80 fim. 
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Figure 5.4: Expected position resolution on the n-side as a function of the incidence 
angle. 

5.2.3 S /N Ratio of the z-strip Readout 

Recently, full-size DSSD's with DML have been made available to a number of groups 
for testing. These detectors have the DML (1 ~ bfj.m thick SiOi) on the n-side and 
the n-strips are assumed to be used for the z-measurements. 

Studies by the different groups agree that the capacitance of the DML due to the 
overlaps between the first and the second metal layers is larger and the S/N ratio of 
the n-strips is poorer than originally expected [83]. If we have to accept this larger 
capacitance, the expected performance levels listed above will have to be revised down
ward. In particular, the S/N ratio of the three-DSSD unit will be marginal. Therefore, 
additional studies are necessary before the design can be finalized. Our goal is to reach 
a final design at the end of 1994, at which time the beam crossing angle and the size 
of the beam pipe at the interaction region are expected to be known. The program for 
the intervening time period will include the following studies. 

1. Measurements of the strip capacitance and the S/N ratio on large DSSD's for 
different DML designs. We expect to receive a few full-size DSSD's with different 
DML's in the beginning of 1994. 
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Figure 5.5: The expected Az resolution of the vertex detector where one of the B 
mesons decays into J/tpK,. 

2. Test fabrication of full-size DSSD samples with a thicker DML and a DML on 
the p-side. The latter design compromises the capacitance of the r^-strips (the 
n-strips) and the z-strips (the p-strips with DML). 

3. Studies of alternative vertex detector configurations avoiding the use of the three-
DSSD unit. Here we are still considering a simple configuration with cylindrical 
layers covering the full angular region. 

4. An effort to reduce the noise of the preamplifier VLSI for large detector capaci

tances. 

Based on the results of these R&D studies, we will design and prototype DSSD's for 
BELLE by the end of 1994. 

5.2.4 Readout Electronics 
The readout electronics for the SVD [84] is comprised of VLSI's mounted on silicon 
end boards of the detector units, data scanners ~100cm away from the detector units, 
and a local event builder in the electronics hut. The schematic diagram is shown in 
Figure 5.6. 

A CMOS-based readout electronics system was chosen rather than one using bipolar 
technology because of its low power consumption and ease of VLSI design. In order to 
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Figure 5.6: A schematic diagram of the SVD readout electronics. 

keep the system dead time below 10% at a 500 Hz trigger rate, the SVD DAQ system 
is designed to be ready for the next event within 200 /xsec after a trigger is invoked. 

The front-end CMOS VLSI preamplifier [85] contains 128 channels of charge am
plifiers, discriminators, six-stage analog and digital memories, a data sparsifier and an 
interface to the subsequent CMOS digital chips [86]. An nMOS PET (W/L = 1260, 
gm= 1.5 mS) is used for the first stage of charge amplification. The risetime of the 
amplifier is 175 ns for C^ct = 20 pF. 

The analog data is stored without introducing deadtime during the w 2 (is trigger 
decision time in a six-stage switched-capacitor analog pipeline in each channel. The 
analog memory uses a 2 MHz clock frequency and the output from the charge amplifier 
is fed into a comparator at the same frequency to generate hit information for the sparse 
data scan, which is stored in the six-stage digital memory. The threshold voltage for 
the comparators are adjusted by built-in four-bit DAC's. 

After a trigger is generated by the central trigger decision system, the sampling 
sequence is stopped and the analog memory data are transferred to a data scanner 
controlled by a built-in data sparsifier. A double-correlated sampling technique is 
adopted to extract the analog signals (see Fig. 5.7). The noise characteristic of this 
chip is expected to be ENC = 75 -f 45[C,kf + 3], where Cdct (pF) is the detector 
capacitance. This is extrapolated from measurements on a 128-channel prototype 
chip. In order to try to further reduce this noise, an evaluation of a test structure with 
quadratic-correlated sampling will be done. 

In the current design, a detector unit has five preamplifier chips on each side and at 
both ends of the detector unit. The data from the preamplifier chips are transferred via 
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Figure 5.7: The timing chart of the analog and digital data sampling. 

a flexible kapton cable to the data scanner. Each data scanner is designed to read 20 
preamplifier chips, or two halves of the detector unit. The analog data from detector 
units are digitized by eight-bit ADC's and stored in a FIFO memory on the data 
scanner together with the address information. When all the data are stored in the 
FIFO memory, the data sampling cycle resumes. An on-board transputer controls the 
data transfer from the FIFO to an internal memory for the event buffering [88]. The 
data are then transferred to the local event builder in the electronics hut via optical 
fibers using the INMOS-link protocol. 

The readout system is designed to function at less than 2/is per hit, which satisfies 
the requirement that the maximum readout time is to be 200/is. The average occupancy 
for the current SVD configuration was estimated by Monte Carlo studies and found 
to be about 1000 readout channels per event. Of these, 70% originate from amplifier 
noise and 20% from real tracks in a BB event. The background hit rates from spent 
electrons and synchrotron X-rays are estimated to be small during normal operating 
conditions of the accelerator. 

The vertex detector is useful for reducing the background trigger rates from spent-
beam and beam-gas iteractions, and from cosmic-rays. To exploit this, the preamplifier 
chip provides four fast trigger signals every 500 ns. In the z coordinate, for example, 
one detector unit is subdivided into 40 segments of 1.6-4.8mm x 34mm (the width of 
the DSSD) with the currently planned readout pitch. The trigger data are transferred 
via separate optical fibers to an SVD trigger decision logic. A preliminary design study 
of trigger masks and decision logic is underway. 

The basic functions of the preamplifier and control chips were successfully tested in 
1993 [87]. The data transfer between the data scanner and the event builder was also 
demonstrated on prototype boards using simple operating software. A prototype data 
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acquisition system will be ready for testing by the Spring of 1994. We have initiated 
a study on the high-density optical fiber transmission system from the end of 1993. A 
prototype of the optical link will be available rather soon. 

A moderate degree of radiation hardness is required of the CMOS micro-electronics; 
the estimated radiation dose is a few krad/year or less. The dominant source comes 
from spent beam particles that hit the beam pipe at the interaction region. Taking 
into account the possibility of additional radiation during injection periods, we aim 
for a radiation tolerance of the front-end VLSIs of 100 krad. Although CMOS silicon 
processes that achieve this level of radiation hardness are available, we started our own 
R&D study of the SOI (silicon on insulator) technology in 1993. 
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5.3 Charged Particle Tracking 
The efficient reconstruction of charged particle tracks and a precise determination 
of their momentum is an essential ingredient to virtually all of the measurements 
planned for the BELLE experiment. Specifically, the physics goals of the experiment 
require a momentum resolution of <rvJpt ~ 0.5% • JI + p] for all charged particles 
with pt > 100 MeV/c in the polar angle region 17° < 9 < 150°. In addition, the 
charged particle tracking system is expected to provide important information to the 
trigger system and particle identification information in the form of precise dEjdx 
measurements for charged particles. 

The tracking system has two components, the precision drift chamber (PDC) and 
the central drift chamber (CDC). The PDC is a high-cell-density drift chamber occu
pying the radial region between 8 and 24cm. Its functions include: the detection of 
low-p t tracks, such as 7r's from B° —» D"+li/ —* D°ir+lu; the association of CDC tracks 
with hits in the SVD; and the provision of fast trigger information in both the r<f> 
and rz planes. The CDC is outside of the PDC and extends out to a radius of 90cm. 
In addition to charged particle tracking, it provides dE/dx information for particle 
identification and T(f> trigger signals. 

5.3.1 PDC 

The PDC consists of 12 staggered layers of axial drift cells and 4 layers of cathode 
strips. The PDC consists of approximately 10x10mm 2 square drift cells operated in 
the semi-proportional mode to optimize spatial resolution (~-100/im). The z coordi
nate measurements are provided by 12 jim thick aluminum cathode strips etched on 
polyethylene sheets that are laminated on CFR.P cylinders. The wires and cylinders 
are supported from conical endplatcs that define the angular acceptance to be between 
17° and 150°. The wire tension is held primarily by the 2mm thick outer cylinder; 
the inner cylinder thickness is minimized to reduce the material between the PDC and 
SVD. 

The width of the cathode strips at each layer arc adjusted to maintain a tower 
structure suitable for providing fast ; information for the trigger. The overall cham
ber configuration is described in Table 5.2. The strips have an eight-fold azimuthal 
segmentation to reduce wire-cathode matching ambiguities. Timing information from 
the cathode strips is encoded, in addition to charge information, to provide additional 
help for correlating hits. 

The cathode readout performance has been studied with cosmic rays and beam 
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particles for chambers with 12mm square cells and cathode strips with a 9mm pitch. 
The results are shown in Figure 5.8. The induced charge on the cathode strips has a 
roughly constant 15mm FWHM spread for tracks with incident polar angles between 
90° and 60°, where space-charge effects dominate. An angular dependence of the charge 
spreading occurs at incident angles below 60°, with the total charge on each cathode 
plane scaling as ~ 1 / sine1 [90]. 

Spatial Resolution 

• I l c / C 2 l l a - 50 /50 

20 40 60 00 100 
Angle (deg.) 

Figure 5.8: Cathode spatial resolution as a function of the incident polar angle. 

Figure 5.8 shows the measured cathode spatial resolution as a function of incident 
track angle. The major contributions to the resolution come from primary ion statistics 
and electronics noise. An S/N ratio of better than 100 is needed to keep the noise 
contribution to the spatial resolution below 100/zm. The angular dependence of the 
resolution can be qualitatively reproduced by a simple simulation that indicates that 
it is primarily due to primary ion statistics. A more detailed GEANT simulation that 
incorporates the cathode performance obtained in these test measurements is being 
prepared. 

The r-<p measurement from the anodes must be correctly matched with the cath
ode z measurement for three-dimensional tracking. Multiple-hit-induced ambiguities 
can be reduced by both timing and pulse-height correlations between the anode and 
cathode signal. Time measurements from the cathode strips are observed to be tightly 
correlated (a ~5ns) with those from the anodes. 

5.3.2 CDC 

The CDC has 42 cylindrical layers arranged into 11 super-layers each containing be
tween three and five either axial or small-angle-stereo wires. The individual cells are 
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Table 5.2: The PDC and CDC Wire and Cathode Configurations. 

Layer 
type 

no. of 
layers 

channels 
per layer 

r 
(mm) 

strip pitch or 
stereo angle 

PDC cathode 1 48x8 91.0 10.2 mm 
axial 2 48 98.0-110.0 0. 

cathode 1 64x8 117.0 8.6 mm 
cathode 1 64x8 119.0 10.0 mm 

axial 5 72 126.0-174.0 0. 
axial 5 96 186.0-234.0 0. 

cathode 1 128x8 241.0 9.1 mm 

CDC cathode 1 128x8 257.0 10.2 mm 
axial 1 1 192 261.0 0. 
axial 1 3 96 273.0-302.6 0. 
stereo 2 3 128 317.4-347.0 41.6 mrad 
axial 3 4 160 361.8-406.2 0. 
stereo 4 3 160 421.0-450.6 -51.0 mrad 
axial 5 5 192 465.4-524.6 0. 
stereo 6 3 192 539.4-569.0 54.0 mrad 
axial 7 5 224 583.8-643.0 0. 
stereo 8 3 224 657.8-687.4 -56.2 mrad 
axial 9 5 256 702.2-761.4 0. 

stereo 10 3 256 776.2-805.8 66.1 mrad 
axial 11 4 288 1 820.6-865.0 0. 
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nearly square and, except for the first layer, have a radial size of 14.8mm and an az-
imuthal width that ranges from 16 to 20mm. The first layer has small cells read out by 
facing cathode strips on the inner chamber wall with a geometry matching the PDC 
strips for precise ^-coordinate and z-trigger signals The wires are 2350mm long and 
the chamber is placed asymmetrically relative to the IP in the z-direction to provide 
the 17° < 9 < 150° angular coverage. The proposed wire configuration is given in 
Table 5.2. It is also shown in Fig. 5.9 together with the PDC wire configuration. 

A 
X X X 
p p p 
D D D 
C C C 

A S A S A S A S A S A 
X T X T X T X T X T X 
1 2 3 4 5 6 7 8 9 10 11 

Figure 5.9: The PDC and CDC wire configuration. 

We plan to use 30/jm diameter gold-plated tungsten for the sense wires and 120/rni 
diameter aluminum for the field wires. The choice of aluminum is to reduce the material 
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of the chamber. We have tested the candidate aluminum wire for creep and found that 
it is not a problem [89]. We plan to use flat 10mm thick aluminum endplates. The 
wire tension (4000kgW in total) is supported by a 2mm thick inner and a 5mm thick 
outer CFRP cylinder. 

The use of a low-Z gas is important for minimizing multiple Coulomb scattering 
contributions to the momentum resolution. Since low-Z gasses have a smaller photo
electric cross section than argon-based gases, they have the additional advantage of 
reduced background from synchrotron radiation. We have selected a 50% helium -
50% ethane gas mixture. This mixture has a long radiation length (640m), and a drift 
velocity that saturates at 4cm//js at a relatively low electric field. This is important for 
the operation of square-cell drift chambers because of the large field non-uniformities 
inherent to their geometry. The use of a saturated gas makes the calibration simpler 
and helps to obtain reliable and stable performance. Even though the gas mixture has 
a low Z, good dE/dx resolution is provided by the large ethane component. 

The chamber will operate at a constant pressure slightly above one atmosphere. 
Although a gas circulation rate of ~10 l/min will be used to ensure a homogeneous 
gas distribution and to reduce radiation damage, we expect the gas consumption rate 
to be only 0.2 2/min. 

Based the results of on beam tests of the small prototype chamber shown in 
Fig.5.10[89j, we expect a spatial resolution of 130/xm and a dE/dx resolution of 5% for 
the full-size device. These resolutions can be translated to the momentum resolution 
and the particle separation capabilities shown in Fig.5.11. 

Better momentum resolution can be obtained with higher gas gain but at the ex
pense of saturation-induced deterioration in the dE/dx measurements. Performance 
expectations for the cathode strips are the same as for the PDC section. 

The problem of wire aging in the proposed gas was tested [90j. When subjected 
to a radiation dose corresponding to a total collected charge on the anode wires of 
0.1 C/cm, which is the expectation for ten years of B factory operation, a 20% drop 
in gain was observed without increasing the dark current. No sparking was seen. We 
will test the effectiveness of a gas circulation and filtering system. 

5.3.3 Readout Electronics 

The PDC and CDC are read out by a conventional electronics scheme shown in 
Fig. 5.12. Signals are amplified by a Radeka-type hybrid pre-amplifier [91] and sent via 
~30m-long twisted pair cables to a shaper-discriminator located in the electronics hut. 
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Figure 5.10: (a) A typical position-residual distribution from the beam test, (b) The 
measured 80% truncated mean pulse-height distribution for 10 layers. 

The shaper-discriminator timing signals are routed to a TDC (LeCroy 1876) and the 
trigger system and analog signals are delayed by 2 fis in passive LC lines and routed 
to an ADC (LeCroy 1882/85F). 

A prototype of the front-end readout electronics were used in the beam test [89]. 
While the performance was satisfactory, we are reexamining connector pin assignments 
and PC board patterns to further reduce noise and cross talk. R&D for a different 
readout option using a charge-to-width (Q-to-T) pulse height measurement technique 
with a multi-hit TDC (e.g. LeCroy 1876) is being pursued in parallel with the work 
on the baseline system. In the Q-to-T scheme, all of the information is digitized in 
the multi-hit TDC and a separate ADC is not needed. Furthermore, it provides a 
possibility of multiplexing signals from several wires into one multi-hit TDC channel, 
using surface acoustic wave delay lines (SAW MPX) [92]. This can considerably reduce 
the number of readout modules and, consequently, the cost. 

5.3.4 Track Reconstruction 

A fast and efficient track reconstruction program is needed to cope with the high event 
rates. We have studied the track reconstruction using a modified version of the ACE 
program, a fast track reconstruction program developed for AMY [93]. The ACE 
algorithm finds local track segments (vectors) in each super-layer and determines (j>o, 
the azimuthal angle at the origin, and C, the curvature, assuming the tracks to be 
circles crossing the IP. Clusters of vectors in the 4>0-C plane that satisfy a global r — <j> 
track fit are used as seeds to find tracks in the z — coordinate among track vectors found 
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Momentum Resolution (0=90*) Particle Identification by dE/dx 
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Figure 5.11: (a) Expected momentum resolution, (b) Expected particle separation 
capability. 

in the stereo superlayers. The program accommodates both CDC and PDC hits. 

Figure 5.13 shows the PDC and CDC hits and the ACE-reconstructed tracks for a 
simulated B —> J/ipKs —> £ + £ - 7 T + T T " decay. Figure 5.14 shows the track reconstruction 
efficiency for muon tracks in standard BB events as a function of pt and 8. We expect 
good tracking efficiency over the range 17° < 6 < 150°. The low-p( reconstruction 
efficiency will be improved when the cathode-strip and SVD data are incorporated into 
the reconstruction algorithm; a development that is in progress. 

The effect of beam-induced background hits is modeled by the inclusion of extra 
hits added at random. For an average of 10 extra noise hits per layer (we expect 5 or 
less), the tracking efficiency decreases by less than 1%. 
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Figure 5.12: The readout electronics scheme for the PDC and CDC. 

Figure 5.13: Hits in CDC and PDC together with reconstructed tracks for a simulated 
B -» J/i>Ks -> i+l-w+ir- decay. 
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Figure 5.14: The track reconstruction efficiency as a function of (a) pt and (b) 
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5.4 Particle Identification 
Particle identification (PID) is necessary for many of the measurements planned for 
the BELLE experiment. The asymmetry measurement involves differences in the decay 
time distributions between the cases where the accompanying is a B or B meson. Thus, 
it is necessary to determine the 6-flavor of the unreconstructed B. One handle on this 
flavor is the sign of charged kaons produced via the 6 —• c —> s decay chain. Kaons 
associated with the 3-quark in this chain have a mean momentum around 1 GeV/c 
and efficient flavor tagging requires K/w separation at least up to 1.2 GeV/c. This 
can be achieved by time of flight and dE/dx measurements in the CDC. For <j>2 and 
t}>3 measurements, good K/~ separation (2a or better) is required for momenta up 
to 4 GeV/c, especially in the forward region. In general, good particle identification 
will reduce combinatorial backgrounds in the reconstruction of any exclusive B-meson 
d;ca}' mode. 

The reference design includes PID devices in the barrel and forward end-cap regions. 
The barrel PID devices occupy a 28 cm radial gap between the CDC and the Csl 
electromagnetic calorimeter, and covers the polar angle range 30° < 8 < 130°. The 
endcap devices cover 15° < 9 < 3-1°. Since the PID devices are in front of the Csl 
calorimeter, the total amount of material should be kept below 20% Xo to minimize 
the degradation of the calorimeter performance. 

5.4.1 Ring Imaging Cerenkov Detector (RICH) 

In order to cope with the high beam crossing rate and radiation levels expected at a 
B factory, the response of any detector has to be fast. This eliminates devices with 
long drift times, such as the slow RICH devices used in DELPHI and the SLD. The 
"fast RICH project," which started at CERN in 1991 was organized to develop a fast 
RICH capable of meeting the requirement of high luminosity collider experiments at 
the LHC and B factories [94;. 

A prototype fast RICH using crystal (CaF 2 and LiF) radiators and a gas (TEA) 
photon detector was constructed in 1992 and tested in a beam at the CERN PS. The 
initial performance of the prototype RICH proved that the detector concept met the 
performance goals [96]. 

A preliminary design of the fast RICH for the KEK B factory has been prepared 
that modifies the prototype configuration to include a solid Csl photocathode and a 
liquid radiator. Cherenkov photons radiated in the liquid radiators are detected by 
MWPC's with Csl photocathodes and the conversion position is registered by readout 
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pads on the cathode. 

The barrel RICH design has 30 sectors in the <j> direction, each subtending a region 
A<̂  = 12°, and two sections in the z direction. Figure 5.15 shows a cross-section of a 
sector. A 10-mm-thick liquid CsF 1 4 radiator is contained in a G-10 (or a CFRP) tray 
with a quartz window. The space between the radiator and the photon detector is 
filled with an inert gas such as nitrogen or argon. The liquid will be recirculated and 
purified in order to maintain high transparency to UV light. In the photon-detecting 
MWPC's, a 500 nm Csl layer is deposited on the cathode. When a UV photon is 
converted, the photo-electron drifts to an anode wire producing an avalanche signal. 
The MWPC will be operated with a methane+isobutane mixture. Since the 7.48 eV 
carbon excitation line is eliminated by the isobutane, the feedback photon problem is 
reduced. The position of the light is measured by the charge induced on 8 x 8 mm 3 

cathode pads. Since the conversion point of the photon into the electron is well defined 
(on the surface of Csl photocathode), the timing of the signal is very sharp and a very 
narrow strobe signal (~ 20 ns) can be used to latch the signals, reducing accidental 
hits. 

Electronics 

Figure 5.15: Sketch of the structure of the fast RICH counter for the KEK B-factory. 
The elements shown are the liquid radiator, the photodetector and the readout elec
tronics. 

There are a number of contradictory measurements of the Csl quantum efficiency, 
QE, with results ranging from 7 to 40%, depending on the measurement technique [97]. 
It seems reasonable to expect a QE of about 15% if the photocathode deposition and 

68 



purification is done with sufficient care. Another issue to be settled by further R&D 
is the long-term stability of a Csl photocathode in a methane environment. Although 
no negative results have been reported so far, it must be studied. 

A sophisticated electronic readout system is needed to read out the large number 
of cathode pads (about 227 K channels in the barrel alone). A promising candidate for 
this readout is based on a VLSI chip developed at Rutherford Appleton Laboratory in 
conjunction with the fast RICH project. The performance of this chip was verified in 
the CERN beam test. A detailed discussion of this readout system can be found in 
Ref.[98j. The readout chain, which is implemented on the rear plane of the MWPC, 
takes about 2.5 /JS. Another readout system, which provides a 7-bit digital signal from 
each pad, is being developed at KEK. Finally, an analog system based on existing or 
slightly modified versions of charge-sensitive readout electronics initially developed for 
silicon-strip detectors is also under study. 

Detailed calculations and Monte Carlo simulations of the fast RICH design have 
been carried out. The calculations indicate that the single Cherenkov photon angle 
resolution is dominantly determined by the ambiguity of the emission point in the 
radiator and the chromaticity of the radiator itself. The former error can be reduced by 
use of a thinner radiator, at the cost of a reduction in the number of radiated photons. 
The 10 mm thickness is a compromise between these two conflicting considerations. 
Figure 5.16 shows the expected K/x separation capability. At the boundary region 
between the barrel and the end-cap, the performance of the fast RICH deteriorates 
substantially because of photon loss by internal reflection at the surface of the radiator 
and ambiguities in the photon emission point. Assuming an average quantum efficiency 
of 15%, the number of detected photoelectrons is expected to range from 6 to 22, 
depending on the polar angle of the charged track. 

Additional R&D is needed before the RICH design can be finalized. This includes: 
1) determination of the optimum conditions for the deposition of the Csl photocath-
odes; 2) construction of a one-sector RICH prototype with a Csl photocathode and 
with a crystal or liquid radiator; and 3) modification of the readout electronics to 
reduce the material thickness and the power consumption. These questions will be 
vigorously pursued in 1994, with the goal of arriving at a final design in 1995. 

5.4.2 Aerogel Cherenkov Counter 
A threshold Cherenkov counter utilizing a silica aerogel radiator is another possible 
technique for K/T separation. Silica aerogel with a refractive index of n = 1.013, has 
been produced at KEK using a newly developed method. It has excellent hydrophobic 
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Figure 5.16: The expected performance of the Fast RICH as a function of the polar 
angle. The vertical axis shows the maximum momenta at which 2 <r K/it separation can 
be obtained. The two solid lines show the performance assuming a 10% and 20% QE 
for the Csl photocathode. The dashed line shows the pion momentum from B —> 7T+7r~ 
decays. 

properties and is expected to resist deterioration with age. The use of aerogel would 
permit a reduction of material in front of the Csl calorimeter. 

In the present design, which applies only to the barrel region, the device consists of 
a 510-element array of 16 x 16 cm 2 cross section and 25-cm-thick counters. Each counter 
consists of seven sheets of 2-cm-thick aerogel stacked so as to get sufficient Cherenkov 
light yield (with this thickness the light yield almost saturates). The counter walls are 
made of thin aluminium or G-10 and provide support for the aerogel and two readout 
photomultipliers. The inner walls are covered with a high efficiency reflector such 
as Millipore sheet. Two 5-cm-diameter fine-mesh photomultipliers view the aerogel 
from the side walls of the counter and are interleaved counter-to-counter as shown in 
Fig. 5.17. The total volume of silica aerogel is 2.0 m 3 , and there are 1020 readout 
channels. In this design, only a single refractive index is available, making it difficult 
to cover the entire 1 GeV/c to 4 GeVjc momentum region. 

We have developed a new technique for producing low-index aerogel in collaboration 
with Matsushita Electric Company, and have succeeded in producing 16 x 16 X 2 cm 3 

panels with n = 1.013. In our method the aerogel is baked under supercritical condi
tions after replacing the alcohol with C02-
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Figure 5.17: A. schematic view of an aerogel Cherenkov counter. 

The absorption length at 400 nm is measured in a photo-spectrometer to be more 
than 30 mm—the highest value among sihca aerogel used in high energy experiments to 
date [99, 100!. The performance of a prototype aerogel counter was tested in a KEK-
PS beam during the summer of 1993 [1021. The average number of photoelectrons 
obtained for /3 — 1 particles was Npc = 4.6 with two 5-cm-diameter quantacon-type 
PMT's and 2.8 with two 5-cm-diameter fine-mesh-type PMT's. The difference can be 
attributed to differences in the effective photocathode area of the two types of tubes. 

It should be emphasized that the aerogel produced by our process is hydrophobic, 
an essential property for long-term stable operation in an experiment. We have placed 
these aerogels in water for a month and saw no changes in their light output and 
transmission properties. Some cracks are seen inside the aerogel. We expect, however, 
that these can be eliminated by optimizing the parameters of the super-critical drying 
process. An aerogel baking system with a capacity of about 0.1 m 3 is now being 
constructed on the KEK site and will be ready in 1994. 

For 3<r -KIK separation, Npc for the fine-mesh phototube readout must be increased 
to approximately 5 photoelectrons. Potential areas for improvement are the light trans
mission of the aerogel and the effective photocathode area of the fine mesh PMT's. 
There also may be room for improvement in the single photon counting capability of 
the PMT's [101J. Figure 5.18 shows the detection efficiency as a function of momentum 
for an aerogel counter with n = 1.018 and jVp e = 5. The threshold momenta for this 
case are 0.73 GeV/c for 7r's and 2.6 GeV/c for K's. For momenta between 1.0 and 
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2.5 GeV/c, we can separate 7r's and K's with a > 90% efficiency. K misidentification 
comes from knock-on effects, and shows up as a loss of efficiency. 

efficiency 

Figure 5.18: Detection efficiency of the aerogel counter as a function of the momentum 
of the particle. The refractive index of n = 1.018 and A ^ = 5.0 were assumed. 
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5.5 T ime of Flight System 
Time-of-flight (TOF) using plastic scintillation counters is a very powerful, albeit con
ventional, method for particle identification in e + e~ collider detectors. For a 1.2 m 
flight path, a system of counters with 100 ps time resolution is effective for particle 
momenta below about 1.2 GeV/c, which corresponds to most of the particles produced 
from T(4i ') decays. Such a TOF system will identify 90% of the charged K's from B 
meson decays that are incident on it and provide clean and efficient 6-flavor tagging. 

In addition to particle identification, the TOF counters provide fast timing signals 
to the online farm for the trigger decision, which creates gate signals for the ADC's 
and stop signals for the TDC's. To avoid pileup in the trigger queue, the rate of 
the TOF trigger signals has to be kept below 70 kHz; the gate and stop timing for 
the Csl calorimeter and the PDC/CDC sets a time jitter requirement of less than 
10 ns. Simulations studies indicate that to keep the fast trigger below 70 kHz in any 
beam background conditions, the TOF counters should be augmented by thin trigger 
scintillation counters (TSC). 

5.5.1 TOF and TSC configuration 

To achieve the 100 ps design goal, the following design strategies are adopted[103, 73, 
104, 74, 75]: 

1. use of fast timing scintillator with an attenuation length longer than 2 m; 

2. elimination of light guides to minimize the time dispersion of scintillation photons 
propagating in the counter; and 

3. use of phototubes with large-area photocathodes that cover a large portion of the 
counter end to maximize photon collection. 

These considerations led us to a configuration with fine-mesh-dynode photomultiplier 
tubes (FM-PMT) [105] mounted directly to the TOF and TSC scintillation counters 
and situated inside the detector volume in the 1 Tesla field. 

Table 5.3 shows the TOF counter configuration. The barrel TOF consists of 128 
plastic scintillation counters forming a cylindrical structure located at a radius of 
120 cm (between the RICH detector and the Csl calorimeter). Figure 5.19(a) shows 
the individual barrel-TOF and TSC counter designs. Each barrel TOF scintillator is 
5 cm thick, 6 cm wide and 2.6 m long with phototubes mounted directly on each end. 
The barrel TSC consists of 64 pairs of 5 mm thick scintillators, which are attached on 
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Table 5.3: Configuration of the Barrel and the Endcap TOF counters. 

TOF Counter thickness 
cm 

Z 
cm 

R 
cm 

Polar angle Seg. PMT 

Barrel TOF 
Barrel TSC 

5 
2x0.5 

-95-188 117.5~125.0 36°-130° 
36°-130° 

128 
64 

2 
2 

Forward TSC 
Backward TSC 

1x0.5 
1x0.5 

194.5 
-101.5 

40~120 
40~120 

12°-36° 
130°-158° 

48 
48 

2 
2 

Forward TOF (option) 5 194.5 40~120 12°-36° 48 3 

the front and back surfaces of adjacent pairs of TOF counters. A full detector Monte 
Carlo simulation, including the effects of the material of the barrel RICH and back-
splash from the Csl calorimeter, indicates that the clean hit probability is about 90% 
for particles from BB events in the solid angle of the 128-segment TOF barrel. 

The forward endcap region is instrumented only with a single layer of 48, 5-mm-
thick, wedge-shaped scintillators, leaving room for the installation of a RICH detector. 
There is an option of having a forward TOF for the interim period before the forward 
RICH is ready. In that case, the forward TOF can enlarge the acceptance for if-tagging 
of fl-flavor in BB —> J/ipKs -f X events by an additional 15% over and above that 
provided by the barrel TOF and the CDC dEidx measurements. The forward TOF 
counters are wedge-shaped with readout phototubes mounted to the front surface of 
the counter, viewing the counter through a 45° reflecting plane in order to maintain 
the phototube axes parallel to the magnetic field, as shown in Fig. 5.19(c). 

Figure 5.20 shows schematic diagrams for the (a) TSC fast trigger and (b) TOF 
readout systems. Coincidences formed between mcantimed signals from the two layers 
of the barrel TSC counters are used to create a fast tngger signal with a time jitter 
smaller than 5 ns. During the 2 /zs event decision time, the analog and digital TOF 
signals are delayed through passive delay lines and are read out via conventional ADC 
and TDC modules, depending on the results of the trigger decision (which also involves 
information from the Csl and ODC/PDC). 

The timing and gain of the individual phototubes as well as long-term aging ef
fects of the scintillators will be Monitored by a puised-laser calibration system. This 
will be essential for minimizing systematic errors; for monitoring the performance of 
each counter module; and for debugging the entire system, especial]}' at the time of 
installation. 
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Figure 5.19: (a) Barrel T O F / T S C , (b) endcap T S C and (c) endcap T O F designs. 

5.5.2 Monte Carlo studies of the TSC design 

Beam-induced backgrounds in the T O F counters have been es t imated with the G E A N T 

full de tec tor s imulat ion. As we expect effects from the 3.5 GeV e + b e a m to be larger 

than those from the 8 GeV e" beam, only spent positrons were s imulated (for detai ls 

see Section 4.2.2). F igure 5.21(a) shows the energy spec t rum of 7-rays p roduced by 

spent 3.5 GeV posi t rons tha t reach the barrel T O F . Abou t seven 7—rays with energies 

up to a few MeV are produced by each spent e + in the masks in the in teract ion region 

and reach the barrel T O F . Conversions of these 7-rays in the scintillator p roduce a 

count ing ra te in the barrel T O F counters in excess of 70 kHz. The coincidence r a t e for 

two th inner (5 m m thick) T S C counters , separated by the 5 cm is considerably lower. 

The 1 Tesla magnet ic field prevents most electrons created by Compton sca t te r ing or 

pair conversion in the inner layer from reaching the outer layer. A G E A N T s tudy 

indicates the photon sensitivity of the coincidence of two TSCs is about 8 x l 0 - 3 t imes 

tha t of the barrel T O F (see Fig. 5.21(b)). In the endcap region the field is a lmost 

parallel to 7-ray direction, and the photon sensitivity is higher. Here a single thin 

trigger scintillator is being considered, as shown in Fig. 5.19(b). 

Table 5.4 shows the results of a G E A N T s tudy of the trigger ra te of the T O F 

and T S C counters for several trigger conditions, assuming a ra te of 2 MHz of spent 
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Figure 5.20: Schematic diagram for the (a) TSC trigger and (b) TOF readouts 

positrons and taking careful account of the material around the interaction region. 
A singles rate of 174 kHz in the barrel TOF can be reduced to 9.0 ~ 1.4 kHz with 
the TSC coincidence using discrimination levels of 0.1~0.2 m.i.p. The rates in the 
backward TSCs are higher due to their higher sensitivities to photons and the large 
flux of photons incident on the backward TSCs. There is the capability for lowering 
the trigger rate further by raising discrimination levels and/or taking NyoF > 2 etc., 
thus providing a considerable safety margin against the 70 kHz limit. 

5.5.3 Test results of prototype TOF counters 

Hamamatsu R-2590 FM-PMT tubes were mounted on each end of a 2-m-long scintilla
tion bar (BC408) with a cross section of 4 cm(t)x6 cm(w) and tested in magnetic fields 
up to 1.2 Tesla. These tubes are 10 cm long and have a 36 mm diameter photocathode. 
Time resolutions and gains were measured with a 1.5 GeV/'c x~ beam. Figure 5.22(a) 
shows the time resolution for two beam positions—60 and 180 cm from the PMT—as a 
function of field strength. The PMT high voltage was raised to keep the output signal 
nearly constant (about 800 ADC counts x 0.25 pC) as the field strength increased. The 
time resolution is observed to degrade by about 10% as the field is increased to 1.2 
Tesla. This is accompanied by a substantial reduction in gain, as shown in Fig. 5.22(b). 
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Figure 5.21: MC study of BTOF trigger, (a) Energy spectrum of 7—rays produced by 
spent e + that reach the barrel TOF and (b) the 7 sensitivities of the barrel TOF and 
the two-TSC coincidence. 

A new type of FM phototube (R5190) with improved photon collection and reduced 
material thickness has been developed. This tube has a wider photocathode diameter 
(43.5 mm <f>) and a shorter length (6 cm). 

Full-size prototype of the barrel TOF counters were tested in the pion beam. They 
were 3 m long, 5-cm-thick and 6-cm-wide BC408 and BC404 scintillators with attenua
tion lengths of 2.5 m and 2.1 m, respectively. The BC404 results are shown in Fig. 5.23. 
Independent time walk corrections were applied at each beam position. The time jitter 
of the start counter (35 ps) is subtracted quadratically. An intrinsic time resolution 
of 70 ps is obtained for BC408 and 60 ps for the faster BC404. Figure 5.24(a) shows 
the 7T+/p separation over a flight length of 1.4 m in a 2 GeV/c unseparated beam. 
Two peaks, corresponding to 7r+s and protons, are clearly separated by about 6<r, cor
responding to what could be expected for x /K separation in BELLE at 1 GeV/c. A 
continuing R&D on the FM-PMT is aimed at producing a device that matches the 
128-segment TOF counter size with a maximum effective photocathode area. In addi
tion, R&D of a new type FM-PMT with two separated anodes for reading out the two 
TSC signals independently is also making encouraging progress. 

Test results of a prototype forward TOF counter (BC404) with three phototubes is 
shown in Fig. 5.24(b). An intrinsic resolution at the center of 50 ps is seen. 
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Table 5.4: Trigger rates for different TOF and TSC combinations. 
Trigger condition discri. 

[m.i.p] 
NTOF > 1 

[kHz] 
NT0F > 2 

[kHz] 
Barrel TOF ( no TSC ) 0.1 

0.2 
174 
82 

46 
10.4 

Barrel TSC1&TSC2 0.1 
0.2 

9.0 
1.4 

0.3 
<0.2 

Barrel+Forward TSC1&TSC2 0.1 
0.2 

11.8 
3.4 

0.4 
<0.2 

Barrel+Forward/Backward TSC1&TSC2 0.1 
0.2 

46 
32 

7.4 
3.6 

5.5.4 Readout electronics and related items 
We plan to use LeCroy-1872A TDC and 1882F ADC FASTBUS modules for digitization 
of the TOF signals. R&D on the digital and analog 2 fis delays for the TDC and ADC 
signals is underway. A time jitter of 20 ps with a temperature dependence of 40 ps/°C 
has been obtained in a prototype test of a 4-channel digital delay module assembled in 
a double-width NIM module, utilizing a compact, 400 m long optical fiber bobbin. In 
addition, a NIM module containing 16 LC delay lines adequate for the analog signals 
has been tested. A < 2% non-linearity is obtained with the output width ranging to 
~ 300 ns; the output charge is reduced by a factor of ~ 0.25 after the LC delay. These 
results are close to the design goals. Further R&D is needed to reduce the time jitter 
associated with the beam-cross timing and beam bunch length (20 ps for 5 mm) to less 
than 40 ps. 
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Figure 5.22: Test results for fine mesh dynode phototubes, (a) Time resolution and (b) 
relative gain as a function of magnetic field strength. A 2m long BC408 scintillation 
bar with a cosssection of 4 cm(t) and 6 cm(W) was used for the test. 
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Figure 5.23: Beam test results for a 3 m long, 5 cm thick and 6 cm wide BC404 
scintillator. The intrinsic time resolution as a function of beam position, for (a) normal 
beam incidence and (b) varying incidence angles according to z-position on the the 
counter. 
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Figure 5.24: Time of flight measurements by prototype (a) barrel TOF and (b) endcap 
TOF counters for a 2 GeV/c T + / P unseparated beam over a flight path of 1.4 m; here 
the 35 ps time jitter of the start counter is included. 
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5.6 CsI(TY) Calorimeter 

Most of the physics goals of the BELLE experiment require the full reconstruction of 
B mesons. Since approximately one third of the final-state particles in B meson decays 
are x°'s, it is essential to have high quality 7—ray detection. Good energy and angular 
resolution are necessary for the efficient detection of mass peaks with good signal to 
noise. 

The energy region of interest is from 20 MeV to 4 GeV. The lower energy is set 
by the need to detect the backward-going photons from T 0 decays; the higher energy 
corresponds to 7's from important two-body radiative decays such as B —> K*~/. Since 
Bhabha scattering will be used to calibrate the calorimeter, there should be reasonable 
resolution for the 8 GeV electrons that scatter into the forward endcap. 

5.6.1 Overall Design 

Our design employs a finely segmented 7—ray counter made of inorganic crystal scin
tillators. This solution gives the best energy and angular resolution over the required 
energy range Liquid calorimeters are precluded by the lack of space inside the coil. 
Sampling calorimeters and lead glass have decidedly inferior energy resolution, espe
cially at low energy. The crystals will be installed inside of the magnet coil to avoid 
the loss of low-energy photon detection efficiency. This requires a light readout system 
based on magnetic field insensitive devices such as silicon photodiodes. 

Table 5.5 shows a list of currently available heavy scintillators. Among them, BGO 
with a charge-amplification readout device, such as an avalanche photodiode (APD), 
would give the best performance. However APD technology is not mature, and the 
devices that are currently available are prohibitively expensive. Among the remaining 
alternatives, CsI(T^) with PIN photodiode readout is best suited for a calorimeter to 
be built in the near future. Currently, there are two large scale detectors operating 
with CsI(T^) calorimeters, CLEO-II and the Crystal Barrel. The performance levels 
demonstrated in these experiments are adequate for our requirements j 106] [107]. 

The complete calorimeter, shown in Fig. 5.25, is comprised of a 3.6 m long, 1.25 m 
inner radius barrel section and endcaps located at z — 1.9 m and 2 = —1.0 m from 
the interaction point. Crystals are arranged in a tower-geometry that points at the 
interaction point, with a slight tilt in both 9 and <f> directions in order to minimize the 
possibility of photons penetrating through the gaps between crystals. The calorimeter 
covers the polar angle region of 12.2° < 6 < 155.5° with good resolution over the range 
17.0° < 9 < 150.0°, the latter range corresponds to a solid angle coverage of 91% of 
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Table 5.5: Properties of heavy inorganic scintillators. 

Nal(T^) Csl CsI(Na) CsI(T0 BGO BaF, CeF 3 

Density (g/cm 3 ) 3.67 4.51 4.51 4.51 7.13 4.89 6.16 
Rad. Length (cm) 2.59 1.85 1.85 1.85 1.11 2.06 1.68 
Moliere Radius (cm) 5.1 3.8 3.8 3.8 2.3 3.4 2.6 
Nuc. Int. Length (cm) 41.4 34.2 34.2 34.2 22.0 29.9 22.6 
Refractive Index 1.85 1.80 1.80 1.80 2.15 1.50 1.62 
Peak Emmission (nm) 415 320 420 565 480 210/310 300/340 
Decay Time (ns) 230 10 630 1000 300 1/620 5/30 
Light Output (%) 100 45 102 137 22 4/22 7 
Hygroscopicity strong slight weak slight no no no 
Rad. Hardness (rad) 103 104 i o 3 - 4 103 io<-6 ? 10 9 

Approx. Cost ($/cc) 1-2 3 2 2 7 3 -

Figure 5.25: Configuration of the CsI(T£) calorimeter. 
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Table 5.6: Geometrical parameters of the Csl calorimeter. 
6 coverage 6 seg. <f> seg. # of crystals 

Forward Endcap 12.2° - 31.6° 13 48 - 128 1216 
Barrel 31.9° - 128.5° 46 144 6624 
Backward Endcap 131.3° - 155.5° 10 80 - 128 1040 

47r. The geometrical parameters of the calorimeter are given in Table 5.6. The entire 
system contains 8880 CsI(T^) counters and weighs 43 tons. 

The individual CsI(T^) counters are 30 cm long and have a trapezoidal shape that 
ranges from approximately 5.5 x 5.5 cm 2 in the front to 6.5 x 6.5 cm 2 in the rear. The 
6 cm transverse dimension corresponds to 1.6 Moliere radii and the 30 cm length to 
16.2 radiation lengths. A GEANT simulation indicates an 82% containment shower 
containment for both 100 MeV and 2 GeV 7's incident at the center of the 5.5 x 5.5 cm 2 

face of the crystal. With this segmentation, the two 7's from 7r°'s below 3.1 GeV/c 
will be separated by a minimum of two counters and will produce distinct clusters, 
permitting a straight-forward invariant mass calculation. 

The 30 cm crystal length is chosen to optimize the energy resolution for high energy 
7's within the constraints of the limited radial space allotted to the calorimeter. A 
GEANT simulation of 7's with energies between 20 MeV and 4 GeV incident on a 
25-element array of rectangular 6 x 6 cm 2 crystals of different lengths is plotted in 
Fig. 5.26. Electronics noise of 1 MeV and a ±0.5% counter-gain calibration error are 
included in the simulation. The advantage of longer crystals for energies above ~300 
MeV is apparent. 

5.6.2 CsI(T^) Readout System 

Each Csl counter will be read out by two silicon PIN photodiodes attached at the rear 
surface of the crystal. In a diode readout system, electronic noise will limit the low 
energy 7-ray energy resolution. The energy-equivalent-noise of the readout electron
ics (<TE) is defined as E N C / n p e . where np.c. is the average number of photo-electrons 
collected for unit energy deposit in a crystal and ENC is the equivalent noise charge 
of the photodiode-preamplifier system. The photodiode properties, in particular the 
sensitive area and the wafer thickness, aifect the noise performance [<TE) through np_e,, 
the photodiode capacitance, and the leakage current. 

We evaluated several types of photodiodes manufactured by Hamamatsu Photonics 
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Figure 5.26: Energy resolution vs length of Csl crystals. (GEANT simulation) 

with sensitive areas ranging from 1 to 3.2 cm 2 and wafer thicknesses of 200, 300 and 
500 ilia. A 25-cm-long 5 x 5 cm 2 rectangular CsI(Tf) crystal manufactured by Horiba 
was used for the evaluation of o"£. The crystal was wrapped with a few layers of 
38 /jm-thick Teflon and a layer of aluminized Mylar. The photodiode was attached 
at the rear surface of the crystal with optical grease. The signal from the photodiode 
was integrated by a preamplifier (Clear Pulse CS507) and shaped with a 2 /is time-
constant by an ORTEC 570 amplifier. The energy scale of the electronics was calibrated 
by irradiating the photodiode directly with a 2 4 1 A m source; the electronic noise was 
estimated from the rms width of a test pulse. 

The resulting values of <TE are shown in Fig. 5.27, where the signal is obtained 
by irradiating the crystal with a 6 0 C o source and measuring the combined 1.17 and 
1.33 MeV 7-ray peaks. We observe that <TE decreases slowly with the photosensitive 
area as a result of the competing influence of the increasing capacitance and leakage 
current, which increases ENC, and the increased light collection, which increases np.t,. 
The results for a 500 /im thick photodiode (S3202-05, 1.8 x 1.8 cm 2 ) were no better 
than those for standard 300 fim thick photodiodes because the gain from the smaller 
capacitance was offset by an increase in leakage current. 

In order to estimate the value of n p e , for crystals with dimensions of our design, 
we also measured several large size crystals (25 cm or 30 cm long) of various shapes 
(rectangular and tapered) manufactured by BDH, Bicron, Horiba and Quartz et Silice. 
From these measurements, we estimate a value of np.e, ~2200 electrons/MeV collected 
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Figure 5.27: Energy equivalent noise vs the photodiode sensitive area. 

by a 2 cm 2 sensitive-area photodiode. 
We performed a test of photodiode degradation by operating 160 units of S2744-03 

photodiodes at an elevated temperature of 60°C with a 70V bias voltage. A typical 
dark current was 300 nA under this operating condition. The average dark current 
increased by 4% after 3600 hours, but no photodiode showed abrupt or catastrophic 
performance change during the test. Since the dark current at the expected operating 
temperature and bias voltage is two orders of magnitude less, the photodiode appears 
to have sufficient reliability for the use in the barrel calorimeter. 

Based on the test results described above, we plan to use two S2744-03 photodiodes, 
each with a sensitive area of 1 x 2 cm 2 and its own preamplifier. The data point 
corresponding to the 4 cm.2 area in Fig. 5.27 was obtained with this configuration and 
has a &E that is lower by a factor of l/y/2 than measurements for a readout using a 
single 2 cm 2 photodiode. 

The choice of two independent readout channels for each barrel crystal is driven by 
the limited access to the electronics after installation. If we use the CLEO-II observed 
photodiode or preamplifier failure rate of 1.3 x 1 0 - 4 /year [106], we extrapolate to one 
barrel crystal with two dead readout channels and 160 crystals with only one readout 
channel after nine years of running. 
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Table 5.7: Principal characteristics of the preamplifier. 
input transistor JFET, 2SK613 
transconductance ~ 20 mS at I j , = 5 mA 
feedback capacitance 1 pF 
decay time 50 /is 
output voltage 160 / tV/lO 3 electrons 
dynamic range 0 - 10V 
power supply 15V and -5V 
power consumption 120 mW 

5.6.3 Electronics 
We have developed a hybrid preamplifier for the photodiode readout. The design 
requirements are low noise, wide dynamic range, and good power-line noise filtering. 
The principal characteristics are summarized in Table 5.7 and details are reported 
elsewhere [108]. 

The unloaded noise of the preamplifier for a 1 fis shaping time is about 200 electrons. 
This increases with the capacitance as ~ 1.3 electrons/pF, corresponding to approx
imately 330 electrons for the 100 pF capacitance of a S2744-03 photodiode when it 
is reverse-biassed at 60V. Adding the effects of photodiode leakage current (typically 
4 nA) and series resistance, we expect an ENC of approximately 500 electrons, or a as 
of 230 keV for each readout channel. After summing the two readout channels for the 
same crystal, we will obtain a erg of 160 keV for each counter. 

The integral nonlinearities of the preamplifier were measured to be less than 0.3% 
for the full 10 V range, or up to 28 GeV for a typical sensitivity of 2200 electrons/MeV. 
This corresponds to a dynamic range of 1.3 x lO 5 with respect to the ENC of the 
preamplifier. A power supply ripple rejection ratio of -40 dB (-60 dB) was achieved 
at 2 kHz (1 MHz). 

The two preamplifiers for each crystal will be placed just behind their respective 
photodiodes and the whole assembly will be covered by an aluminum shielding case. 
The aluminized Mylar used for crystal wrapping will be attached to the aluminum 
preamplifier case to form a Faraday cage. We expect this will reduce the effects of 
coherent noise to the level of ~100 keV/crystal. Assuming the above values for the 
incoherent photodiode-preamplifier noise and coherent electromagnetic pickup noise, 
the total noise contribution from a nine-crystal sum will be 1.0 MeV, or 5% for a 20 
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Figure 5.28: Schematics of CsI(T^) readout electronics. 

MeV shower. 

A block diagram of the subsequent analog circuits is shown in Fig 5.28. The pream
plifier outputs are transmitted on 50 fi twisted pair cables to a shaping circuit where 
the two signals are summed and then split into two streams: one for the main ADC 
and the other for the trigger electronics. The shaping time of the main ADC signal 
will be ~ 1 /*s, which is the optimum choice for good signal to noise; the shaping of the 
trigger signal will be shorter in order to supply analog-summed information in time for 
the first-level trigger. 

The main ADC requirements are: (1) a resolution of ~0 .1%; (2) a minimum dy
namic range of 16 bits; and (3) a conversion and buffering time of 200 fis. A 16 bit 
dynamic range is required to have a single digitization channel correspond to 125 keV, 
i.e. 80% of the expected incoherent noise level, while providing a full range appropriate 
for the 8 GeV forward-Bhabha electrons. The requirement on the conversion time is 
imposed from the dead time allowance of the first-level trigger. An optimum solution 
is a peak-sensing ADC—possibly with several sensitivity ranges—with the required 
resolution and dynamic range. Peak-sensing is ideal for reducing the effects of timing 
jitter in the ADC gate pulse. 

Among commercially available modules, the FASTBUS ADC from LeCroy is closest 
to meeting our requirements. The presently available version of the LRS-1885F has a 
dynamic range of 15 bits and a maximum conversion time of 265 /is. It has additional 
features of self calibration, null-data suppression and event buffering. With modest 
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performance improvements, this could satisfy our requirements. If this module is used, 
the shaper output will be sampled near its peak value, which occurs 2 /is after the 
beam crossing, with a ~ 100-ns-wide gate. The expected time jitter of the trigger gate 
(< 5 ns) will result in a negligibly small ambiguity (< 10" 5) in the sampled charge. 
The shaper output will be attenuated by approximately a factor of 10 at the input of 
ADC, which increases the immunity to the pickup noise on the transmission cable. 

5.6.4 Mechanical Structure 

In the barrel part of the calorimeter, crystals are installed in a cell structure formed by 
0.5-mm-thick aluminum fins stretched between inner and outer cylindrical walls. The 
inner cylinder is made of 1.6-mm-thick aluminum to minimize the material in front of 
the calorimeter; the outer cylinder is made of 8-mm-thick stainless steel and provides 
the mechanical support for the weight of the crystals. Eight crystals, four rows in 8 and 
two columns in 4>, are inserted in each cell and fixed in position by push screws from 
the back. The weight of the crystal is transmitted to the outer wall via the fins and 
the inner wall. The outer wall, together with transverse bars reinforcing its strength, is 
attached to rigid rings at each end. The whole barrel structure is placed in a support 
cylinder that is fixed to the iron structure of the magnet. Finite-element calculations 
indicate that the whole barrel structure will sag ~ 200 (im when it is supported only 
by the two end rings—this will only occur during installation. 

It is difficult to estimate the stress applied to the crystal in this support structure. 
We estimated an upper limit on the internal crystal stresses by assuming the barrel to 
be a uniform (33 ton) cylinder of bulk Csl supported from the ends. Here we find a 
maximum stress in the Csl of 1.7 kg/cm 2 , which is an order-of-magnitude below the 
measured elastic limit of ~ 15 kg/cm 2 . The stress on the crystals in the actual device 
should be significantly smaller, since most of the crystal weight in each cell is directly 
transmitted to the outer wall. 

The overall support structure will be made gas tight and flushed with dry air to 
provide a low-humidity environment for the CsI(T^) crystals. Cabling to the pream
plifiers and piping for the preamplifier coolant liquid will run behind the crystals to 
holes in the two end rings. 

The support for the endcaps has a structure similar to that of the barrel. The 
weight is transmitted by fins to a thick backplate that is supported from side rails 
mounted on the support ring. It will slide out on the rail when access to the inner 
detector is necessary. 
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5.6.5 Calibration 
Before the installation of crystals into the support structure, we will pre-calibrate 
each counter using a cosmic-ray measurement stand that consists of several layers of 
drift chambers. The stand can accommodate 20 crystals at a time and provides a 
measurement of the gain and light collection uniformity of each counter in ~ 8 hours. 
With this system, all of the crystals can be pre-calibrated with a statistical accuracy 
of 1% in 150 days. 

During the life of the experiment, the absolute energy calibration and the moni
toring of gain stability will be done with Bhabha events. Even at 0 | a 6 = 67°, where 
the Bhabha scattering cross section is smallest, we will accumulate —137 events per 
crystal every day at the luminosity of 1 0 3 3 c m ~ 2 s - 1 . At this rate, the calibration con
stant for each counter could be determined with a ±0.5% statistical precision for every 
day of running. In practice, the stability of the photodiodes indicate that less frequent 
calibrations will be necessary. 

The calibration constants determined from high energy Bhabha electrons have to be 
corrected for lower energy photons. As this correction is likely to depend on the details 
of the crystal geometry, the clustering algorithm, etc., it should be done using physics 
processes such as e + e~ —* e + e~7 , 77, 777, and by adjusting the invariant masses of 
the 7r° and 77 to their known values. According to the CLEO-II group, the absolute 
calibration accuracy using these processes is ±0.5% for energies above 100 MeV [106]. 

The gain and linearity of the entire electronics chain can be calibrated by feeding 
a fixed amount of charge at the preamplifier input. A quick test of the readout system 
can be made by pulsing LEDs attached to the crystal surface near the photodiode. 

5.6.6 Measurement of Luminosity 

Instead of a dedicated monitor situated at small angles, we plan to use the entire 
CsI(T^) calorimeter for the luminosity measurement. The lowest-order Bhabha scat
tering cross section is 36.4 nb for the whole calorimeter (17.0° < #jaj, < 142.2°) and 
7.8 nb for the barrel portion only (31.9° < 6lab < 113.4°). The minimum detectable 
angle of 17Q is limited by the PDC wall and the tungsten mask used for shielding the 
detector from spent electrons. 

At the luminosity of 10 3 3 c m ' V , we will have a Bhabha scattering rate of 36 Hz 
from the whole calorimeter, which will be sufficient for a real-time luminosity measure
ment. The energy trigger will explicitly identify Bhabha events and the rate will be 
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sent to the accelerator control room as an online diagnostic. The precise determination 
of the luminosity will be made by offline analysis using large-angle Bhabha scattering 
for which the acceptance can be precisely determined with the use of the ttacking 
detectors. 

5.6.7 Beam Test 

We performed a beam test of a 5 x 5 element CsI(T^) matrix in the ?r2 beam line 
of the KEK proton synchrotron. Two different array configurations, a normal array 
simulating the central part of the barrel (6 = 90°) and a staggered array simulating the 
end of the barrel (8 — 39°), were exposed to the pion and electron beams with energies 
between 0.5 and 3.0 GeV. The beam momentum was measured with an accuracy of 
~0 .5% using an analyzing magnet and two sets of drift chambers. 

We used CsI(T£) crystals of nearly the same dimensions as our proposed design 
but with the shorter length of 25 cm (13.5 X 0 ) . Each crystal was read out by two 
photodiodes (S2744-03) glued directly on the back of the crystals. The crystals were 
calibrated by injecting 2 GeV/c electrons at their centers. 

The energy resolution for electrons is shown in Fig. 5.29 for normal and staggered 
arrays together with the results of a GEANT simulation. The measurements corre
spond to the sum of the energy deposited in all 25 counters for electrons incident 
within ±2 cm from the center of the matrix. A negligible deterioration of the energy 
resolution for the staggered array can be seen in the figure. 

The change of total energy deposited by 2 GeV electrons as they are swept across 
a crystal boundary is shown in Fig. 5.30. For these measurements, the energies in a 
3 x 3 array around the crystal with the highest energy deposit are summed. The effect 
of the boundary is worse for the staggered array, where the measured deposited energy 
decreases by ~ 2 % near the crystal edges. This must be corrected to preserve the energy 
resolution. The good position resolution, which ]s found to be 4.5 mm in the same data 
sample, can be uced to correct this effect down to the ~ 0.5% level. We note that the 
agreement between the data and the GEANT simulation is excellent, indicating that 
the simulation can be reliably used for determining the appropriate corrections to the 
data. 

The e,7T separation capabilitiet were tested by injecting -"*' and r~ beams into the 
center of the array. From the distribution of total energy deposited, we define the 
probability for a pion to be misidentified as an electron by Na^t/Ntoi where Afmi, is 
the number of events with an energy deposit in the electron energy region and Nloi in 
the total number of pion events. The electron energy region is defined as ±3ffe around 
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Figure 5.29: The energy resolution of the 25 cm long CsI(T7) array obtained from the 
beam test. 

peak of electron energy deposit, where ct is the electron energy resolution. The results 
for 7T+ and r~ are shown in Fig. 5.31. The pion misidentifkation probability is found 
to be less than 0.7% for momenta above 1 GeV/c, the range where electrons are useful 
for flavor-tagging the B mesons. Better separation may be obtained by the application 
of additional cuts on the transverse shower spread. 

We plan to repeat these test beam measurements with 30-cm-long crystals with the 
readout electronics proposed here. 

5.6.8 Monte Carlo Simulation 

We used GEANT 3.15 for simulating 7- rays in the calorimeter to estimate the expected 
performance and to obtain a simple parametrization for the fast physics simulator, 
FSIM. The material of the inner detector devices, listed in Table 5.8, is included in the 
simulation. This material is dominated by the fast RICH, the TOF scintillator and the 
end plate of the CDC. In terms of radiation length, the total material in front of the 
Csl is 0.42 X 0 at 9 = 90° and 0.48 X 0 at B = 25°. The simulation also includes coherent 
(100 keV) and incoherent (225 keV) electronic noise and an element-to-element random 
calibration error of 1%, which are more conservative than our goals specified previously 
in the text. 

In the simulation, 7's with energies between 0.02 and 8 GeV were generated uni
formly over the full solid angle and tracked through the detector. Calorimeter clusters 
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Figure 5.30: Change of deposited energy vs beam position. 
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Detector 
Table 5.8: Material thickness in front of the calorimeter. 

material i.l. 
(cm) 

thickness 
(cm) 

Xo(%) 
at 9 = 90° 

Xo(%) 
at 9 = 25° 

BP TOTAL 0.55 1.32 
inner pipe Be 35.3 0.11 0.31 0.74 
coolant H 2 0 36.1 0.055 0.15 0.36 
outer pipe Be 35.3 0.033 0.09 0.22 

SVD TOTAL 1.17 2.74 
EM shield Al 8.9 0.0044 0.05 0.11 
detector Si 9.36 0.033x3 1.06 2.50 
outer cover Be 35.3 0.02 0.06 0.13 

PDC TOTAL 1.90 4.49 
inner wall CFRP 18.8 0.1 0.53 1.26 
middle wall CFRP 18.8 0.1 0.53 1.26 
outer wall CFRP 16.8 0.1 0.53 1.26 
cathode strip Al 8.9 0.005x4 0.23 0.53 
gas/wire 19700. 14.8 0.08 0.18 

CDC TOTAL 4.23 16.11 
inner wall CFRP 18.8 0.25 1.33 3.15 
outer wall CFRP 18.8 0.5 2.66 -
gas/wire 26300. 61.7 0.24 0.56 
end plate Al 8.9 1.0 - 12.40 

RICH TOTAL 20.16 22.24 
structure honeycomb 40.0 0.8 2.00 2.21 
rad. tray CFRP 18.8 0.2 1.06 1.17 
radiator CoF 1 4 20.5 1.0 4.88 5.38 
rad. window Quartz 10.2 0.5 4.90 5.41 
rad. - ch. Ar 11000. 15.0 0.14 0.15 
chamber gas CH, 63500. 1.0 0.00 0.00 
structure G10 19.4 0.3 1.55 1.71 
electronics 151. 8.5 5.63 6.21 

Aerogel TOTAL 4.50 -
TOF TOTAL 14.15 1.30 

scint. CH 42.4 5.0+2x0.5 14.15 -
scint. CH 42.4 0.5 - 1.30 

TOTAL RICH opt. 42.16 48.20 
Aerogel opt. 26.50 -
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Figure 5.31: Probability to misidentify a pion as an electron. 

were reconstructed by summing all the energy deposits above 1 MeV in 25 crystals 
around the peak value. When there is more than one cluster, we select the one with 
the maximum reconstructed energy. A ^-dependent correction factor is applied to the 
cluster energy such that the observed energy peak at each angle coincides with the 
generated energy. 

The energy resolution is defined as the ratio of the rms to the mean of the energy 
distribution, which were calculated from 75% of the events; those in the low energy tail 
were excluded. A reconstruction efficiency for photons was defined to be the fraction 
of events that were within 10% of the correct energy and 2.5° (3.0°) of the correct 6 
[4>) angle. 

Figure 5.32 shows the ^-dependence of the energy resolution and reconstruction 
efficiency for 500 MeV 7's. The response is uniform over most of the calorimeter. The 
exception is the transition region between the barrel and the endcap, where there are 
15 mm (forward) and 55 mm (backward) gaps containing inactive material. A small 
degradation of the energy resolution and reconstruction efficiency is observed toward 
the edges of the barrel and in the endcap region. 

Figure 5.33 shows the energy dependence of the same quantities at 8 = 90°. The 
results in the figure indicate that we can expect better than 5% energy resolution at 
20 MeV provided we can control the electronic noise at the prescribed level. The 7-ray 
reconstruction efficiency ranges from ~ 75% at low energy to over 90% at high energy 
in spite of the intervening material. 
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Figure 5.32: Polar angle dependence of (a) Energy resolution and (b) reconstruction 
efficiency for 500 MeV 7's. 

The TT° mass resolution and reconstruction efficiency were estimated for the same 
setup. Figure 5.34(a) shows the resolution of reconstructed 77 invariant mass for 7T°'s 
generated uniformly over the angular region of 30° < 9 < 125°. The mass resolution 
above 1 GeV is dominated by the angular resolution and should improve significantly 
with the implementation of a more sophisticated position-determining algorithm. The 
estimated it0 reconstruction efficiency, shown in Fig. 5.34(b), is 80% at 2 GeV and 45% 
at 100 MeV, where the efficiency is defined by the number of events whose reconstructed 
invariant mass falls within ±3<7 m a l l of the TT° mass. 

5.6.9 Beam Background 
Beam-induced background levels in the calorimeter have been estimated with Monte 
Carlo simulations. Details of this simulation are given elsewhere in this report (Chapter 
4, Section 2.2). As we expect effects from the 3.5 GeV positron beam to be significantly 
larger than those from the 8 GeV electron beam, only spent positrons were simulated. 

According to this calculation, the rate of spent positrons entering the intersection 
region is ~2 MHz. Approximately half of the spent positrons pass through the in
tersection without interacting with any oi the machine or detector components. The 
ones that do interact hit the beam pipe wall, the cryostat, and the tungsten mask 
attached to the cryostat, and start electromagnetic showers. Some of them ultimately 
spray large numbers of soft 7's throughout the detector volume. The angular depen
dence of the singles rate caused by background 7's with energies above 100 keV and 
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Figure 5.35: Singles rate of CsI(T^) counter by the background photons vs 6 angle. 

Table 5.9: Number and average energy of background photons produced by spent 
electrons. 

barrel forward 
endcap 

backward 
endcap 

Rate E 7 > 100 keV 148 10 54 
(N7/10/zs) E 7 > 1 MeV 20 0.8 18 

E 7 > 10 MeV 0.6 0.02 1.8 
average E 7 E 7 > 1 MeV 3 MeV 3 MeV 4 MeV 

above 1 MeV is shown in Fig. 5.35. The estimated number of photons impinging on 
the different calorimeter regions in a 10 ps interval at £ = 10 3 4 c m - 2 s - 1 is given in 
Table 5.9. Here, the 10 ps time interval corresponds to the total CsI(T£) pulse width 
after shaping with 1 /is time constant. 

These results indicate that at a luminosity of 10 3 4 cm" 2 s~ 1 the total number of 
background photons superimposed on the real event will be approximately 20 in each 
part of the calorimeter (barrel and two endcaps) with an average energy of 3 - 4 MeV. 

The effects of such a background on the energy resolution for real 7's with energies 
above 100 MeV should not be serious in the barrel, but this may be an important 
limitation on our ability to detect low eneigy 7's, particularly in the endcap regions. 

97 



1.2 r 

5 ' 
| as 

o, 
£ 0.4 

"S 0.2 
as 

0 
0 100 Ik 10k 100k 

Doseby60Co(Rad) 
Figure 5.36: Radiation damage of CsI(T^) crystals irradiated by 8 0 Co. 

5.6.10 Radiation Hardness 

We tested two large CsI(T^) crystals from Horiba and Quartz et Silice (25 and 30 cm 
long, respectively) for radiation hardness by irradiating them uniformly with 7-rays 
from a 8 0 C o source. We monitored the light output and the uniformity of light collection 
along the crystal by measuring the 1 3 7 C s 7 peak within a few days after each irradiation. 
The results shown in Fig. 5.36 indicate a 18% (35%) decrease in the average light output 
for the Horiba (Quartz et Silice) crystal after a 10 krad dose. Despite the decrease in 
light output, the change of uniformity for both crystals was small—the non-uniformity 
was less than 9% for doses as high as 100 krad. 

The background simulations indicate that radiation doses from stable beam oper
ation at £ — 10 3 4 c m _ 2 s _ 1 will be about 12 rad per year for the endcap components 
nearest to the beam line. This assumes that all background 7's are absorbed in the first 
3 cm of the crystal. We conclude that as far as stable beam operations are concerned, 
the radiation hardness of the CsI(T^) is adequate. Much higher radiation doses are 
expected during beam injection and from accidental beam losses and possible unusual 
conditions during accelerator tuning and machine studies. It is difficult to make a 
reliable estimate of the doses from these sources, but they will be mostly concentrated 
in the inner part of the endcaps near the beam line. 

• Horiba, 25cm long 
o Quartz et Silice, 30cm long 

_£.!_ 
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Table 5,10: Possible options for the endcap calorimeter. 
crystal readout method rad. hardness time resolution 

undoped Csl fine mesh phototube 10" rad ~ 1 ns 
CsI(Na) phototriode, shorter shaping lO 3" 4 rad > 10 ns 
B a F 2 fine mesh phototube to be studied 0.1~0.2 ns 

5.6.11 Options 
In light of the possible high background rates and radiation damage in the endcaps, we 
are studying alternative options for this region using faster scintillators and readout 
methods. They are listed in Table 5.10. 

The faster timing of these options will not only reduce pile-up from soft 7-ray 
backgrounds but will also provide better time information for the first-level trigger 
and, possibly, for TOF particle identification. Any of these options will require the 
development of specialized electronics: for example, a pipelined ADC or an analog 
data storage system to be able to cope with the 2 ps latency of the first-level trigger. 

5.6.12 Production of CsI(T^) Crystals 

The Institute and Factory for Single Crystals, in Kharkov, Ukraine, has produced a few 
tons of CsI(Na) and CsI(T£) each for the WASA (Upsala), KEDR (Novosibirsk), and 
PS246 (KEK) detectors. Two institutes in China, the Beijing Glass Research Institute 
and the Shanghai Institute of Ceramics, are now in the process of developing the 
technology to grow large-size CsI(T^) crystals. We expect to receive test samples from 
these institutes in Spring, 1994. We plan to obtain most of the required CsI(T/) crystals 
from these institutes with the help of our collaborators from BINP in Novosibirsk and 
IHEP in Beijing. 
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5.7 VENUS Solenoid Upgrade 

The VENUS solenoid, which has been reliably operating for the past five years at a 
field of 0.75 T, has a large magnetic volume that can comfortably accommodate the 
components of a B-factory detector. However, it would be desirable to operate the 
magnet at a field of 1.0 T, rather than its current normal operation field of 0.75 T. We 
have considered the requirements for upgrading the VENUS solenoid magnet field to 
1.0 T. 

At 1.0 T, the operating current of the magnet is 5304 A instead of its current value 
of 3978 A. This increase is well within the design specifications of the superconduct
ing cable used in the coil; the current operating current is only 60% of the critical 
current, Ic> as shown in Fig.5.37. However, the Ic characteristics shown in Fig.5.37 
are measurements taken with the cable immersed in a 4.2 K liquid helium bath. In 
actual operation, the magnet is cooled indirectly by a flow of 4.4 K two-phase helium, 
so the superconductor temperature is significantly higher than it was for the Ic mea
surements. Therefore, even at 0.75 T, the safety margin on the operating current was 
not particularly excessive at the time of construction. 

12r 
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Figure 5.37: Current versus field characteristics of the superconducting wire used in 
VENUS solenoid 

Results of tests of the magnet's stability, taken during the initial operation of the 
solenoid, are shown in Fig.5.38. These tests were done by actuating heaters embedded 
in the superconducting coil. From an extrapolation of the data points, one can estimate 
that the magnet has about a 3 J energy margin at 1.0 T. The temperature of the 
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Figure 5.38: VENUS solenoid stability chart 

superconductor strongly depends on the thermal conductivity between the coil and the 
"case", i.e., the coil support structure that contains the helium flow. If the magnet 
was ever cooled too violently during the operation of the VENUS experiment, for 
example, the thermal resistance in the boundary between the coil and the case could 
have increased. In this were the case, the operation of the magnet at 1.0 T could have 
difficulties. 

Although there is no record of any violent thermal shocks to the magnet, the 
solenoid structure is rather thin and more vulnerable to thermal stresses than other 
coils. Therefore, it is necessary to redo the stability measurements to determine if the 
effectiveness of the coiling system for the coil has been impaired. The VENUS refrig
eration system was equipped with a warm ejector pump to provide the possibility of 
lowering the helium temperature to 4.2 K (from 4.4 K). This was a redundant back up 
for operation at 0.75 T, but would be helpful for the upgrade to 1.0 T, especially if the 
heat transfer characteristics between the coil and the case have been degraded. 

The current leads to supply the excitation current to the magnet were designed for 
5000 A and were actually tested at higher current. These should present no problem 
for 1.0 T operation. The hoop stress of the electromagnetic force will be increased by 
77%. An estimate that assumes complete creeping of the conductor indicates a required 
strength for the coil case of 3.94 kg/mm 2 . This is still slightly below the ASME strength 
of the welded aluminum. Actually a large portion of the electromagnetic force will be 
taken by the conductor itself and, therefore, this estimate is very conservative. The 
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sheer stress between the case and the conductor due to the axial force on the conductor 
was estimated to be 0.6 kg/mm 2 , which is already marginal with the tested minimum 
epoxy bonding strength of 0.6 kg/mm 2 . If axial force is scaled to the 1 T field, it would 
bring the strength of the epoxy bonding against sheer stress into question. However, 
a large portion of the axial force comes from thermal contraction and the contribution 
of the electro-magnetic force is rather small. Therefore, the increase of the field does 
not directly scale to the increase of the sheer stress. As long as the iron yoke is 
kept below saturation, the axial stress can be kept within the design range. Because 
of beam stability concerns, an iron shield in the vicinity of the beam tube is being 
considered. In this case, a more careful calculation of saturation effects in the iron 
yoke will be required. A three-dimensional calculation of yoke saturation and the stray 
field, which was not done in the design stage of VENUS, will be necessary to check the 
mechanical issues. The present expectation is that VENUS yoke could be used with 
some modifications to the pole pieces. 

The coil is supported azimuthally from two ends, one side is fixed and the other side 
is allowed to slide freely in order to accommodate thermal expansions and contractions. 
The magnitude of the electromagnetic forces in the azimuthal supports in the free end 
of the coil—the largest stresses in the azimuthal support system are at the free end— 
are shown in Fig.5.39. Extrapolation of the data gives about 400 kgf at 5304 A, well 
within the mechanical design limit of 500 kgf. Proper alignment of the coil inside of 
the iron structure minimizes stresses in the axial support system. When we move the 
magnet, a readjustment of the stresses and tensions of the each axial supports will be 
necessary. 

Simulations indicate that the maximum pressure rise in the cooling path during 
a quench would be 80 kg/cm 2 . However, the measured pressure in a 0.75T quench, 
plotted in Fig.5.40, had a maximum of only 14.8 kg/cm 2 ; the effective conductance of 
the cooling channel appears to be much better than what was originally estimated. The 
stored energy is proportional to the square of the current, while the quench propagation 
velocity is linear with current. If we (conservatively) assume that the quench pressure 
is proportional to the cube of the current, we can expect a maximum quench pressure 
at 1.0 T of 35 kg/cm 2 , which is still below the original design pressure. 

While the temperature rise in the conductor during a quench at 1.0 T has yet to be 
estimated by computer simulations, our expectations, based on past experiences, are 
that the heat capacity and the thermal conductivity of the coil will be enough to keep 
the temperature in the coil at a safe level. 

The power supply for the VENUS magnet is designed with an option for 7000 A 
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Figure 5.39: Electromagnetic force applied in the free end of the azimuthal support 
versus current. 
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Figure 5.40: Simulated pressure rise in the cooling path during a quench 
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operation for purposes of conductor testing. Therefore the existing power supply can 
be used for 1.0 T operation without modification. However, some modifications to the 
energy extraction system and adjustments for high current operation have to be done 
prior to a 1 T excitation test. 

Modification Schedule 

Field calculations to determine the optimum pole piece design will continue through 
1994. The power supply modifications and the installation of a new data acquisition 
system will also be made during this period. Immediately after the completion of the 
VENUS experiment, a ten day test run is planned to check the parameters of the 
magnet. A stray field measurement will provide a good check of the above-mentioned 
field calculation. Based on these data, new pole pieces will be designed and built in 
1995. After the completion of photon-factory experiments in the TRISTAN main ring, 
the VENUS detector will be rolled out from the beam interaction region, the pole 
pieces will be replaced and a second magnet test will be made to check and adjust 
the new pole pieces. About one month of operation will be necessary. The cryogenic 
system of the magnet can be used basically as it is. Some repair work to the cryogenic 
system, especially around the control dewar, will be done at this time. 
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5,8 KL Detector 
The Ki catcher (KLC) has three primary purposes. First, it detects the position of 
the hadronic interaction of a K\ emerging from the decay B —> Jip Ki and thereby the 
Ki direction. (Kinematic constraints obviate the need to measure the magnitude of 
the KL momentum.) Second, it provides a tag to improve the quality of identification 
of CDC tracks as muons over a wider momentum range—the correlation between a 
CDC track and hits in the KLC is closer than between the track and hits in the MUO 
because of the smaller amount of scattering. Finally, it permits more sophisticated 
discrimination between muons and penetrating or decay-in-flight hadrons by allowing 
track segments to be reconstructed from the KLC hits and seeing how well they lie on 
a. straight line, and how well this line matches with the projected CDC track. 

5.8.1 Configuration 
The KLC is an octagonal barrel symmetrically positioned around the interaction point 
and occupying the volume between the superconducting coil and square cross section 
iron return yoke (r = 200 ~ 290cm). It is composed of alternating layers of absorber 
and detector, with the absorber promoting hadronic interactions of Ki and penetrating 
TT±/K±, and the detector sensing the passage of charged particles—hadrons, muons and 
delta rays. 

The baseline design, shown in quarter end view in Fig. 5.41, has eleven 5-cm-thick 
detector superlayers (two detector planes per superlayer) and ten steel layers (nine of 
3 cm thickness, one of 8 cm thickness). The entire structure is supported from the 
return yoke of the magnet. 

5.8.2 Charged Particle Detection 

We intend to use resistive plate counters (RPCs) for the detection of charged particles 
in the KLC (see Fig. 5.42). Such detectors, using resistive polyvinyl chloride electrodes 
at high voltage surrounding a 2 mm gap active volume that contains a mixture of ar
gon, isobutane and freon, have been constructed and tested (with cosmic rays) at VPI 
for the past three years. These detectors exhibit a broad ~ 1 kV wide plateau above 
7 kV, with an efficiency approaching 100% of the active surface area for throughgoing 
minimum-ionizing particles. (The active surface area is diminished by about 1% by the 
presence of insulating P VC buttons in the active volume that maintain the gap dimen
sion and by another 1% by the spacer strips around the perimeter of each chamber.) 
These detectors are inherently more rugged than wire chambers, are as inexpensive to 
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Figure 5.41: Quarter end view of the reference detector 
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Figure 5.42: Cross section of a Resistive Plate Counter 

construct and operate, and have the additional advantage of scintillator-quality timing 
resolution. 

R P C ope ra t ion 

With a gas mixture of 68% argon, 30% isobutane and 2% freon, and an operating volt
age of 7.5 kV, the chambers respond to the passage of a charged particle by discharging 
a 0.1cm 2 area spot on the electrodes in the immediate vicinity of the track. The high 
resistivity of the PVC electrode quenches this discharge. A signal of 20 ns FWHM and 
~300 mV peak voltage (into 50 fi) is induced on a plane of cathode strips outside ihe 
active volume. With leading-edge discrimination, the FWHM time resolution has been 
observed to be 1.4 ns, with much of this attributable to leading edge walk. The cen-
troid of the discharge can be located to ~ 2 mm accuracy using profile measurements 
of the image charge on finely segmented cathodes. A typical RPC pulse is shown in 
Fig. 5.43. The RPC efficiency and singles rate are plotted as a function of voltage in 
Fig. 5.44. 

The time resolution is sufficient to provide the discrimination needed at the trigger 
level between cosmic rays and prompt muons, so that muon scintillators are not needed 
for this purpose. The intrinsic position resolution is an order of magnitude better than 
is needed to determine the direction of KL from B —> Jtfi Ki, or the correlation between 
KLC muon candidates and CDC tracks. The actual position resolution of the RPC 
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Figure 5.43: A typical pulse (into 50 fi) from an RPC cathode strip 
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Figure 5.44: RPC efficiency and singles rate vs. voltage 
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will be limited by the width of the cathode readout strips. 

B e a m Test 

A beam test of eight 30 cm x 30 cm RPCs was carried out at the KEK PS TT-2B beam 
line in the last week of January 1994. Pions and electrons of momentum between 0.5 
and 3.7 GeV/c impinged on a stack of RPCs and steel absorber plates, and the detector 
response on x- and y-cathodes was measured using ADCs on six chambers and TDCs 
on two chambers. Particle identification was provided by a Cerenkov counter in the 
be im line; external tracking was accomplished with a stack of four x and four y drift 
chamber planes. This study was used to verify the performance of the chambers as seen 
in the earlier cosmic rays studies; to measure the detailed response to M.I.P. passage as 
well as hadronic and electromagnetic showers; to compare the measurements with the 
predictions of a detailed GEANT simulation of these detector-absorber configurations; 
and to model the RPC signal generation and detection more realistically in the GEANT 
simulation. The results of these studies are not yet available, but will be used in 
conjunction with the ongoing simulation studies to finalize the configuration of the 
KLC. At least one more beam test at KEK is anticipated in 1994. 

R e a d o u t Sys tem 

We intend to instrument the RPCs with 4-6 cm wide cathode strips. These widths 
match the ~ 30 mrad angular resolution requirements on the determination of the KL 
direction in searching for B —* Jt\i KL and in discriminating against backgrounds such 
u B-+(J/i>)Km -*t+l-Kt.ir. 

In the baseline design, z- and 0-readout cathodes are used, with the cathode signals 
discriminated at the chamber and then fed to an external nonmultiplexed TDC (~ 1 ns 
least count resolution). An attractive alternative that has been demonstrated to work 
with straw chambers has only ^-readout strips instrumented with TDCs at both ends— 
mounted on the detector—to give the z coordinate via end-to-end timing. The latter 
scheme has been estimated to give comparable (4 cm) z resolution for the dynamic 
range needed in this experiment. The choice will be determined by consideration of the 
cost per channel and the sensitivity / immunity of each scheme to the local occupancy 
in KL hadronic showers as well as the rate of random discharges in the RPCs. (At 
least the outer layer of the KLC will need readout at both ends of the <j> strips to get a 
meantime if this detector is to be used for cosmic ray rejection in the hardware trigger.) 

In the baseline design, one RPC plane within a superlayer is instrumented with z 

109 



strips and the other with <j> strips. Although this does not give us the redundancy of a 
pair of z-4> hits per superlayer, the Ki detection efficiency does not seem to be seriously 
affected. If the readout strips form projective towers in 8 and <j> with an angular size 
of A8 = Ai/> = 20mrad, then there are 101 (39) z {</>) strips per superlayer per octant, 
or 12,320 readout channels in all. If the readout strips have a fixed width of 4 cm, the 
total channel count rises by 40% to 17,040. We use the higher channel count for the 
baseline design. 

If each RPC plane is instrumented with only (f> strips with a TDC at each end for 
end-to-end timing giving the z coordinate, the projective geometry has 6,908 strips 
and 13,816 TDC channels, while the fixed strip width geometry has 8,800 strips and 
17,600 TDC channels. These numbers are comparable to the baseline channel counts. 

5.8.3 Physics Performance 

We have made detailed GEANT studies of the KLC within the full simulation of the 
entire detector. This simulation includes the effects of all of the material between the 
interaction point and the KLC, a 1 Tesla solenoidal magnetic field inside the coil with 
field strengths in the KLC iron of up to 1 Tesla, and the detailed configuration of the 
KLC (including iron, chamber gas, PVC, G-10 and air gaps). The cathode pad strip 
geometry is not yet coded into the detector response, so the following results are based 
on counting RPC hits on the (unrealistically high) granularity of 0.25 mm x 0.25 mm 
cathode pads. 

Ki de tec t ion 

For Ki detection, we are interested in locating the direction of a Ki originating from 
the decay B —> Jtjj Ki —> l+(.'Ki. The limited angular coverage of the KLC (35° < 
8 < 145°) means that only 66% of such events have the KL and both leptons within 
the fiducial volume; furthermore, the correlation between momentum and polar angle 
constrains the momentum of the accepted Ki's to below 2.2 GeV/c. The KLC detection 
efficiency (defined in the next paragraph) for the prompt KL'S within its acceptance is 
46%. Non-prompt Ki's are typically uniformly distributed within the KLC acceptance 
with momenta between 0 and 3 GeV/c. The detection efficiency at 8 = 90° for such 
Kis is shown in Table 5.11. The KL'S that are not detected by the KLC typically 
suffer an inelastic hadronic interaction in the Csl calorimeter that does not leak any 
energy to the KLC. 

We require four or more KLC hits within a cone of half-width 20° around the original 
KL direction to create a cluster in the KLC. (Of course, in practice the location of the 
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Table 5.11: Detection efficiency for KL'S at 8 = 90° 
p (GeV/c) £ p (GeV/c) e 

0.4 0.04 1.8 0.49 
0.6 0.17 2.0 0.56 
0.8 0.27 2.2 0.57 
1.0 0.28 2.4 0.58 
1.2 0.37 2.6 0.59 
1.4 0.45 2.8 0.64 
1.6 0.45 3.0 0.65 

cone will have to be determined from the KLC hits alone.) Of the KL'S interacting first 
in the coil or KLC, 93% are detected by this criterion. (Among the 7% rejected KL'S, 
60% leave no hits in the KLC; thus there is httle profit to be made here in lowering the 
threshold on the number of coincident KLC hits.) The angular resolution (1 sigma) of 
these clusters is 30mrad in (j> and 26mrad in 8. Of the KL'S interacting or decaying 
before the coil, 19% have enough leakage into the KLC to register a 4+ hit cluster 
there. In these cases, the KLC may be used as a tag to identify the associated neutral 
Csl cluster—having a substantial fraction of the parent KL energy—as a KL rather 
than a photon. The Csl angular position and resolution can then be used for these KL 
candidates. 

As is the case for the other physics process of interest in the BELLE experiment, 
more of the B —» J/ip KL events—with the most energetic KL'S—could be detected if a 
forward endcap KLC were inserted behind the forward endcap Csl. Unfortunately, this 
would require moving the coil and return yoke forward by about 1 meter to make room 
for this new detector, and this is precluded by constraints imposed by the accelerator-
solenoid coupling. It may be possible to enhance the detection efficiency by looking 
for a distinctive signature of the KL hadronic interactions in the Csl, 80% of which are 
lost in the present KLC-tagging scheme. This signature could be the transverse profile 
of the hadronic shower, or a difference in the time development of the scintillation 
light. The latter signature might be extracted by digitizing the Csl waveform with 
a time resolution adequate to distinguish between the slow and fast components of 
the scintillation light that arise from electromagnetic and hadronic (highly ionizing) 
showers, respectively. 

I l l 



Table 5.12: Muon detection efficiency using range in KLC 
p (GeV/c) KLC layers eM pf^. 

0.6 4-11 0.844 0.073 
0.8 8-11 0.876 0.052 
1.0 10-11 0.869 0.046 
1.2 10-11 0.898 0.063 
1.4 11 0.905 0.056 
1.6 11 0.903 0.074 

Low-momentum Muon Detect ion 

The fine longitudinal segmentation of the KLC as well as the sensitivity of the RPCs 
to minimum-ionizing particles makes it an ideal muon detector for momenta as low-
as 0.6GeV/c, below which the muons do not reach the KLC because of energy loss 
in the Csl and curling in the solenoidal field. For momenta above 1.8GeV/c, 90% of 
the muons penetrate through the 30 cm magnet return yoke to the first layer of the 
MUO; thus, for the present purposes, we draw a somewhat artificial boundary at this 
momentum, using the KLC (MUO) for detecting the softer (harder) muons. 

The distinction between muons and penetrating pions can be made in two ways: 
by looking at the range of the track in the KLC, or in a more sophisticated way by 
forming tracks in the KLC and then testing the goodness of fit of the KLC hits to 
these tracks. While the latter method has superior discriminating power, the former 
method is adequate to reject nearly all hadrons at momenta below 1 GeV/c. The soft 
muon detection efficiencies and hadron fake probabilities using the range criterion are 
given in Table 5.12. 

5.8.4 Continuing Studies 

We are pursuing a study of the long-term stability of RPCs under continuous opera
tion at high voltage, both quiescently and under bombardment near the CO interaction 
point at Fermilab, to verify that these detectors will not deteriorate over the ten year 
lifetime of the BELLE experiment. We are beginning construction at Virginia Tech of 
a full-scale working prototype, consisting of one superlayer of one octant of the KLC, 
to gain experience at building, assembling, and operating large-surface-area RPCs. 
We are continuing our evaluation of RPC readout options, including the possibility of 
instrumenting all cathode strips with ADCs as well as TDCs. Finally, we are inves-

112 



tigating various schemes for the mechanical assembly and structural stabiUty of the 
KLC. 



5.9 Muon Detector 
Muon identification will be performed by combining the measurement of the Kj, catcher 
(KLC) and the existing VENUS muon detector (MUO). The latter detector has a barrel 
section and two endcaps, all located symmetrically around the interaction point. The 
barrel, shown in quarter end view in Fig. 5.41, has a square cross section and extends 
from an inner radius of 290 cm to an outer radius of 405 cm. It consists of a 30 cm 
iron flux return yoke followed by two more 20 cm thick iron absorbers. Beyond each 
iron layer is a gap that is instrumented with two staggered layers of drift tubes that 
measure the T — <j> position of through-going muons. The outermost r — <f> layer pair is 
surrounded by two more staggered layers that measure the z coordinate. The endcap 
detectors each consist of two pairs of staggered planes, one pair for x measurement and 
the other for y. 

The drift tubes are made of 7 cm x 4.5 cm extruded aluminum, and the efficiency 
of finding a track segment in one gap by requiring hits in both layers is about 87%. 

Fig. 5.45 shows the muon detection efficiency above 1 GeV/c, assuming a chamber 
efficiency of 100%. (Softer muons will be identified using KLC information only.) 
Fig. 5.46 shows the probability of pions faking muons. In both cases, the tracks are 
generated at S = 90° and uniformly in 4> and the muon is defined by requiring a hit in 
the last KLC layer or in one of the three MUO layers within the 2<T multiple-scattering 
cone surrounding the projected CDC track. 

In order to determine the required position resolution of the muon detector, we 
calculated the deviation of the muon position due to multiple scattering from the 
extrapolation of the track measured in the CDC. For muons emitted at 0 = 90° and 
uniformly in <fr, the one sigma deviation in the outermost layer of the KLC is plotted 
as a function of muon momentum in Fig. 5.47. Based on this, we conclude that the 
chamber position resolution of a few cm is more than adequate. Both the RPCs that 
are used in the KLC and the existing VENUS detector drift tubes are adequate for 
this purpose. 
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Figure 5.45: Muon detection efficiencies using the last KLC layer and three MUO 
layers. 

Pion fake rate at 90 Deg. 

« KLC Layer 11 
• MUO Layer 1 
' MUO Layer 2 
o MUO Layer 3 

'IS 2 ^ 2.5 
Momentum (GeV/c) 

3.5 

Figure 5.46: Probabilities of pions faking muons in the last KLC layer and three MUO 
layers. 
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Figure 5.47: One sigma deviation of muons due to multiple scattering 
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5.10 Tr igger 

5.10.1 Rates and Requirements 
Table 5.13 lists the total cross sections and rates at a luminosity of lO 3 4 c m - 2 s - 1 

for various physics processes. The Bhabha event rate is so large they have to be 
prescaled by a factor ~1/100. Since they have such a distinct signature, this should 
not be difficult; they can be identified at the trigger level as two charged tracks with 
associated energy in the calorimeter. With a prescaling factor of 100, this trigger rate 
will be ~ 80 Hz. 

The background trigger rate from cosmic rays can be estimated from TRISTAN 
experiments to be a few tens of Hertz for a calorimeter energy trigger with a 2 GeV 
threshold, and less than 10 Hz when tracks are required to pass through the CDC and 
PDC. Beam-associated backgi^und triggers are mostly caused by spent beam particles. 
Synchrotron radiation does not contribute to the trigger because the energies involved 
are well below the threshold levels and it does not produce track patterns in the CDC 
and PDC. Estimates of the spent-electron-induced trigger rate are difficult because it 
depends on the vacuum and operating conditions of the accelerator. Furthermore, it 
involves the probability that electrons interacting in the beam pipe produce particles 
that enter the detector—this is ~ 0(1O~ 3) and has a large uncertainty. A simulation 
study indicates that the frequency of direct hits of spent electrons on the beam pipe 
within ±10 cm from the interaction point (~80 kHz) will be similar to rates observed 
at TRISTAN. At TRISTAN these backgrounds produce a ~ 10 Hz trigger rate so we 
take 100 Hz as a safe upper limit for the B factory. Adding all these up, the expected 
trigger rate at the target luminosity of 10 3 4 cm _ 2s*" 1 is about 200 Hz. 

The data size per event depends on the triggering processes, the number of syn
chrotron radiation-induced hits, etc. It is estimated to be about 30 kB per event, 
which gives an average data rate of 6 MB/s for a 200 Hz trigger rate. Therefore, the 
data acquisition system is required to have an overall throughput larger than 15 MB/s 
corresponding to a possible peak trigger rate of 500 Hz. 

5.10.2 General Scheme 
Considering the above rate estimates, we have chosen a "Fast trigger + Delay & Gate" 
scheme for our trigger and data acquisition system. The detector signals are delayed 
until a trigger decision is made, at which time digitization starts. The digitization 
process causes a dead time that is proportional to the trigger rate. This sets a require
ment that the digitization time be shorter than 200 /is in order to keep the dead time 
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Table 5.13: Total cross section and rates with £ = 10 3 4 cm 2 s - 1 from various physics 
processes at T(4S). <"> Bhabha is pre-scaled by factor 1/100. 

Physics Process Cross section (nb) Rate (Hz) 
T(4S) -> BB 

Hadron production from continuum 
fl+fL~ + T+T~ 

Bhabha (0,.b > 17°) 

77 
Two-photon process 

1.2 
2.8 
1.6 
44. 
0.8 
~ 1 

12. 
28. 
16. 

4.4 <°> 
8. 

~ 10 
Total ~ 51.4 - 8 3 

below ~ 5% at the expected trigger rates. The important points in the scheme include 
keeping the trigger rate sufficiently low and having the capability of handling a higher 
rate than expected. 

The trigger system needs to have sophisticated logic to remove background events 
effectively and enough flexibility to adjust trigger conditions. We stress that with the 
proposed system the false trigger rate can, if necessary, be reduced by a large factor by 
tightening the trigger conditions without significantly reducing the efficiency for BB 
events [109]. 

Since the time between beam crossings is only 2 ns with the full bucket operation 
of the proposed accelerator design, the trigger system has to be pipelined in order to 
avoid large deadtime losses. Figure 5.48 shows a schematic view of the trigger system. 
The trigger information from individual detector components is formed in parallel and 
combined at the final stage (global decision logic). This scheme facilitates the formation 
of redundant triggers that rely only on energy or track information (such as 77 and 
/ i + / i~ events). 

The beam-crossing time for the triggering event (which is used for GATE signals 
of ADC's and STOP signals of TDC's) is given by a coincidence between the beam-
crossing signal and the output of the final trigger decision logic. The timing and width 
of the subsystem trigger signals are adjusted so that their outputs always cover the 
beam-crossing at a well defined fixed delay (2 /xs in the present design) from the actual 
event crossing. For most events, the exact timing of the final decision logic output 
is determined by the Trigger Scintillation Counter (TSC) information. Good trigger 
timing is needed for the ADC gates and TDC stops. A time window for the gate of 
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Schematic of KEK B Trigger. 
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Figure 5.48: Schematic view of trigger system. 

about ±10 ns is required for the TOF readout (assuming a 100 ns full scale TDC) and 
for the filtering of events by means of fast track reconstruction in the online farm. To 
have good trigger timing, signals from the two ends of the TSC counters are fed into a 
meantimer and the trigger is formed by a hard-wired majority-logic-type coincidence. 
The TSC trigger rate must be kept < 70 kHz in order to keep the fake timing probability 
due to random coincidences with slower triggers (~ 300 ns width) below 1%. 

There are two categories of triggers: track triggers and calorimeter energy trig
gers. These two triggers rely on the independent information and derive from different 
detector components, thus providing redundant triggers. 

5.10.3 Track Triggers 
Track triggers select events based on the information of charged tracks and are efficient 
for most physics processes of interest. Besides track information in the t-4> view, which 
is provided by the SVD, PDC, CDC and TSC detector components, T-Z information 
is also available from the SVD and PDC/CDC (cathode strips). As described later, 
minimum ionization signals from the Csl calorimeter (CsI(Min.I)J can be also used as 
part of track trigger. 

The r-4> triggers in PDC/CDC are formed using discriminated anode wire signals. 
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Anode wires in several layers are grouped into track segment finder (TSF) cells and 
the hit pattern in each cell is examined by a memory look-up table (MLU) to test for 
a track segment. The MLU's are latched periodically by a sample clock (10 MHz) to 
provide output signals. Figure 5.49 (a) shows the TSF cell pattern for the CDC. The 
number of TSF cells varies from ~30 to ~160 in the PDC/CDC trigger layers. The 
outputs of the TSF cells are logically OR'ed to form 16 PDC sectors and CDC macro-
cells which number from 24 to 32 per layer. As shown in Fig. 5.49 (b), the hit pattern 
of macro-cells in the 4 CDC trigger layers and one PDC sector are fed into next stage 
MLU. In this stage, the TSC or CsI(Min.I) hits can be also included. The second stage 
MLU provides several output bits for different track conditions according to patterns, 
such as Short Track (track in PDC and the innermost CDC layer, p t > 200 MeV/c) or 
Long Track (track which goes through 4 CDC trigger layers, pt > 300 MeV/c). The 
minimum acceptable pt can be adjusted by the pattern loaded into the MLU. 

The PDC/CDC z-track triggers are formed using signals from the 4 PDC cathode 
pad layers and the inner wall pad of the CDC. These pads are segmented into a tower 
geometry pointing at the interaction point and straight track triggers are provided by 
a majority coincidence of 5 layers (4/5 for example) in the same tower. 

The present charge-amplifier chip design for the SVD readout system has a ganged 
hit output for each 32 input signals for triggering. The hit output signals are latched 
every 500 ns, providing a time resolution comparable to the CDC triggers. These 
hit outputs are logically OR'ed into some reasonable numbers and and hit patterns 
are examined in r-<f> and r-z view. Information from these track trigger components 
are combined to form desired trigger conditions. Of special importance are the z-
track triggers since they can quite effectively reject the backgrounds from beam-pipe 
or beam-gas events without sacrificing any physics events. 

5.10.4 Calorimeter Trigger 

The CsI(T£) calorimeter trigger is expected to be very useful for fast triggering of 
hadron and Bhabha events. We consider two strategies to ensure high performance for 
this trigger: a cluster-counting trigger and a total energy trigger. 

In the cluster-counting trigger, clusters are required to have an energy deposit above 
the threshold value of ~30 MeV. This threshold energy level is low enough to detect a 
minimum ionizing particle passing through a crystal, in which case the energy deposit 
is about 150 MeV. A cluster will consist of 25 crystals and the calorimeter is divided 
to ~400 clusters. In each cluster, the pulses of all 25 crystals are summed and fed to 
a timing/filtering amplifier with a ~ 200 ns shaping time, whose shaped output pulse 
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Figure 5.49: (a) CDC track segment finder cells, (b) CDC track finding in a wedge 
corresponding to one PDC sector. TSC sectors and tracks with p t of 200, 300, and 400 
MeV are also shown. 
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is discriminated. The number of hit clusters will roughly correspond to the number 
of charged particles and photons, providing a powerful means for identifying hadron 
events with fast and simple logic. In order to enhance the cluster recognition capability 
under high background condition, a double threshold may be applied to each cluster. 

In the total energy trigger, the fast shaped pulses from each cluster are fed to 
a cascade of adders to provide a total energy sum and energy balance (Ex, Ey and 
Ez) signals. To obtain a sufficiently low threshold in the total energy trigger, some 
measures will have to be taken to ensure that the coherent electronic noise does not 
add up to a prohibitively high level. The discriminated pulses are fed to logic arrays 
(cluster-finding or analog-summed energy triggers), and a trigger is generated within 
2 fis. 
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5.11 Data Acquisition System 
In order to satisfy the data acquisition requirements described in the previous sections, 
the distributed-parallel system shown schematically in Fig. 5.50 has been devised. In 
this scheme, the entire system is segmented into ~10 subsystems running in parallel, 
each handling approximately the same data size. The data from each subsystem are 
combined into a single event record by an event builder, which convert the "detector-
by-detector" parallel streams to an "event-by-event" data river. The event builder 
output is transferred to an online computer farm, where another level of event filtering 
is done after a fast event reconstruction. 

Each subsystem has a VME controller crate with a CPU, a timing generator, an 
event builder interface, and other miscellaneous interface boards. Although the sub
systems use digitization systems specific to their associated detector element, the con
troller crate is common to all the subsystems, simplifying the system and making it 
more reliable. The CPU controls all of the timing sequences via the timing genera
tor, and the data transfer to the event builder via the event builder interface. The 
subsystem CPU's are all directed by a master control, which monitors the sequence of 
the subsystem, sends start/stop requests to the event cycle, etc. The timing master 
receives the trigger signals from the trigger decision logic and distributes them to the 
subsystems. 

In a large data acquisition system such as this, it is essential to have the ability to 
test completely each subsystem independently of the state of operation of other parts of 
the system. This is implemented by two operation modes of the timing generator card. 
In the "local mode," all of the timing signals are generated by the timing generator 
under control of the local CPU. In this mode, the local CPU can issue triggers and 
examine the digitizer data. This mode is used for test pulsing the front-end electronics 
and for calibration runs such as the laser calibration of the drift chambers. In the 
"remote mode," all of the timing signals are supplied from the timing master system, 
and the local CPU acts as a sequence controller responding to external timing signals. 

5.11.1 Subsystem 

The subsystem control crate also manages the digitizing crates, which will probably be 
FASTBUS for all of the detectors other than the SVD, for which a specialized digitiza
tion system will be used. The CPU in each control crate will be a MC68040 (Motorola) 
microcomputer running the VxWorks real-time operating system for both normal op
erations and program development [110]. A VME-FASTBUS interface module capable 
of a 10 MB/s data transfer rate, without additional overhead between block transfers, 
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Figure 5.50: Global structure of the Data Aquisition System 
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is being developed. These modules, which will provide parallel readout for each crate, 
will provide an event handling capability in excess of 1000 Hz, even in the absence of a 
sparse data scan at the digitizer level. The results of preliminary tests of this scheme 
and the expected performance of the interfaces being developed, make us confident 
that the required subsystem data rate of over 500 Hz can be achieved. 

5.11.2 Sequence Control 
The master trigger signal generated by the trigger decision logic is distributed to all 
the detector subsystems via the Sequence Control subsystem. This subsystem consists 
of timing interface cards and various other units in a single VME crate. The timing 
interfaces (TM) are connected to the timing generator cards on each of the detector 
subsystems and coordinate the event cycle sequence by communicating with the timing 
generator cards in the detector subsystem control crates. 

A simplified hand-shake protocol is used between the Sequence Control and the 
detector subsystems. Only two timing signals, the trigger and abort requests, are sent 
from the TM cards to the subsystems; three signals are sent from the subsystems to 
the TM to indicate the status of the event cycle. The detector subsystem will be able 
to cancel the data digitization and data transfer process whenever an abort request 
signal is issued by the TM. This abort capability will be used to implement possible 
future higher-level trigger decision logic. 

When it knows that the data are ready to be read out in all the detector subsystems, 
the Sequence Control issues a request to the event builder to collect the event from the 
detector subsystems. It then monitors the status of the event builder and the following 
online computer farm, and disables triggers when they fall behind the data flow rate. 

A CPU card in this subsystem supervises all of the controls other than the trigger 
sequence, which operates without any CPU intervention to avoid additional software-
induced dead time. This CPU will also use a MC68040 microcomputer chip with the 
VxWorks operating system. 

5.11.3 Digitizers 

The digitizers are required to complete the data conversion, send data to the memory 
modules in the control crates, and be ready for next event signal within a few hundred 
microseconds. 

A commercially available LeCroy FASTBUS digitizer[lll] is under consideration 
for use by the PDC and CDC. It has self-contained buffer memories and can be ready 
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for next signal immediately after conversion with £de«d — <conv«r.icm = a few hundred 
microseconds. A LeCroy FASTBUS ADC is closest to meeting our requirements for 
the Csl calorimeter digitizer. The presently available version of the LRS-1885F has 
a dynamic range of 15 bits—we need 16 bits—and a maximum conversion time of 
265 /is. It has additional features such as self calibration, null-data suppression and 
self-contained buffer memories. With modest improvements, this could satisfy our 
requirements. The SVD data will be digitized by a custom-built eight-bit ADC and 
stored in FIFO memory together with the address information. A transputer system 
reads the FIFO and transfer to an event buffer memory. At expected occupancies, this 
transfer will take 60 /is, which is well within the requirements. 

5.11.4 Event Builder 

Full event records are reconstructed in an event-builder system that must handle a 
15 MB/s data rate with no dead time. Since such a bandwidth exceeds the processing 
speed available in single nodes, multiple event builder nodes operating in parallel are 
required. The event builder consists of event builder-nodes (EB-N) and input buffer 
nodes (IB-N) with a interconnecting network between them. The expected processing 
speed of a single EB-N is a few MB/s; the 15 MB/s bandwidth can be achieved with 8 
to 16 EB-N's working in parallel. Data from the front-end electronics are transferred 
to IB-N memories and then transferred to the EB-N via the network. Data with the 
same event number are grouped in the EB-N, which creates a full event record. The 
completed event records are then sent to the online computer farm. 

The event builder network must provide all possible routes between the IB-Ns 
and the EB-Ns with the total bandwidth 15 MB/s (or more). A BUS-type network 
could provide this bandwidth but would not provide the appropriate scalability and 
contingency. Hence, a switch network is being considered [112, 113, 114]. 

The event-record destination is determined according to its event number. The 
information flow is "data driven": an IB-N makes a queue for each destination and 
the data from the front-end electronics are fed into the queue according to the event 
number. The data transfer scheme between the IB-N and the EB-N is not necessarily 
"data driven" because the destination is identified by the queue. Since the switch 
setting between the IB-Ns and the EB-Ns will be externally controlled, the switch 
itself does not require its own protocol for handling the data [115, 116]. An appropriate 
bandwidth will be assigned to each route by the external data flow controller. 

A high-speed serial data link will be used for the connection between nodes. The 
bandwidth of the data link must be much higher than the data processing speed on each 
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node; 10 MB/s is the minimum requirement. Protocol chip sets for high speed serial 
data links have been tested. Among them, HP's G-link chip set has been extensively 
tested Re-synchronization characteristics of the system need to be measured for the 
event builder system. A high speed ECL switch module was developed [118] and 
performance of the switch network was tested. It can switch a high speed serial data 
link at a speed of up to 3 Gbps. Expansion to a larger switching dimension (1024 x 1024) 
is possible without an additional synchronizing chip. The data flow on the event 
builder subsystem was analyzed [119] and the modeling of the event builder system 
has been studied as one of the US-Japan detector R&D collaboration efforts [120]. 
The results suggest that the proposed event builder system will be suitable for the 
BELLE experiment. 

5.11.5 Online Computer Farm 
An online computer farm is used for fast online event reconstruction and higher-level 
triggering. At a luminosity of 10 3 4 c m - 2 s _ I , the average trigger rate is expected to be 
more than 200 Hz with typical event size of around 30 KB. This data rate imposes the 
following requirements on the computer farm: 

1. a processing power at least 5000 VAX equivalents; 

2. a data rate from the event builder of more than 15 MB/s (megabytes/second); 
and 

3. a transfer rate to the data server (mass storage system) of more than 15 MB/s. 

Since it is not possible to achieve the required CPU power in a single processor, we 
plan to distribute events among many computers running in parallel. Since the events 
are independent of each other, the effective CPU power is expected to increase almost 
linearly with the number of computers. 

Figure 5.51 shows the architecture of the online computer farm. The system consists 
of several VME crates. Each crate contains five Motorola MVME-188 CPU modules. 
Each CPU module is equipped with four event processor chips (MC88100 RISC CPU) 
that share a 64-MB memory. Data from the event builder are distributed to the VME 
crates via an optical fiber interface that has the required total data transfer rate of 
more than 15 MB/s. The event data is then distributed to event processors via the 
VME backplane and processed. The processed data are collected and sent to an event 
concentrator via another optical link. The event concentrator gathers the data from 
all of the VME crates and sends them to the data server. The event concentrator also 
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Figure 5.51: Architecture of Online Computer Farm. 

collects events selected (tagged) by the computer farm and sends them to the data 
server through another link for rapid-turn-around analyses. 

The event distribution within a crate is managed by a control processor module 
installed in each crate. The control processor is a Motorola MVME-147, which is 
a MC68030-based computer with a 4 MB memory. This processor is connected to 
Ethernet and the computer farm can be controlled externally via this link. The control 
processor also uses the VxWorks operating system [110]. 

The program development for the computer farm is done on a Data General AViiON 
workstation which has the same CPU chip as that of the event processor. The computer 
farm is designed so that the executable image of this workstation can be directly 
executed in parallel on the computer farm. 

We have already built a full-scale prototype of this system[122j which has achieved 
one third of the required processing power. The system is now used as the Monte Carlo 
engine for BELLE physics simulations. This system will be converted to the actual 
online computer farm after the start of the experiment. To satisfy our computing 
power requirement, the conversion will include the upgrade of the system with more 
advanced event processors. 

5.11.6 Other Subsystems 

This data acquisition system has several other subsystems including: the event display, 
the data quality monitor, the monitor and alarm, the high-voltage control, and a system 
to communicate with the accelerator control system. These subsystems are based on 
workstations connected with each other through a logically shared memory built on 
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the TCP/ IP network. 
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5.12 Computing 

5.12.1 Computing Environment 

Computing is a key aspect of the BELLE experiment since the amount of the data to 
be processed is enormous compared with that of previous experiments. As shown in 
later sections, the required computing power is estimated to be more than 30000 VAX 
equivalents with the mass storage capability of more than 30 TB/yr. 

To realize these requirements, we designed our computing environment for BELLE 
based on the concept of "Functionally Distributed Computing". Figure 5.52 shows the 
conceptual design of our computing environment. As seen in the figure, BELLE corn-
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Figure 5.52: The BELLE computing environment. 
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puting activities are divided into four parts. The first part is the online computer farm 
described in the previous section. The Data Summary Tape (DST) production and 
event selection are done there in realtime. The second part is the offline computer farm 
which provides the main CPU power for the offline DST-reproduction, simulations, and 
physics analyses. The third part is the data server, which is equipped with a large tape 
robot and disk array systems to manage all types of data handling. The fourth part is 
an assortment of workstations located in offices and used to develop software for the 
offline computer farm. Graphic-related work and simple analyses are also carried out 
on these workstations. 

5.12.2 Offline Computer Farm 

The Offline Computer Farm provides the main computing power for various analysis 
activities, including event reconstruction, Monte Carlo simulation, and physics analysis. 
The required computing power can be estimated by considering the needs for each. (In 
what follows, we assume a luminosity of 10 3 4 c m ~ l s _ 1 . ) 

Offline Event Recons t ruc t i on . Although an event reconstruction is done on the on
line computer farm, the detector calibration parameters will likely change after 
the data are taken necessitating a second-stage of event reconstruction. The com
puting power required for this is estimated to be 5000 VAX-equivalents, where 
one VAX-equivalent is defined as the performance of the CERN benchmark pro
grams on a VAX-11/780 computer(123]. 

M o n t e Carlo Simulat ion. The CPU power needed for this depends on the type of 
simulation program that will be used. If we assume that it will be based on 
GEANT [124], the required CPU power is estimated to be at most 10000 VAX-
equivalents. 

Phys ics Analysis . We estimate that about 5000 VAX-equivalents will be necessary 
for this purpose. 

Taking a safety factor into account, a total computing power of more than 30000 VAX 
equivalents is required for the offline computer farm. 

The practical realization of the required CPU power requires the extensive use 
of parallel-processing techniques. Currently we are considering three approaches: One 
consists of a group of workstations loosely coupled via a high-speed network. Event data 
are distributed to these workstations through the network and processed in parallel. In 
this case, we can make use of office workstations scattered over the laboratories as the 
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elements of the computer farm. Here the performance of the network becomes critical. 
A second approach is to use a large number of CPU boards that are tightly coupled 
through a high-speed backplane. This approach is used in the online computer farm. 
However, the maximum number of boards in one backplane may limit the processing 
power. A third possibility is the use of a commercial super-parallel machine. At the 
present time, it is difficult to determine which approach we should take and what 
CPU chip should be choosen because of the rapid progress in computer technology. 
We propose to continue detailed investigations of all three approaches with the aim of 
reducing the cost for the offline computer farm. We will determine the architecture by 
JFY 1995 and finish the actual construction by the end of JFY 1997. 

5.12.3 Data Server 
At full luminosity, we will accumulate (1 —2) x 109 raw data events per year. The online 
computer farm will produce both DST and mini-DST (stripped-DST) data, where the 
DST data records contain reconstructed event data and the raw data while the mini-
DST data contain only reconstructed four momenta and particle ID information. The 
DST event size for a hadronic event is estimated to be about 30 kB; that for the mini-
DST data is about 2 kB. Since we expect to accumulate 4 x 108 hadronic events per 
year we will need 12 TB of storage space per year for the DST data and 1 TB for 
mini-DST data. In addition, we may need to store leptonic and two-photon events. If 
we assume an event size for leptonic and two-photon events of about 15 kB, we need 
3 TB of storage capability per year for these. We also need about 5 T B / year of storage 
space for Monte Carlo events and analysis code. Including a safety factor, a data server 
that can handle at least 30 TB of data per year is required. 

The average data transfer rate from the online farm to the data server is about 
2 MB/s so a 10 MB/s I/O speed is needed for the data server. For the second-stage 
reconstruction, an I/O speed of at least 12 MB/s is required to enable the data server 
to finish this task within a reasonable time. The data server should be able to handle 
data without human assistance. 

There already exist commercial mass storage systems that meet the requirements 
mentioned above These systems make use of high-density 19-mm helical-scan tape 
drives using an ANSI DD-1 or DD-2 format, here one tape has a storage capability of 
25 to 165 GB. These were originally developed for digital video tape, ensuring transfer 
rates up to 20 MB/s. Assuming 100 GB per tape, we will produce about 300 tapes 
per year, and a tape robot system is required to handle all the data without human 
assistance. One such robot system has a storage capability of up to 9 PB (one pentabyte 
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is 10 1 5 bytes). Advanced file management sofware is also available for these systems. 
Using this software, the files on tape can be treated as if they were on disk. 

Mini-DST data and some selected event data should reside on disk for frequent 
access by multiple users. For this purpose, we need to have a large disk system with 
storage capability of order of 2 TB. Disk systems with this capacity can be realized 
with RAID (Reliable Array of Inexpensive Disks) technology. 

We will build the data server by making use of these commercial products by the 
end of JFY 1997. 

5.12.4 Network inside KEK 

We will place the data server and the computer farm in the computing center, which is 
remote from the experimental hall. Therefore the raw data taken at the experimental 
hall must be transferred via a high-speed network. Meanwhile, the event data on the 
data server should be accessible by workstations located in offices scattered over the 
KEK site. Therefore, networking is a very important part of this experiment. 

We divide the network into two classes, the backbone network and the branch
ing network. The backbone network handles the major high speed data flow among 
the data acquisition system, the online/offline computer farms and the data server. 
The branching network takes care of the data flow between the data server and user 
workstations. Its speed is not as critical as that of the backbone. 

We need a very fast network for the backbone. The required speed for this network 
is estimated to be about 10 MB/s. This cannot be achieved with conventional networks 
such as Ethernet or FDDI. We need to introduce a very high speed physical link, such as 
ATM (Asynchronous Transfer Mode), which achieves transfer speeds of up to 60 MB/s. 
To ensure stable data transfer in the data acquisition, we need a dedicated line between 
the experimental hall and the computer center. 

As for the branching network, we estimate that at least 5 MB/s is required for 
the data transfer between the data server and workstations. To achieve this speed, 
FDDI is a possible candidate, but we will need multiple FDDI rings connected to each 
other to encompass all of the workstations and computing farms. One way to do this 
is to use an optical switch system to bridge each FDDI ring. An alternative is to use 
an UltraNet ring to connect the FDDI rings. We must decide which option to take 
when we replace the TRISTAN computer system in JFY 1996. Network technology is 
continuously advancing, so there may be other choices by the time the purchase has to 
be made. Further study is required over the next two years. 
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5.12.5 Computing outside KEK 
Data analysis for BELLE will be done not only at KEK but also at Universities and 
Laboratories scattered around the Pacific Rim: in China, Korea, Japan, Russia, Tai
wan, and the United States. The computing activities at these remote sites comprises 
a part of our distributed computing environment. To make computing at remote sites 
realistic, two components must be established. One is a high-speed network between 
KEK and the various locations, and the other is the computing resources at each 
place. In this section, we will discuss the requirements for the realization of these two 
components. 

N e t w o r k be tween K E K and Univers i t ies 

At the remote sites, there are three possible uses of the network. One is to transfer 
the data from KEK, ranging from raw data to ASCII text and with widely varying file 
sizes. For the efficient transfer of raw data, the speed required is several MB/s, which 
will be very difficult to realize by the time of first beam. We, therefore, plan to limit 
such transfers to selected events, requiring rates of 0.1 MB/s. 

A second use of the network is for the remote use of KEK computing resources. 
The required transfer rate for this is not high compared with that for data transfer. 
However, the communication protocols may vary and the response time has to be kept 
as short as possible. 

A third use of the network is for communication among the collaborating institu
tions. Electronic mail, network news, and real-time "talk" will be extensively used for 
this. In addition, frequent use of TV-conferencing is expected. TV-conferencing is very 
efficient for the preparation and data analysis of a big project, since frequent traveling 
is very time consuming and expensive. 

In order to accomodate these requirements, we are planning to upgrade the existing 
network. The planned network topology is shown in Fig. 5.53. For the domestic 
network, we propose to build Tl (1.5 Mbits/s(bps)) data highways from KEK to several 
main nodes scattered in Japan, and eventually SD128 (Super Digital 128 Kbps) local 
connections from the Universities to the nearest Tl-node. These local links could be 
made by upgrading the existing HEPnet-J and/or SINET [125]. 

In order tc support overseas collaborators, we propose to upgrade the existing 
international HEP-net substantially, i.e. from KEK to China, Korea, Russia and the 
U.S. For the BELLE experiment, we need to upgrade the existing networks to the U.S. 
to Tl-based lines as soon as possible and also we propose to install T l lines from KEK 
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to China, Korea and Russia to facilitate the distributed data analysis. Considering the 
rapid improvement in the cost-performance ratio in networking, realization of these 
overseas wide band lines by cooperative efforts between these countries and Japan 
should be possible by the time of first beam. 

As for the TV-conference?, we can make use of the commercial ISDN network. ISDN 
provides the world-wide infrastructure for the TV-conferencing[126]. We propose to 
install one TV terminal for every university participating in BELLE. 

C o m p u t i n g Resource a t Univers i t ies 

We are considering the following computing activities at remote sites. The first is the 
data analysis from the reconstructed events where the reconstruction has already been 
done at the KEK computing facility. The data will be brought from KEK via tapes 
or the network. The required computing power for this is estimated to be about 200 
VAX equivalents for one analysis. The mass storage capability needed to keep all the 
reconstructed data (i.e. the mini-DST's) is about 0.5 to 1 TB/yr not including Monte 
Carlo events. 

The second is the Monte Carlo simulations needed for specific physics analyses. 
Although large simulations, such as background estimates, can be done on the KEK 
computer farm via the network, some limited simulations will likely be necessary at 
the University site where the analysis is being done. The estimated CPU power for 
this kind of simulation is about 200 VAX equivalents for each analysis. However, most 
of the CPU power for this purpose can be shared with that for the data analysis. 

Considering these goals and the number of collaborating institutions, we are plan
ning to have at least 10,000 VAX equivalents of CPU power outside ol KEK. The CPU 
power will be provided by the most powerful workstations and workstation-servers com
mercially available at the time. Large groups with many workstations are encouraged 
to form regional computing centers. Tape robot systems to handle the DST-tapes will 
be placed at such centers along with high capacity disk storage. 

5.12.6 Software 
The most difficult aspect of computing at BELLE will be the software. UNIX is new 
to many physicists, and many new tools and possibly new computing languages will 
be required for our UNIX-based, widely distributed, computing system. Fortunately, 
the UNIX environment is very rich in software development tools. We only have room 
here to briefly touch on a few of the relevant issues. 
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One of the most basic questions has to do with the choice of programming languages. 
In the past, analysis programs were written mainly in .. ORTRAN. However, the native 
language on workstations is C, and a new object oriented programming (OOP) version 
of C, C + + , is gaining strong acceptance because it enforces good software engineering 
principles, which makes code much easier to reuse and maintain. Our language choice 
may not be a unique language, but a combination of languages. We must continue to 
discuss this choice, do R&D with OOP, and follow what is being done elsewhere. 

It is important that our software be platform independent since many institutions 
will be collaborating on the BELLE experiment and many varieties of workstations will 
be used. Although there are differences between various brands of UNIX, they are not 
too difficult to overcome, and they will become less important in the future as vendors 
embrace POSIX. 

We must maintain source codes and libraries for multiple platforms at many sites. 
Fortunately, UNIX provides many good tools for code management and distribution of 
software. We are now testing rCVS[127], which i? being developed at SLAC using the 
UNIX tools CVS (Concurrent Versions System), RCS (Revision Control System), and 
RDIST (remote distribution). 

Another very important item is the data base system, which is necessary for main
taining the calibration constants, documentation, and any other information related to 
our experiment. Recently, Object Oriented Data Base Management Systems (OODBMS) 
have been gaining popularity over Relational Data Base Management Systems (RDBMS). 
OODB has much better performance than RDB. 

We must develop the following offline software: simulators, event display, calibra
tion, user interfaces, etc. It is necessary to have two simulators, one simulating the 
detector response fully for precise studies, and the other a fast parametrized version 
for processing a huge number of events quickly, due to limited computing resources. 

For the current R&D study, we have developed both a fast simulator and a full 
detector simulator based on GEANT 3.15. We will continue to use both simulators 
for R&D purposes, but we are thinking about introducing new detector simulation 
software based on 0 0 (Object Oriented) techniques. One candidate is Gismo, which 
has many of the capabilities of GEANT, but is written using the C + + language and 
object-oriented programming techniques. [128] The other candidate is 0 0 GEANT, 
Prodig (PRoject for Object oriented Design and Implementation of GEANT)[129]. 

An important part of the software is the event display, which shows the detector 
with hits in each subsystem and fitted tracks. A consideration here is the graphics pack
age to be used. De-facto standards are X-windows for screen drawing and Postscript 
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for printing. However, these are rather low level, and we may want to use higher level 
graphics support such as HIGZ from CERN, or commercial packages like PHIGS, or 
PEX (PHIGS extension for X window). 

The user interface has advanced from the command line interface of the past to the 
much easier to use Graphical User Interface(GUI). We should try to develop GUI's for 
frequently used software in order to make it easier to use. To minimize the effort, it 
would be useful to standardize on a windowing system, such as Motif. Although pro
gramming a GUI Interface has traditionally been very time consuming, there are now 
various interface builder programs available on UNIX that make developing the graph
ical part of the GUI much easier. An example is Tcl/Tk (Tool Command Language/an 
X window ToolKit for Tel). 

The programming task for the BELLE experiment will be a huge one. Not only will 
we be using new tools and probably new languages for HEP on UNIX, we will be de
veloping software for distributed computing, which will also be a new and complicated 
environment to most of us. Many physicists will have to be involved in this project, 
and KEK must provide additional software support. It is important for us to plan 
the work carefully and start the work immediately. To organize this, a committee of 
physicists from both inside and outside of KEK and with representatives of the KEK 
computing center will specify necessary R&D projects, identify problems, and establish 
goals, milestones, and responsibilities. 
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Chapter 6 

Physics Simulation 

A number of Monte Carlo simulation studies have been made to test the capability 
of the reference detector for measuring CP violation effects in B decays and for de
termining the angles and sides of the KM unitarity triangle. Events were generated 
with a modified version of the LUND 6.3 program [130] and the detector response was 
approximated by smearing the four vectors using the fast simulator program, FSIM. 
The results are expressed in terms of the expected errors on sin 2<& and the lengths of 
the unitarity triangle. The sin2</>,(i = 1,2) error is obtained from the relation 

r • , , l+NBG/Nob. 1 
, B n 2 * = ^ _ _ _ _ _ ( 6 .1) 

where d is the dilution factor, in is the fraction of wrong B° tags, and N„b, and Nga 
represent the expected number of signal and background events, respectively. 

6.1 Event Generation 
In the Lund program the standard B meson decays are generated in accordance with 
the spectator model in which the weak decay process involves only the heavy quark 
via the decay chain of 6—> c —* s —* u —•> &. For rare decays, such as Bd —* 7T7T, the 
initial 6 —* c step is replaced by 6 —> u. Decays of Dj. and Du mesons are handled at 
the hadron level with branching ratios taken from their measured values; D, decays are 
treated at the quark-level for the c —> s transition and cs annihilation. Final quarks 
are fragmented into hadrons via the string fragmentation scheme. We incorporated the 
following modifications to the Lund program: 

• Events are generated in the e + e~ center of mass system and Lorentz boosted to 
the laboratory frame. 
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• Decay vertices of weakly decaying particles such as B, D and Ks mesons are 
recorded. 

• The proper angular distribution is used for T(4S) —• BB. The branching ratios 
of T(4S) decay into Bd and Bu are chosen to be equal. 

• Specific B-meson decay channels, such as the semileptonic decays, ipKs, i>K', 
7r +7r -, K'y, p~f, etc. can be chosen. Here the decay angular distributions of the 
final state particles is properly taken into account. 

• The effects of BdBd mixing in Bd decays are implemented with the mixing pa
rameter value Xd = 0.7. 

• Expected CP violations for B meson decays are implemented. 

• The interaction point is smeared around the origin according to the expected 
beam size, which is an ellipsoid with crx = 0.2 mm, <ry = 0.03 mm, and crz = 1 
cm, where the z direction is along the beam axis. The beam energy is smeared 
with a(E+) = 3 MeV and a(E.) = 6 MeV. 
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Table 6.1: Minimum detectable momentum in CDC for 8 = 90° tracks. 

particle e± V? 7T* K± p or p 

Pmin (MeV/c ) - 7 0 - 7 5 ~80 - 160 -250 | 

6.2 Fast Simulator 
Most o( the physics simulation studies presented in the subsequent sections were done 
with a fast detector simulation program in which the detector response is modeled 
with simple parameterizations. Some of the parameterization models were derived 
from studies using a full GEANT detector simulation program [124]; others are based 
on the results of our detector R&D. The reference detector geometry is assumed. 

6.2.1 Charged Particle Tracking 

The CDC charged particle tracking efficiency was studied using a modified version of 
the AMY group's ACE program. The efficiency was parameterized as a function of 
particle type, minimum detectable momentum (pmin), absolute momentum, and polar 
angle of the particle (#). The Pmin's, summarized in table 6.1, are consistent with 
the requirement that the charged particles produced near the collision point reach the 
second CDC super-layer (r ~ 47 cm). The tracking efficiency is shown in Fig. 6.1. The 
inefficiency for hadrons is mainly caused by decays-in-flight and nuclear reactions; for 
electrons it is mainly bremsstrahlung. 

The resolutions for the track-helix parameters: K(<X l / p ( ) , d0, z0, 4>, and cot#, in 
the combined CDC + PDC + SVD tracking system are parametrized as functions of 
the particle momentum (p), velocity (/?) and 8 as: 

0.43 

T 
30 

Pt 

ada 

0.32p t © 

19 © 

% ( 0 = 9O°), 

fim, p0 s in 3 ' 2 8 
32 

18 © „ , c , , „ /im, 

o> = 0.33 © 

p/3s in 5 / 2 0 
1.17 

niTad., 

<re 

P0 s in 3 / 2 8 
1.15 

0.34 © „ , w , „ mrad., 

(6.2) 

(6.3) 

(6.4) 

(6.5) 

(6.6) 
p /?s in 1 / 2 0 

where correlations among the parameters are neglected. The intrinsic spatial resolution 
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Figure 6.1: (a) Tracking efficiency as a function of momentum for $ = 90°; (b) same 
as (a) but as a function of polar angle. 
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is taken to be oT+ = 130 \im for the CDC and 100 fim for the PDC. [131] The SVD 
spatial resolution depends on the incident track angle as 6 4- 0.4a fim [80], where a is 
the angle in degrees with respect to the normal to the detector plane. 

6.2.2 7 Detection 

The ECL's detection efficiency and energy resolution for -f's were studied using the 
full-simulator and parametrized as functions of 7 energy (E) and 8 (or position). They 
are given by the following formulae for all regions except for the gaps between the 
barrel and endcaps: 

eff. = 0.75 (0.02 < E < 0.1 GeV), (6.7) 

= 0.85+ 0.043 In £ (0.1 GeV < E), (6.8) 

and 
(TIP 

-=• = (0.021 - 0.006 In E) (0.02 < E < 2 GeV), (6.9) 
= 0.017 (2 GeV < E), (6.10) 

where the energies are in GeV. For the gap regions, the efficiency decreases by ~ 40%, 
and the energy resolution is degraded by a factor ~ 3.5 for 100 MeV -y's. The position 
resolution is taken to be: 

az = — + 0.22 cm (E in GeV). (6.11) 
VE 

This agrees with CLEO II and our test beam results [106]. 

6.2.3 KL Detection 

The KLC's detection efficiency for KL'S is taken to be 46%, and the angular resolution 
is taken to be T S = a^, — 30 mr. These were derived from a full-simulation study. 

6.2.4 Particle Identification 
dE/dx in C D C 

The dE/dx values and resolutions measured in the beam test were compared with ana
lytical formulae that depend on 0, 9, and the number of samples [132]. The resolution 
that corresponds to our reference detector is 6% for 8 = 90°. This value is taken from 
the expected resolution 5% times a safety factor of 1.2. The w/K separation capability 
for this dE/dx performance is shown in Fig. 6.2 along with expectations for the RICH 
and TOF. 
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Figure 6.2: The ir/K separation capabilities expected for the dE/dx, TOF and RICH 
systems, expressed in terms of r.m.s. of the separation. These are for 6 = 90° tracks 
unless specified. 

RICH 

The Cherenkov angle resolution was studied as a function of incident particle angle 
using an analytic program developed at CERN [133]. The quantum efficiency of the 
photocathode is taken to be 20%. The particle identification efficiency is simply taken 
to be 100% above momentum threshold. 

TOF 

The 90% efficiency assumed for the TOF particle id is based on a full-simulation study; 
roughly half of the inefficiency comes from multiple hits in a detector module, and the 
other half is due to backsplash from the ECL. A time resolution of 100 ps is taken from 
test beam results. 
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Electron Identification 

The ECL electron identification efficiency is 95% for p > 0.5 GeV/c, and zero for lower 
momentum. The probability for misidentifying a hadron as an electron depends on the 
sign of the particle's charge and its momentum, but it is ~ 0.4% for p > 1 GeV/c. 
These numbers are taken from our R&D results. 

Muon Identification 

The muon identification efficiency in MUO is assumed to be 90% for p > 1.2 GeV/c 
and zero for lower momentum. This momentum cut approximately corresponds to the 
energy loss of a muon in 1 m of iron. The hadron punch-through rate is taken to be 
1%. 
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6.3 4>i M e a s u r e m e n t s 

6.3 .1 B° — J/TpKs (— £+£-TV+IT-) 

Experimentally, the most accessible CP-violating asymmetry is expected to be in the 
B° —* JliiKs (—» £+1~TT+TT~) decay channel. The asymmetry for this mode is sensitive 
to <j>i. The CLEO-II group has observed a very clean signal for this decay with a 
branching ratio of Br(B° —• J/ipKs) = (4.2 ± 1.6) x 10~4 (the average branching ratio 
over the charged and neutral decay modes is Br(B — J/tfiK) = (10 ± 2) x 1 0 - 4 ) [134]. 

Event Selection 

In our simulation of this mode, we select J/tpKs {BCP) final states by applying the 
following requirements: 

1. \M(e+e-)-Mj,i\ <0.07GeV; 

2. \M{-'iT-) - MKsl < 0.012 GeV; 

3. 0.18 < p-{Jji}Ks) < 0.49 GeV; 

4. \M{J/1>KS) - M B o | < 0.05 GeV', 

where p' is the momentum of J/tpKs in the T(4S) rest frame. Muons are identified 
with MUO, and electrons with ECL. With these cuts, the reconstruction efficiency for 
this mode is 38.2 ± 0.2%. The distribution of the differences between the reconstructed 
J/rjj and true z-vertices is shown in Fig. 6.3a. 

Tagging the O t h e r B° 

Two methods are applied to tag the other B° (B,as). We use the sign of the lepton 
charge in semiieptonic B° decays: b — l.~vX and b —> t~vX\ and the sign of kaon 
charge in B° cascade decays: b —• c —» s, b — c —• .s. 

Lepton candidates are selected from the tracks not coming from the Bcp vertex. A 
momentum requirement of more than 1.4 GeV/c in the rest frame of T(45) is imposed 
to eliminate leptons from charm decays. Kaon tagging is used for events with no 
lepton tag. Kaons are selected based on information from the particle identification 
devices. The tagging efficiency and the fraction of the wrong tagging are summarized 
in Table 6.2. 
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Figure 6.3: (a) The difference between the reconstructed and the true J/tjj z—vertices; 
(b) for the tagged B: and (c) for £ t B g - BCp-

Table 6.2: Summary of B tagging. 

method efficiency (%) wrong tag. (c,'i) 
lepton 10.6 ±0.2 4.0 ±0.4 
Kaon 36.8 ±0.4 11.6 ±0.4 
combined 43.5 ±0.4 9.8 ±0.3 
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#t»g Vertex Reconstruction 

The i ? t s g vertex is reconstructed using charged tracks not associated with the recon
structed Bcp. Charged tracks from Ks, A, and A decays are eliminated by requiring 
the impact parameter relative to the beam line to be less than 1 mm. Other details of 
the vertex reconstruction procedure are described in [73]. 

The distribution of the difference between the reconstructed and the true Btag — Bcp 
vertex differences is shown in Fig. 6.3c. The solid curve in the figure shows a fit to a sum 
of two Gaussians. The resolution determined from FWHM/2.36 is 62 fim; determined 
from the rms it is 82 /im. 

Determination of sin 24>i 

The observed proper time difference distribution is shown in Fig. 6.4. In the figure, — At 
is used instead of At when Btag is tagged as a B° meson. The CF-violation parameter 
sin 20i is extracted from a fit to the data with the theoretical formula convoluted with 
the resolution. The solid line in the figure represents sin 2(j>i = 0.39 ± 0.08, consistent 
with the input value of 0.40. 

6 . 3 . 2 B° - » J/il>Ks ( - » ^ + r 7 r ° 7 r ° ) 

These decays are selected with the following cuts: 

1. \M{t+l-) - MJH,\ < 0.07 GeV; 

2. | M ( r r ) - . M > | <0.02 GeV; 

3. |Af(7rV) - MKs\ < 0.03 GeV; 

4. 0.14 < p-{JJi,Ks) < 0.5 GeV; 

5. \M{J/ipKs) - MBA < 0.12 GeV. 

The reconstruction efficiency for this mode is 13.6±0.2%. The background levels in the 
final sample with tagging is 22 ± 15% from standard BB decays plus continuum events, 
and 5 ± 2% from J/ipK'°. These backgrounds could be reduced further to a negligible 
level by applying mass (TT0, KS and J/ip) constraint fits in the event selection. 

A summary of the analysis for the two channels is given in Table 6.3. 
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Table 6.3: Summary of J/rjiKs channel for 10 4 1 cm 2 . 

Ks — TT+jr" Ks - s r V 
T(45) cross section (nb) 1.15 1.15 

Br(T(4S) - • B°B°) 0.5 0.5 

Br{BCP - Jli>Ks) 5 x 10-" 5 x K T 4 

Br{JH> -> / + / - ) • Br(Ks — XTT) 0.084 0.038 
5 C P reconstruction efficiency 0.38 0.14 

Btag tagging efficiency- 0.44 0.44 

wrong tag fraction 0.10 0.10 
dilution factor 0.54 0.54 
number of observed events 802 133 
noise-to-signal ratio ~- 0 ~ 0 . 3 
S sin 20] 0.083 0.23 

6.3.3 B° — J/ipKL 

The J/tpKi decay mode of the B°-meson provides another measurement of the <f>x angle 
that complements the measurement of J/xph's- This channel has the same branching 
ratio as that for J/pKs- A large fraction of the A'i's can be detected through their 
hadronic interactions in the Csl calorimeter and the A'/, catcher. In reconstructing 
B% —> J/T/JKL, we first reconstruct J/ji —• t~l~. Its four-momentum is then known. 
The direction of KL can be measured from the hadron shower position. The mass of a 
detected hadron shower is assumed to be that of KL- The J/ip and KL are required to 
form a B\ with a mass of 5.28 GeV/'c 2. The only unknown parameter in this analysis 
is the KL momentum, which can be determined from the fit. 

The main backgrounds in this analysis come from 

1. One B decays via B~ —> J-iiiK'~ , and the K'~ decays into KLTT~. 

2. One B decavs via Bd — JJTpK'° , and the K'° decays into KLTT°. 

3. One B decays into J/'ip-r anything, and the other B decays into KL+ anything. 

4. One B decays into J/^T-anything, and the other B decays into 7+anything, 
where the 7 is mistaken as a KL-
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In the simulation, 7 x 104 BB events were generated where one B decays to J/tj) —• 
(+l~ plus K or K" and the other B decays to anything. This corresponds to a total 
integrated luminosity of 100 f b - 1 for branching ratios of 1.0 x 1 0 - 3 and 1.5 x 10~ 3 for 
the B decays into JjifiK and J/ipK', respectively. Figure 6.5(a) shows the opening 
angle between the J/ip and the KL in the T(45) rest frame for the J/ipKz, sample. 
A clear peak is seen at around 170°. Figures 6.5(b), (c) and (d) correspond to the 
backgrounds from 1, 2 and 3 respectively. We require an opening angle of more than 
160°. The calculated B momenta distribution in the rest frame of the T(4S) is shown 
in Figs. 6.6 (a), (b), (c), and (d). As can be seen in the figures, the J/ipKi signal can 
be enhanced by a cut of 0.2 < PB < 0.45 GeV/c. 

The JJi>Ki signal can be further enhanced by removing reconstructed J/tpK' 
events. For the candidate events remaining after the above cuts we refit the KL, mo
mentum, assuming B decays to J;tpk'r.ir, where TT is any identified T * or TT° in the 
event. The KL~ invariant mass distributions are shown in Fig. 6.7 (a), (b) and (c), 
where KLK~ and R'LTT0 are combined in each figure. A clear K' mass peak is seen 
for backgrond samples 1 and 2. We reject events where the Kiir invariant mass lies 
between 0.88 and ij :)1 GcV,'r-. 

The background process 4 can be a serious problem if only the Csl calorimeter 
signal is used for the hadron shower. However it is reduced to a negligible level if 
signals are required in the KL catcher. 

The number of events that pass the J/VJKL selection cuts in the signal channel and 
the first three backgrounds channels are summarized in Table 6.4. These calculations 
assume a KL detection efficiency of 46%, which agrees with results obtained from the 
GEANT simulation. The background due to misidentification of 7's is under study 
and not included in the table. Table 6.5 summarizes the sensitivities to sin 2<j>l that 
are obtained using a tagging efficiency of 44%, a wrong-tag probability of 10% and 
a dilution factor of 0.54. We have examined how the sensitivities change as the cut 
values are varied. We found that the variation is not large and we conclude that we 
can obtain a similar sensitivity for sin 2<p-_ from the process J/TIJKL as that for J/ifiKs 
mode. 

6.3.4 B° -» J/vK' 
The reaction Bd —> J/ipK" —• J/TI>K,-K° can be used to measure the angle (j>\ since 
the quark level diagrams that contribute to Bj —> tpK, also contribute to this decay 
mode. However, in this mode the CP-even and CP-odd states are mixed, which dilutes 
the CP-asymmetry. An angular analysis of the decay products is needed to separate 
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Table 6.4: A summary of the B —• J/ipKc event selection. The generated events 
correspond to the integrated luminosity of 100 fb" 1 . A Ki detection efficiency of 46% 
is used. 

B decay mode generated detected in with PB and K-
events KL catcher J/TP - l + t angle cut cut 

J/1> + KL 6929 2535 1421 1239 1007 
Jji> -r K-' 21131 3879 2136 356 221 
J/ip + K-° 21234 3215 1808 204 141 
J/i> + Ks 7169 771 430 8 4 
Jjil> + K± 13976 1415 813 10 8 

Table 6.5: The estimated error on sin 2<£i from the B —> J/tjiKi analysis. The estimates 
are obtained using a 44% tagging efficiency, a wrong tag probability of 10% and a 
dilution factor of 0.54. 

selection condition S/N ratio 5si7i2<pi 

B momentum and angle cut 
Km cut 

2.1 
2.7 

0.12 
0.13 
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the CP eigenstates Recent measurements of the J/ip polarization in this decay by 
ARGUS and CLEO[135j indicate that the CP-even state may dominate this decay, in 
which case an angular analysis is not necessary. We studied the sensitivity to the $j 
measurement using the B* -> J/ipK' -* J/t//K,ir° mode for both cases, i.e. with and 
without an analysis of the Jjip polarization. 

The J/i>K,T° selection used the following criteria: 

1. | M ( / + £ - ) - M j / ^ | < 0 . 1 GeV; 

2. \M(rr) - M^l <0.15 GeV; 

3. \M(7T+Tr-) - MKs\ < 0.012 GeV; 

4. \M{J/il>Ksv°) - MB«\ < 0.13 GeV, 

5. 0.18 < p-{J/i,Ksir°) < 0.45 GeV; 

6. p-(T°) > 0.2 GeV; 

where the last cut refers to the 7r° momentum in the B restframe and is applied in 
order to eliminate contamination from J/ipKs decays. 

The result of the event selection is summarized in Table 6.6. The numbers were 
calculated for a 100 f b - 1 data sample. The backgrounds to the JJipK,-!:0 mode come 
mainly from final states containing Jjip's including J/4>K, and JJiiK+r'. As seen 
from the table, the contamination from these modes is negligible while 19% of the 
J/ipK,Tr°'s remain after the reconstruction. This efficiency can probably be improved 
by further optimization of the selection criteria. A "transversity" analysis was done 
using the remaining events assuming a B°(B°) tagging efficiency of 44% and a 10% 
wrong tag probability. If the J/ip is polarized normal to the decay plane, the CP state 
of J/TJ}KMTT0 system is even, and we can use all of the reconstructed events for the <j>i 
measurement. 

If the J/tp is not polarized, the J/ifrK,ir° system is a mixture of CP-even and CP-
odd states, and an angular analysis is needed to separate out the definite CP states. 
A simple procedure is a transversity analysis[136]. The transversity is defined as the 
spin projections of a three-body intermediate state in the direction transverse to the 
three-body event plane. The transversity of the three-body system corresponds to the 
definite CP eigenstate of the system. In the J-tpK.ir0 final state, the K, and v° spins 
are zero and the CP state of the system depends only on the Jtp transversity. 

The transversity state of the Jip can be estimated from the angular distribution 
of the decay leptons. For a transversity of 1, the angular distribution of the leptons 
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Table 6.6: Summary of the J/ipK,ir° event selection. The results for the background 
channels (J/ipK, and J/ipK+ic~) are also shown. The observed numbers of events 
(Not,.) are calculated for 100 fb" 1 . 

decay mode Jli>K'° J/i>K. J/IPK+T-

final states L+t-*+T-ir° l+l-n+K- l+L-K+Tt-
BRB 1.6 x 10"3 5.0 x 10"4 1.3 x 10- 3 

BRdecav 0.014 0.084 0.12 
reconstruction efficiency 0.192 0.014 0.003 

tagging efficiency 0.44 0.44 0.44 
NBb. 215 29 24 

is proportional to l+cos 2 0; this distribution is 1—cos20 for a zero transversity. This 
difference in the angular distribution can be used to identify the CP states. 

The CP asymmetry must be extracted without the knowledge of the CP-odd to 
CP-even mixing ratio. A simple method is as follows: First the angular distribution is 
divided into two angular bins (called the polar and equatorial bins). In this analysis 
the angular distribution was divided at cos 6 = 0.5. The polar and the equatorial 
components P and E can be expressed as 

£ = 2 / ' dcoser(9) = r+{l+a)e+ + r_(l-a)e- (6.12) 
Jo 

P = 2f dcos9T{8) = r +(1 + a ) P + + r_ (1 - a ) p _ , (6.13) 
Jl/2 

where T± is the time integrated CP-even (odd) decay rate of B° and a denotes the 
time integrated asymmetry. The numbers e± and p± are defined as 

e ± = 2 / " T J 8)d cos 9, p± = 2 / r±(8)dcos8, (6.14) 
J0 Jl/2 

where r ± are the angular distributions for the CP-even (odd) states as follows: 

r+(8) = l{l + cos28), T.(9) = -(1-COS28). (6.15) 

8 4 
The numbers E and P can be obtained from the data and the CP-asymmetry is 
determined by solving the above equations. 

This procedure allows for a separate determination of the asymmetry values for 
the CP-even and CP-odd states. The most accurate value of the asymmetry can be 
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estimated by taking the linear combination 

a = aa+ + (1 — a)a_ (6.16) 

where a± is the asymmetry for CP-even (odd) states and a is chosen to minimize the 
error. Assuming the asymmetry is the same for both cases, a x2 minimization gives 
the best value of a of 

a = *\"+*- (6.17) 

where <r± is the error of the determined asymmetry for the CP-even (odd) state and p 
is the correlation factor. 

Figure 6.8 shows the results of a transversity analysis done on the simulated event 
sample. The expected error on the CP-asymmetry for J/ipKtir° mode extracted using 
transversity analysis is shown as the ratio to that for a pure CP state. The ratio is 
plotted as a function of the CP-even/CP-odd mixing ratio. As can be seen in the figure, 
the error ratio varies from 1.0 to 2.7 according to the mixing ratio. For example, for a 
mixing ratio of 0.2, the error ratio is 1.4. The resulting error on sin 2<f>i for a 100 f b _ 1 

data sample is given by 0.17 x d± where d± is the ratio given in Fig. 6.8, 
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Figure 6.8: The ratio of the expected CP-asymmetry error for the J/ipKtir° mode 
extracted using a transversity analysis to that for a pure CP state. The ratio is plotted 
as a function of the CP-even/CP-odd mixing ratio. 
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6.4 <f>2 Measurements 

6 . 4 . 1 B° — 7T+7T-

The commonly proposed method for measuring fa is via the time asymmetry in the 
B°(B°) —> TT+7r- decay mode. Recently the CLEO-II group found a signal for B° 
decaying into r+w~ or K±ir:? with a combined branching fraction of (2.41°;? ± 0.2) x 
1 0 - 5 [48]. In this method for measuring <j>2, a main concern is the contamination of 
the penguin amplitude. It has been suggested that its contribution can be isolated 
through an isospin analysis of the branching fractions for the three decay channels 
(B°(B°) -* T+X-, X ° T ° ) and ( 5 * -> ir^rr0) [36]. However, the theoretical expecta
tions for Bi(B°{B°) —» 7r°7r°) are ~ 10~6 or less, in which case the isolation of (f>2 is 
difficult [137J. Other methods for estimating the penguin contribution have been pro
posed [138], and it is probably reasonable to expect that enough progress will be made 
by the time we actually measure this process to permit reliable subtraction of the pen
guin contributions. Therefore, the analysis described here was performed neglecting 
penguin effects. 

Even t Selection 

In our simulation, B° —» ir+TT~ decays are reconstructed from oppositely charged par
ticle pairs, where charged tracks positively identified as kaons are rejected. Then the 
following cuts are applied: 

1. \M(TT+I?-) -MBO\< 0.065 GeV; 

2. 0.24 < p"(7r+7r-) < 0.43 GeV; 

3. x 2-probability of the 7r+7r" vertex > 1%; 

4. | c o s 0 j p h e | < 0.6, 

where p" is the momentum of the 7r+7r~ in the T(4S) rest frame. The last cut is used 
to suppress the continuum background; here 6,phe is the angle between the sphericity 
axis in an event and the momentum vector of a x of the 7r+7r~. (The sphericity axis is 
calculated using all the charged tracks and 7's in the event excluding the ir+v~). With 
these cuts the reconstruction efficiency for BCP (—* T + T ~ ) is 41.6 ± 0.4%. 

The distribution of the z-vertex difference of the reconstructed Bcp vertex and 
the true vertex is shown in Fig. 6.9. The resolution is similar in magnitude to that 
for B° —* Jli>Ks shown previously, providing further justification for the inclusion of 
high-quality vertex resolution in BELLE. 
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Figure 6.9: The z — vertex difference between the reconstructed and true Bcp —» i r + i r _ 

vertex. 

The tagging of the other B meson is done the same way as described previously. 
The total reconstruction efficiency including tagging is 18.3 ± 0.3%. 

Backgrounds 

The background from the B° —• K^ir* mode was estimated using the same analysis 
program as used for the irir mode. The contamination level was found to be 5.7 ±0 .3% 
assuming Br(B° -* K±x:f) = Br(B° -> i r + i r - ) = 1.3 x 10~ 5. The noise-to-signal ratio 
from continuum annihilation events is 61 ± 8%. An additional cut that uses the vertex 
(proper time) information to reduce the continuum background is not included in the 
present analysis. If the cuts are optimized separately for the lepton- and kaon-tagged 
samples, the noise-to-signal ratio is expected to be further improved. The background 
from standard BB decays is found to be negligible. 

Summary 

A summary of the B° —* jr+7r~ simulation is given in Table 6.7. We conclude that with 
an integrated luminosity of 10 4 1 c m - 2 , sin 2(j>2 can be measured to a precision of ±0.17. 
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Table 6.7: Summary of the B° -* 5r+ir channel for 10 4 1 c m - 2 . 

T(45) cross section (nb) 1.15 
£ r (T (4S) -» £°B°) 0.5 
BT{BCP - > T + i r - ) 1.3 x 10~ 5 

B C P reconstruction efficiency 0.42 
no. of observed events w/tagging 274 
noise-to-signal ratio ~ 0 . 6 
S sin 2^2 0.17 

6.4.2 B° — p * ^ 

Aleksan et al. [37] have suggested the use of decay modes to non-CP eigenstates, such 
as p-K and diT, for measuring 4>2- They used a Monte Carlo study to verify that these 
channels give comparable or better fa measurement precision as does the irir channel. 
Although these modes are not free from penguin contributions (as is also the case for 
•K-K mode), they provide valuable independent measurements. 

Simulation and Cu t s 

We performed a simulation based on the reference detector design of the B° —* p±T^: 

decay mode. The BBQ computer farm was used to simulate (by FSIM) 10 8 continuum 
events/de.y. The p±ir:f branching ratio was taken to be 6 x 10~ 5. The analysis closely 
followed the proposal of ref. [37]. Two stages of cuts were applied: First, precuts were 
applied to retain as many signal candidates as possible. The first cut required four or 
more charged particles and at least two photons. Particle identification was done with 
information from the calorimeter, muon chambers, dE/dx and RICH. Then cuts were 
applied on the following variables: 

1. the invariant mass of a reconstructed B° candidate, 

2. the invariant mass of the other B° inferred from the reconstructed B°'s momen
tum, 

3. the invariant mass of a reconstructed p±, 

4. the invariant mass of a reconstructed x° candidate, 

5. the momentum of the B° candidate in the T(4S) cm, 
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Figure 6.10: Distributions of rarity for signal (B° —• p+ir ) (dashed line) and back
ground (solid line) events. 

6. the momentum of the iv* candidate B° rest system, 

7. the back-to- backness of p* — T* candidate in the B° rest system, and 

8. the 7r+ and ir~ z—vertex difference. 

The cuts were made at the 3er values found from Monte Carlo signal events. 

We introduce a new variable, the "rarity", which exploits the observed differences 
between the signal and background event distributions. The rarity uses the following 
variables: 

1. the cosine of the angle between the i r T and the sphericity axis in the T(4S) cm, 

2. the cosine of the angle of the 5 ° in the T(4S) cm, 

3. the cosine of the angle of the p± in the B° rest system, and 

4. the cosine of the angle of the x* with respect to the direction of />* in the p± 

rest system. 

The "rarity" is defined such that signal events have a flat rarity distribution while 
background events peak sharply near zero, as shown in Fig. 6.10. 
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Figure 6.11: Distribution of MB for (B° —> p+^~); the black region is background. We 
cut at ±3o\ 

Table 6.8: lepton and kaon tagging 

item lepton tagging kaon tagging 
Tagging efficiency 
Background rejection factor 
Wrong tagging probability 

0.103 
5.09 x l O " 3 

0.040 

0.362 
0.376 
0.126 

Separate rarity cuts are applied to minimize the sin 2<j>i error for the lepton and 
kaon tags, respectively. The standard tagging procedures are employed. Tagging effi
ciencies, background rejection ratios and wrong-tag probabilities were calculated after 
the precuts are made. The resulting values are summarized in Table 6.8. The rejection 
factor obtained for the lepton-tag case is significantly better than the 1% value given 
in ref. [37]. We presume that this is specific to this decay mode. 

Summary 

The final results are shown in Table 6.9. The resulting reconstructed B mass distribu
tions are shown in Fig. 6.11. 
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Table 6.9: Accuracy of sin 2<f>2 from B —* p ±7r T 

condition item values 

precuts 
reconstruction efficiency 
background rejection ratio 
noise-to-signal ratio 

0.276 
1.72 x lO" 5 

2.53 

lepton-tagging 
number of signal events 
noise-to-signal ratio 
Ssin 2<j>2~ 

193 
0.099 

0.152 d~l 

kaon-tagging 
number of signal events 
noise-to-signal ratio 
6sm 2<f>i" 

562 
0.900 

0.144 d-1 

total 
number of signal events 
noise-to-signal ratio 
<5sin202" 

755 
0.694 

0.104 d'1 

* The variable d is an additional dilution factor which comes from the non-equality 
of the two amplitudes, A{B° -» / ) and A{B° -* J). In terms of p = |A(1° -> 
p^-)/A(B°^p-^)\,d = 2p/(pi + l). 
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We conclude that these channels give fairly good precision for the 4>i measurement. 
The rarity variable is found to be useful for rejecting continuum backgrounds. The 
study of the feasibility of a full amplitude analysis for properly subtracting penguin 
contributions in the presence of background events remains to be done. 
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6.5 03 Measurements 
The third angle of the unitarity triangle, fa, can be determined from a comparison of 
two triangles in the complex plane formed by the decay amplitude of 5 ° and B° into 
D°KS, ~D°KS, where the D°(D°) decays into a final state of definite CP. The latter 
can be either CP-odd (D2) such as D2 -> Ks*°, KSUJ, and Ks<f>, or CP-even ( A ) 
such as £>i -+ K+K~. For this measurement, only the ratios of the branching ratios 
have to be measured, thereby eliminating the effects of common systematic errors. 

In this method, the B° and B° decays have to be measured separately, thus requir
ing B°(B°) tagging, which has an estimated ~ 40% efficiency. Moreover, the tagged 
B° may oscillate before it decays, further reducing the sensitivity. The observed mea
surements are related to the true branching ratios as 

Br(B° - X) = a.Br{B° -» X; observed) + bBr{B° ~* X; observed) 

Br(B° - X ) = bBr{B° -> X; observed) + aBr(B° -» X; observed). (6.18) 

Here a and 6 are the probabilities that B° decays as 5 ° and B°, respectively, and are 
given by the integrals 

a 

b 

For xd = Am/r = 0.69 and TB 

An analogous analysis can be applied to B± decays, namely B*- —» D^K* and 
D°K±. In this case, if the B± branching ratios to these final states are the same as 
those for the corresponding B° decays, the event rate will nominally be five times bigger. 
This is because the charge of the parent B is automatically identified by the charge 
of K± and in the case of the neutral B° decay, half of the i f ' s are undetected KL'S. 
However, the diagram shown in Fig. 6.12(c) contributes (only) to the B~ —* D°K~ 
decay and its charge conjugate mode. The influence of this diagram is expected to be 
larger than those in Figs. 6.12(a) and (b) because there is no color suppression. The 
net effect of this additional term will be a flattening of the triangles relative to their 
shapes for the neutral B's, with a corresponding reduction of the fa sensitivity of the 
measurements. 

It should be noted that differences between Br(B° —> Dli2Ks) and Br(B° -* 
Di^Ks), are consequences of differences in the decay amplitudes and, thus, correspond 
to direct CP violations. Therefore, these measurements address two aspects of the KM 

r e - n cos 2 {-Amt)dt (6.19) 
Jo 2 
r e - r t sm2{]-Amt)dt. (6.20) 

./o 2 
1.35 ps, a = 0.82 and 6 = 0.18. 

167 



V ub 
D° 

u s s —>- K s V 
d d — u 

(») (b) 

V ? J > 
-u 

- ^ K-

> n n 

(c) 

Figure 6.12: Diagrams contributing to (a) B° — D°KS, (b) B° — IJotfj, and (c) 
B~ — £ > 0 ^ - . 

CP-violation scheme: the observation of direct CP violations and the measurement of 
the third angle of the unitarity triangle, <fo. 

From our present knowledge of the input parameters to the above arguments, we 
do not know whether the charged or neutral B's will provide the more sensitive mea
surement. We are pursuing Monte Carlo studies of both possibilities. 

6.5.1 5° - D°KS 

The branching ratios for the B° —• D°Ks and D°Ks decay rrjdes are estimated to 
be 1 ~ 10 x 10~ 5. The uncertainties come from the final state interaction phase 
shifts, Sg and (%, which are difficult to estimate reliably. Here it is assumed that 
Br(B° - D°KS) = 5 x 10" 5 and the ratio r\ = Br{B° -> D°Ks)/Br{B° — D°KS) is 
left as a free parameter. 

In the Monte Carlo simulation, one of the B°'s decays into D°Ks or D°Ks, and the 
other decays according to the decay table in the LUND 6.3 program. The D° decays 
are also handled by the LUND 6.3 program. The FSIM program is used to simulate 
the effects of detector acceptance and resolution. In this simulation, perfect ir and 
K~ identification is assumed. 

For the D" (D°) and £>i l2 reconstruction, the decay modes given in Table 6.10 were 
used. The Ks was only reconstructed via its 7r+7r" decay mode, a T+7r~7r° combination 
was considered to be an w when its invariant mass was within 5 MeV of m w , and <£'s 
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Table 6.10: The decay modes of D° 

D decay branching ratio 
D° -> K--K+ 3.71% 

-» /C-TT+TT0 11.9% 

A . i - #5*° 1.4% 
-» /Cyw 1.9% 
-> K+K- 0.5% 
—» / fs# 0.4% 

Table 6.11: Monte Carlo study of B° -> D°KS using a 10 4 1 / cm 2 data sample. 

B decay D decay eff.(%) expected events backg round events 

D°KS K~ir+ 75.3 167 46 
K-TT + TT0 55.8 399 463 

Di,2Ks Ksir° 42.8 l4(-»> 20<-l> 
Ks& 44.2 20<-'> g(-») 

K+K- 78.0 ^ ) 10(-») 

Ks4> 56.4 5^ 2<-1> 

were recons t ruc ted in the K+ K~ channel . 

To evaluate the background contaminat ion from general T (4S) decays and contin

u u m mul t i -hadron events , events were generated with the LUND 6.3 p rog ram. T h e 

resul t ing efficiencies and the number of signal and background events for a 10*1 /cm? 

data sample are listed in Table 6.11. 

The estimated precision on <fo for various values of So — % and the branching 
fraction ratio r\ are shown in Fig. 6.13. These estimates include the tagging uncertainty 
and the error coming from solving equations 6.18. From this plot it can be concluded 
that <j>3 can be determined with a ~ ±25° precision if So — S-g is between 50° and 100° 
and rx is larger than 0.25. 
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Figure 6.13: (a) Expected <fo error from B° -* D°Ks as a function of 
r , = \A{B° — ^ ° / r s ) | / | ^ ( B 0 -» £>°/fj)|; (b) the expected error as a function of 
6-1 

6.5.2 B± -» Z ? 0 / ^ 
The branching ratio, Br(B~ —» D°K~) is expected to be much larger than BT(B° —» 
D°Ks) because of the additional diagram, shown in Fig. 6.12(c), which is not color 
suppressed. (Only the color-suppressed diagram shown in Fig. 6.12(b) contributes 
to B° —^ D°KS-) These differences should be moderated by uncertain final-state 
interactions. Here we take Br[B~ -+ D°K~) = 3.5 x 1 0 - 4 , as estimated from BSW 
model calculation [139], and leave the ratio r* = Br{B~ — ~D°K-)/Br(B- -> D°K~) 
as a free parameter. 

In this decay, the K± momentum is between 2.5 and 3.5 GeV, a range where a 
Cherenkov counter is required for K^/n*- separation. The 5 * —• D°v± branching 
ratio is expected to be an order of magnitude larger than that for D°Ki: since it is less 
Cabibbo suppressed, making quality high momentum K±/T± separation essential for 
this measurement. This study assumes perfect particle identification, and is applicable 
only to an experimental situation where the TT* contamination in K± sample is at the 
~ 1 % level. 

The reconstruction procedure is almost identical to that for the 5 ° case except 
that here Ks reconstruction is not required. The estimated reconstruction efficiencies, 
and number of signal and background events for a 1 0 4 l c m - 2 data sample are listed in 
Table 6.12. 

The expected <j>3 precision for this method is shown for various values of £D — % , r2 
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Table 6.12: Monte Carlo study of the B+ -> D°K+ decays. 

B decay D decay eff.(%) expected events background events 
D°K+ K~n+ 83.0 1291 17 

K-T+ir0 54.6 2730 159 
DU2K+ Ks*° 43.4 256 66 

Ksw 49.4 396 23 
K+K~ 86.4 182 41 

Ks<t> 77.9 130 4 

- ' * I •" " • • , • • i — T ' • — -

<5-7=BO° 
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Figure 6.14: (a) The expected fa error from the B± —> D°K* measurement as a 
function of r 2 = \A(B~ -* ~D°K-)\/\A(B- - D°K')\\ (b) The expected error as a 
function of S — 6 

and fa, in Fig. 6.14. The charged mode provides the possibility of measuring fa with 
an error of less than ±15° over a wide range of So — % values, if r 2 is larger than 0.1. 

Combining all these arguments, it is concluded that fa can be measured in the 
B± -> D°K± channel with an integrated luminosity of 10 4 1 cm'2 if r2 is greater than 
about 0.1. If r2 is very small, the B° —» D°Ks channel can be used to measure fa, 
although with a larger measurement error. 
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6.6 \Vcb\ 

Recent developments in the heavy-quark effective theory (HQET) provide a model 
insensitive technique for the extraction of |Vy from the semi-leptonic decays of the 
B-meson [140]. Applications of this technique are best suited to the B —> D'lv decay 
mode [39]. Here |V^| is extracted from measurements of the differential decay width 
dT/dy in the vicinity of the kinematic end-point, i.e. y = v • v' ~ 1, where v and v' 
are the B and D' meson four-velocities, respectively. In practice, measurements in the 
region 1 < y < 1.12 are the most important, since here the contamination from D'"s 
is negligible. In this region, the B and D' mesons have nearly the same velocities and, 
since the available phase space is proportional to \/y2 — 1, the differential decay width 
is small. Therefore, the measurement is statistics limited and requires good detection 
efficiency for low momentum pions (< 100 MeV/c) from the D' —* D T decays. 

The sensitivity of this measurement has been studied for two different decay modes 
of D'\ those with slow charged and neutral pions: 

~B° -> D-+l~V (Dm+ - 7r +D°), (6.21) 

B~ -> D'0l~V (DM0 - 7T°£0), (6.22) 

and the charge-conjugate modes. For the first mode, good tracking efficiency for low 
momentum particles is essential; in the second mode, low energy 7r° detection is im
portant. Here we present the results of Monte Carlo studies for these two modes 
and discuss the feasibility of using events where the accompanying B meson is fully 
reconstructed. 

6.6.1 Slow TT± D e t e c t i o n 

The D' meson is identified by using the Dir — D mass difference. For values of y in 
the region 1 < y < 1.12, the D' has low momentum and the ir from its decay has 
a p t of at most 80 MeV/c. The D~ detection efficiency is limited by the detection 
of these slow pions, which strongly depends on the thickness of the material between 
the interaction point and the tracking detectors. The track-finding efficiency for slow 
charged TT'S decreases rapidly as y approaches 1 because of the energy losses and nuclear 
interactions in the material of the beam pipe, silicon vertex detector and the inner and 
middle walls of the tracking chambers. The GEANT simulated data produces an overall 
reconstruction efficiency for the 1 < y < 1.12 region ol 40 ~ 50%. Here the tracking 
efficiency for the slow pion is estimated by requiring at least eight consecutive PDC 
hits. 
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For the integrated luminosity of 100 fb~l (~ 1 0 8 5 B events), we can accumulate 
10000 events in the region 1 < y < 1.12 using only the D° —• K + TT~ decay mode. 

6.6.2 Slow 7T° Detection 

A GEANT simulation of the x° mode, including the effects of the material in front 
of the calorimeter, including the chamber support structure, TOF counters and RICH 
counters, totalling about 40%X0 at 9 = 90°, is being carried out. The effects of the 
1.0 Tesla magnetic field on the electro-magnetic showers in the calorimeter and the 
intervening material are included in the simulation. Electronics noise and 1% channel-
to-channel calibration errors are also included. The energy deposited in nearby counters 
is summed by a clustering algorithm. 

The simulation gives resolutions of 8.4 MeV for the w° mass, 8.0 MeV for the D° 
mass, 1 MeV for the M(DTT) - M(D) mass difference, and 0.7 GeV 2 for the square of 
the missing mass. These are adequate for reconstructing D''s with a good S/N ratio. 
The detection efficiency near y — 1 for 7r°'s does not fall as rapidly as that for charged 
TT'S, since the 7 transmission through material increases at lower energies. This is an 
advantage of the TT0 mode over the ir± mode. 

The over-all detection efficiency for the 1 < y < 1.12 region is found to be about 
20%, reducing the amount of the material by a factor of 2, increases this to 25%. For 
an integrated luminosity of 100 fb~l, we expect 6700 events in the 1 < y < 1.12 region 
using only the D° —» K + TT~ decay mode. Including the D° —» -K"+7r~7r+7r- mode would 
double this. As a result, we can measure |V^| with a statistical precision of about 1% 
in 2 to 3 years of running at the design luminosity. 

6.6.3 Other Methods for Determining \Vcl>\ 

In the method for determining | Vc(,| described above, the y resolution is about 0.03; this 
is limited by the assumption that the B meson is at rest in the T(45) center-of-mass 
frame, although, in Fact, it has a momentum of a few hundred MeV/c. This assumption 
is unavoidable in the above analysis, since the undetected neutrino precludes a mea
surement of the B meson momentum. Although this y resolution will be adequate for 
a Vci, measurement at the few-percent precision level, it precludes doing much better. 

We studied the feasibility of determining the B-meson momentum by measuring all 
of the decay products from the accompanying B. From the Monte Carlo simulation, 
the full-reconstruction efficiency for B mesons is found to be about 10% if the detec
tion efficiency is assumed to be good for charged tracks with pt > 50 MeV/c. The 

173 



background from continuum events is almost negligible. If such detection efficiency 
could be acheived, a few thousand events where the accompnying B — meson is fully 
reconstructed, can be accumulated in the 1 < y < 1.12 interval for an integrated lumi
nosity of 100 / A - 1 . The current version of the track reconstruction program has poor 
efficiency for low-p, charged particles; significant improvements will be needed to make 
a competitive measurement using this method. 

We finally note that the B —> D'lv decay can be identified without detecting the 
slow pion for the events where the opposite B meson is fully reconstructed. In that case, 
the 4-momentum of the B meson is known and the B —> D'lv decay can be identified 
by looking for a peak in the missing mass distribution of (ps — (po -r P{r) -f pi))2, 
where the momentum of the un-detected slow pion can be assumed to be equal to that 
of the D meson. For this sample, the y value can be evaluated by assigning the D' 
meson the same velocity as that measured for the D meson. The uncertainty on y by 
this substitution is estimated to be -~ 0.02. This method has the advantage that the 
reconstruction efficiency is independent of the detection of the slow pion from the D~ 
decay, and will provide a useful check on other analyses. 
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6.7 \Vuh/Vcb\ 

The CLEO and ARGUS groups have measured | V^l from the rate of inclusive leptons 
with energies above the b —• elf kinematic limit. This method for determining \V&\ 
value is strongly model-dependent since only a limited portion of the lepton energy 
spectrum is used. Measurements of the exclusive channels B —> ir{p,u>)tv are other 
possible ways of measuring |K<M\ but require a larger data sample. In the case of 
the exclusive channels, the theoretical ambiguities are currently no smaller than those 
for the inclusive measurement. However, improvements, for example those based on 
comparisons with measurements of the D — TIL/ mode, can be expected in near future. 

In the analysis of exclusive decays, the neutrino is usually identified from the missing 
mass computed with the assumption that the B meson has zero momentum in the 
T(45) rest frame. This approximation is the limiting factor on the missing mass 
resolution. If one can tag one oi the B's by fully reconstructing its final state particles, 
its momentum can be used to infer that of the other B, thereby improving the missing 
mass resolution. However, to do this, one needs to detect all decay daughters of the 
tagged B. 

In a Monte Carlo study for the B —> TTIV decay mode, the following selection cuts 
are used: 

• 1-5 <pT < 2.8 GeV; 

• 0.2 < ! E , ^ P T ! < 0.45 GeV; 

• 4.8 < E . ^ , , Ef"1 < 5.3 GeV; and 

• C.L. > 0.1 for a fit to a common lepton-pion vertex. 

Additional cuts were applied to reduce backgrounds from continuum events: 

• the Fox-Wolfram parameter in the CM frame R.2 < 0.5; and 

• |cos(0^)| < 0.9, where 6t is the angle between the momentum direction of the 
lepton and the thrust axis in the cm frame; and 

• \MM2\ < 0.2 GeV 2. 

The resulting missing mass square distribution is shown in Fig.6.15. A signal peak 
around zero is clearly seen. 
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Figure 6.15: Missing mass square distribution. 
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Table 6.13: Detection efficiency as a function of the forward coverage. 

Qmin (degree) Efficiency ( Relative ) 
17 0.076 ( 1.000 ) 
20 0.062 ( 0.816 ) 
25 0.040 ( 0.526 ) 
30 0.024 ( 0.315 ) 

If we assume Br{B —> -KIV) = 1 x 10 4 , we estimate 151 signal and 51 back
ground events for 107BB events (i.e., a ~ 10 / 6 _ 1 data sample), which would provide 
a statistical error on the [V^/V^l measurement of ~ 5%. 

In this analysis, good acceptance is essential for obtaining a reasonable event sam
ple, since the average number o( daughter particles from B-meson decays is large 
(~ 11). The variation of the detection efficiency for the forward angular coverage is 
shown in Table 6.13. 

In conclusion, if the forward acceptance extends down to 6 = 20° or lower, we can 
expect to obtain of order 100 tagged TSIV events for 107 BB events. Similar conclusions 
are expected for the ptu and U£L> channels. 
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6.8 \Vtd/Vts\ 
The rare decays B —» p-f and B —» K'-y proceed via the quark-level processes b —• dj 
and 6 —> 37, respectively. Since the main contribution to 6 —» d-f is proportional to | V̂«f j 
and that for b —> 37 is proportional to |V(,| [43], a measurement of the ratio of these 
branching fractions provide | V y / | K . | (= A[(l ~ pT + 7 ? 2 ) ] 1 / 2 ) with u t t l e theoretical 
ambiguity. 

In order to estimate the potential precision of the |V(j|/|V t,| measurement, we have 
simulated B° —» K'°f and B° —> p°-f decays. In this study, the detected particles are 
boosted to the e + e~ cm system and the following selection criteria are applied: 

• A photon that does not form a T 0 (77) when combined with another photon of 
energy greater than 30 (200)MeV is required in the energy range 2.3 < Ey < 
2.9 GeV. 

• The normalized second Fox-Wolfram moment (R 2 ) is required to be R 2 < 0.5. 

• The normalized sum of the momenta transverse to the photon direction, Sj_ (= 
£ IPi.il/ IT \Pi\i where the sum is taken over all particles except for the high energy 
photon ), is required to be 0.25 < SL < 0.75 [42]. 

To suppress backgrounds from initial-state radiation, the following cuts are applied in 
the rest frame of the final state particles with the high energy photon excluded: 

• 7" < 0.85, where 7" is the Thrust evaluated with the photon excluded; and 

• \cos8'\ > 0.5, where 8' is the angle between the photon and the T" axis. 

K'° candidates are selected by requiring: 

• a K ±7r : F pair with an invariant mass within 0.075 GeV/c 2 of the K"° mass; 

• \cos6'\ > 0.5 where 9" is a decay angle of the 7r in the K'° frame with respect to 
the K'° direction in the B meson rest frame; and 

• the two tracks originate from a common point with a vertex-fit x2 < 5. 

The p° candidates selection cuts are: 

• a 7r+7r~ pair with an invariant mass within 0.15 GeV/c 2 of the p mass; 

• |cos#"| > 0.5, where 8' is the decay angle of a r in the p rest frame with respect 
to the p's direction in the B rest frame; 
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• the two tracks originate from a common point with a vertex-fit x2 < 5; and 

• fewer than four other tracks originating from the p° vertex point. 

Additional cuts were imposed on the high energy photon and K'°(p°)~f combinations 
(i.e., the B° candidates): 

• |co.s#[/„.| < 0.7, where Qthr is the angle between the high energy photon direction 
and the thrust axis of the particles from the other B\ 

• \COSBB\ < 0.85, where 8B is the production angle of the B meson; 

• \EB - Ebcam\ < 90 MeV, where EB = EK- {E„) + £ 7 ; and 

• 5.273 < MB < 5.286, where MB is the beam-constrained 5 ° mass. 

With these cuts we find a selection efficiency for B° - • K'°i of 8.3±0.3% and a 
rejection factor for continuum background events of (2.6±2.6) x 1 0 - 8 ; the efficiency for 
B° -* p°7, is 5.8±0.2% and the continuum event rejection factor is (1.0 ±0.35) x l O - 7 . 
If we assume Br{Kmf) = 4.5 x l O - 5 [42j and Br{p°i) = 5x 1 0 - 6 we select 430±21 K'~f 
with 9±9 continuum background events, and 33±6 p°~f events with 36±13 continuum 
background events for an integrated luminosity of 1 0 0 / 6 - 1 . The expected p°f signals 
are shown in Fig. 6.16. This translates into an approximate 12% statistical error for 
the |V ( (f|/|Vi,| measurement. If the branching ratio of p°7 is as low as 1 x 1 0 - 6 the 
expected statistical error deteriorates to 25%. 
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Figure 6.16: 7r+7r 7 mass distribution for B° —> p°-y and continuum background. 
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6.9 Summary of the Simulation Results 
We have performed Monte Carlo simulation studies for measuring the CP asymmetries. 
The expected sensitivities for CP asymmetry measurements are summarized in Tables 
6.14 and 6.15. The expected errors in sin20i, sin 2fa and fa from the various decay 
channels are estimated for an integrated luminosity of 100 f b - 1 (= 10 4 1 c m - 2 ) . 

As can be seen in the table, the most promising channel for the sin 2fa measurement 
is the "gold plated mode" J/ipKs(J/ip —* i+t~,Ks —* 7T+7r~); the next promising 
channel is J/ipK^J/ip —* l+l~,Ki, —> nuclear interaction). The decay channel of 
J/TJJK" is also promising mode, especially if it is dominated by the CP-even final state, 
as indicated by ARGUS and CLEO measurements. By combining the data from all of 
the listed channels, the error in sin 2fa can be reduced from 0.08, which corresx ,ids 
to the gold plated mode alone, to 0.06. 

Similarly, the error in sin 2fa is reduced from 0.17 for the 7r+7T- mode to 0.09 ~ 0.13 
when the pn mode is included. The sin 2 fa error from the pw mode depends on the 
unknown value of p = \A{B —> f)/A(B —•> f)\ for / = p+ir~. Here, for simplicity, we 
ignore penguin contributions in both decay modes, even though they are thought to 
be non-negligible. Actual errors after subtracting penguin contributions will likely be 
larger and the estimated errors given here can be considered as lower limits. 

The third angle fa can be measured using neutral and charged B decay into Dil2K. 
The fa error is sensitive to the values of fa, <5and r, where 8 is the final-state-interaction 
phase and r = \A(B -> DK)/A(B -* DK)\. The fa error from B° decays is estimated 
to be less than 25° (for 4>3 < 90°), if \8D - 8Q\ is between 50° and 150° and r is larger 
than 0.25. The error from 5 * decays is estimated to be less than 15° (for any fa), if 
\8D — 6j)\ is larger than 50° and r is larger than 0.1. Combining the B° and B * modes 
results in a <f>3 error that is less than 13°. 

Figure 6.17 shows the p — 77 regions where CP asymmetry can be observed with 
a significance of three standard deviations for fa, fa, and fa measurements with the 
errors mentioned above. Also shown in the figure is the allowed p — n region estimated 
from presently available measurements, which were described in the Chapter 2. Similar 
figures are plotted in Fig. 6.18 and Fig. 6.19, for integrated luminosities of 50 and 
10 f b - 1 , respectively. 

The projected fa and fa measurements for an integrated luminosity of 50 fb" 1 

cover the entire 90% C.L. allowed region. This corresponds to three years of running 
at the stage-I design luminosity. Even for 10 f b - 1 , the chance for measuring fa with 
a 3 standard deviation significance is as high as 50%. On the other hand the fa 

181 



Table 6.14: Expected sensitivity for sin2</>; measurements with an integrated luminosity 
of 100 fb~ l . For all modes, a tagging efficiency elag — 0.44, a wrong-tag fraction 
w — 0.10, and a dilution factor d = 0.54 are used. The additional dilution due to 
final state CP mixing, d±, ranges from 1 to ~ 2.7. Here dp = 2p/(l + p 2 ) , where 
p = \A{B — P

+TT-)IA{B -> p-7r + )] . For p = 0.24 ~ 4, d„ = 1 ~ 0.45. 

4>, decay 
mode 

final states BR(B) BR( / ) x e r « Nob. NBG S s in 2(f> 

4>i 
JI^Ks 
J/tpKi, 
J/i>K-° 

t*t-Kh 

5.0 x 10'" 
5.0 x 10"" 
5.0 x 10-" 
1.6 x 10~3 

0.084 x 0.38 
0.038 x 0.14 
0.122 x 0.15 
0.014 x 0.19 

802 
133 
444 
215 

0 
40 

164 
53 

0.083 
0.23 
0.13 

0.17 x d± 

| p ± ^ j T°7r*7r-

1.3 x 10~ s 

6.0 x 10~5 

1.00 x 0.42 
1.00 x 0.25 

274 | 164 
754 ! 672 

0.17" 
o.n/dj 

(a) penguin backgrounds are ignored. 

measurement may need more than 100 fb ' luminosity and will require quality high-
momentum charged K/r separation. 

We have also performed Monte Carlo simulation studies for measuring the sides 
of the KM unitarity triangle, namely, | l '^ j , \Vuj,\ and \Vtd\. The expected sensitivities 
of these measurements are summarized in Table 6.16. The expected statistical errors 
of !V'c(,j, iVui/Vy and jV'^/Vi.l are estimated for the integrated luminosities of 10 f b - 1 

and 100 f b - 1 . As shown in the table, the expected statistical errors of the first two 
parameters are much smaller than the present values even for an integrated luminosity 
of 10 f b _ 1 . Measurement of the third parameter has not been done so far. The 
systematic error in |l'c(,| is expected to improve since the extrapolation error of the 
decay rate to the zero recoil point y = l will be reduced both due to the higher statistics 
as well as better resolution in y. The systematic error in jV'u(,j is also expected to 
improve because of the direct measurement of b —* u decays via the exclusive B —> wli/ 
channel. 
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Table 6.15: Expected sensitivity for <j>i measurements with an integrated lu
minosity of 100 f b - 1 . (a) with assumptions of 50° < 8D - 6Q < 150°, 
\A{B° -» D°KS)/A{B° -> D°KS)\ > 0.25, and \A{B~ - D°K-)/A{B- -> D°K~)\ > 
0.1. 

decay mode BR(B) final states BR( / ) x e r « ttag Nob. NBG s<fc] 

D° -> K^-K* 0.037 x 0.75 0.40 67 18 
B° — D°KS 5.0 x 10" 5 D° — K ± ^ T " 0.119 x 0.56 0.40 160 185 

<25° 
B° — D°KS 5.0 x 10" 5 

D2 - . Ks*3 0.014 x 0.43 0.40 14 20 <25° 
D2 — Ksw 0.019 x 0.44 0.40 20 9 
Dx — / T - A - 0.005 x 0.78 0.40 9 10 
£>2 - A- 5 0 0.004 x 0.56 0.40 5 2 

L>° - A"*** 0.037 x 0.83 self 1291 17 
B± — D^K* 3.5 x 10- 4 L>° - - A'-TT^TT0 0.119 x 0.55 tag 2730 159 

< 15° 1 
3.5 x 10- 4 

£>2 -> A" sir° I 0.014 x 0.43 self 256 66 < 15° 
i 
• 

1 

D2 — A'sw 0.019 x 0.49 tag 396 23 

i 1 A - A " A"" ' 0.005 x 0.86 tag 182 41 

: 
1 

i Dt - A"5<£ ; 0.004 x 0.78 tag 1 3 0 J 4 

Table 6.16: The expected sensitivities for triangle-side measurements with in
tegrated luminosities of 10 and 100 fb" 1 . The expected statistical errors of 
!K*I>! V„b/V'cA: and \Vtd'Vt, are compared with the presently achieved statistical and 
systematic errors. The branching ratios of BR(B —> irlv) = 1.0 x 10~* and 
BR(£ — pi) = 5 x 10~6 - 1 x 10" 6 are assumed. 

side decay mode statistical error systematic error 
B-factory i present 100 fb" 1 | 10 f b - 1 present present 

\vcb\ : B -» D-iu | B - D-tu; 1% 3% io % 
|VWV e k | ! inclusive lepton i B — -KIV 1.5% 5% j 14 % 
\VtdlVu\ i B - rr/B - ff"7 j - . 12-25% • 34-67% ; - % 

1 5 % 
40 % 
-% 
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Figure 6.17: The shaded area represents the region in the p — 77 plane where a CP 
asymmetry can be observed with more than 3(7 significance for an integrated luminosity 
of 100 ftr1, a) with $(sin2<h) = 0.06, b) <S(sin2</>2) = 0.10, and c) with 8<j>3 = 13°. 
The oval curves represent allowed region in the p — ij plane that can be estimated from 
presently available data. The inner (outer) curve denotes the l<r (90% C.L.) region. 
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Figure 6.18: The shaded area represents the region in the p — TJ plane where a CP 
asymmetry can be observed with more than 3u significance for an integrated luminosity 
of 50 f b " \ a) with o(sin2<^) = 0.09, b) 6{sin2fa) = 0.14, and c) with Sfa = 18°. The 
oval curves represent the allowed region in the p — rj plane that can be estimated from 
presently available data. The inner (outer) curve denotes the la (90% C.L.) region. 
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Figure 6.19: The shaded area represents the region in the p — i] plane where a CP 
asymmetry can be observed with more than 3a- significance for an integrated luminosity 
of 10 ft-1, a) with £(sin2<£i) = 0.20, b) 5(sin2<£2) = 0.32, and c) with 6 fa = 41°. For 
fa no shaded area exists. The oval curves represent allowed region in the p — rj plane 
estimated from presently available data. The inner (outer) curve denotes the 1<T (90% 
C.L.) region. 
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Chapter 7 

Cost, Schedule, and Organization 

7.1 Schedule and Organization 
At this stage of the experiment, it is not possible to provide a very precise estimate of 
the detector cost. The biggest single cost item in the experiment is the Csl calorime
ter. As discussed above, after considerable study of the electromagnetic calorimetry 
requirements set by the physics goals and the feasibility of using other, less expensive 
approaches, we arrived at the inescapable conclusion that a system with the demon
strated capabilities of Csl was needed to properly exploit the physics potential of the 
B factory. 

We have attempted to reduce the costs of the other detector components by making 
maximal use of existing equipment from the three TRISTAN experiments, including 
the VENUS solenoid, return yokes and electronics hut, and electronics modules, crates, 
power supplies, and, possibly, the cables from AMY and TOPAZ. 

7.2 Schedule 

We are committed to having the detector ready to roll-in into the beam collision point 
at the time of the commissioning of the accelerator in the middle r the 1998 Japanese 
Fiscal Year (JFY). Table 7.1 shows a schedule for detector construction that would 
achieve this goal if we start in JFY 1994. 

The Csl procurement, testing, and assembly into the calorimeter defines the critical 
path of the schedule. The elements of the calorimeter will be procured from crsytal-
growing facilities in China, Russia and Ukraine, under the close supervision of our 
collaborators from Beijing and Novosibirsk. We estimate that with full use of the 
fabrication facilities available to us, it will take three years to produce the required 
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number of crystals. Moreover, the barrel calorimeter structure provides the mechanical 
support for all of the other inner-detector components inside the cryostat and has to 
be installed first. Since a full year will be needed for the assembly and test of the 
calorimeter, the fabrication of Csl crystals has to begin immediately after the approval 
of the experiment. 

With the exception of the RICH, most of the components of the reference detector 
use well established technology, and the time needed for their construction can be rather 
reliably extrapolated from our experience with previous experiments. We believe that 
with adequate funding support, it will be possible to have most of the other components 
ready for assembly by the middle of 1997, which will allow time for testing before 
detector roll-in. Most of the detector components will be built at the Nikko, Oho, and 
Tsukuba experimental halls; assembly will take place at the Fuji Hall. 

7.3 Organization 
The BELLE collaboration, which includes over 100 researchers from more than 30 
institutions from all over Japan and from several countries, has evolved from the B 
factory task force that was organized by the KEK Physics Department in 1989 to 
study the physics potential of an asymmetric B factory. Following the encouraging 
recommendation by the TRISTAN Program Advisory Committee in the Spring 1993, 
an Interim Steering Committee was formed to organize a formal experimental group 
and to initiate the preparation of a Letter of Intent. The Interim Steering Committee 
organized a series of open meetings where detector and organizational issues were 
discussed. The ideas presented in this Letter of Intent generally reflect the consensus 
of the participants in these meetings. 

Our aim is to have an open collaboration in which all members can participate in 
the important choices related to the experiment. The challenge is to do this effectively 
in the context where the experiment is carried out at KEK, primarily funded through 
KEK, and where the KEK researchers form the biggest contingent in the collaboration. 

The group will have three spokespersons: one from KEK, one from Universities in 
Japan, and one from outside of Japan. The spokespersons are responsible for running 
the group, representing the group's interests in the laboratory and with national fund
ing agencies, and for allocating the available resources among the different subgroups. 
The spokesperson term is for two years and is renewable. 

In so far as possible, decisions will be made at General group meetings that will be 
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Table 7.1: Construction Schedule 

93 94 95 96 97 
l l 1 1 l 

98 
I 

Beam Pipe 4 Prototype , i j * i 
Masks Fabrication , • • : •»-

• _ < • ; 

R&D i ' ' ' :' . 
VTX Detector Prototype | • • f" ; 

CDCIPDC datatype , | f i ; 
Fabrication <£ Tests . ! ! " — j — — - ^ 

- . * i : J : ; 

TOF . . , ! ! : • 
n ' • 1 ! • 

florre/ fabrication | • • • r 
Endcap Fabrication . ' , ' . ' • , * 

Prototype —!" ! t ; 
KLDelector \ \ \ \ \ 

1 i : J : 
Muon Detector ' i i .' ; 

1 : i 1 ! 
TriggerfDA ; ; j \ 

« . , - . . ; r 7>« i : i - » - : • ; Solenoid & _. . , , • ; ; Structure Disassemble | , ^ ; 
<£ Reassemble | ; ; ; • 

_ .. . Detector Assemble \ \ \ \ \ _ ^ 
RoiUm , : : i : : 

Roii-in ' ; : : : : 

Commisioning ' • — 
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held every few months. We expect that most issues will be decided by consensus reached 
at these meetings. For those decisions for which a consensus opinion is not achieved, 
the spokespersons will be responsible for devising a decision-making mechanism. In 
addition to the General group meetings, there will be regular monthly meetings at 
KEK for information exchange and to deal with those pressing issues that can not 
wait until the next General group meeting. It will be the responsibility of the three 
spokespersons to prepare and distribute agendas well in advance for these meetings. 
They are also responsible for the preparation and distribution of meeting summaries 
that specify decisions and agreements that are reached at the meeting. 

An Executive Committee consisting of the spokespersons and about ten others, 
where some are selected by the spokespersons and some by the collaboration as a 
whole, will advise the spokespersons on scientific and technical matters. An Institu
tional Board, with one representative from each collaborating institution, will deal with 
organizational, management, and personnel issues, including admitting new collabo
rators, modifications to the group's organization, initiating the spokesperson selection 
process, etc. An International Board will have a representative from each participating 
country and will deal with International and funding issues. 

7.4 Responsibility Distribution 
Table 7.2 shows how the responsiblity for different subsystems are distributed among 
the collaborating groups. Numbers given in the last column are numbers of researchers 
associated with each subgroup as of December, 1993. We have inquiries from a number 
of research groups and we expect that our collaboration will expand over the next few 
years. 
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Table 7.2: Responsibilities and Manpower 

Detector Component 
Responsible 
Institutions 

Number 
of 

staff 

1 Beam Pipe & Beam Mask KEK 3 

1 SVD 
i 
j 

KEK, Niigata, Osaka, Tokyo MU, SEFT 16 

PDC and CDC Fukui, KEK, Nagoya, Tokyo A&T 13 

RICH Chiba, Chuo, KEK, Saga, Princeton, 
Taiwan, Toho 

13 

TOF Hawaii, Hiroshima Tech, KEK, 
Okayama, Tokyo 

11 

Csl Beijing, Hefei, KEK, Korea U, Novosibirsk, 
Nara, SNU, Tokyo Tech 

31 

Magnet KEK 6 

KLC and MUON Osaka City U., Tohoku, Tohoku-Gakuin, 
Tsukuba, VPI 

16 

Trigger and DA KEK, Nagoya, Tokyo Tech 8 

Offline Analysis Hawaii, KEK, Nagoya, Nara 5 

Structure/Assembly KEK 5 
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