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Welcome Address 

Seigi Iwata ( KEK ) 

It is my great pleasure to welcome you to this Workshop on Physics and Detectors for 
KEK B-Factory, in particular those of you who have spared your valuable time to come from 
abroad. This Workshop was organized, following the previous one on Accelerator for 
Asymmetric B-Factories held in October last year, with an intention to discuss physics scenario 
as well as experimental methods best suited for the planned facility. 

It is well known that the quark states involved in the weak gauge interactions do not 
correspond to the physical energy levels, but represent their mixtures. This mismatch along 
with a veiy large range in mass reflects the physics totally unknown to us. Naturally, being 
the weak-isospin -1/2 member of the heaviest fermion generation, the b-quark is the best place 
to study the interplay of three quark generations and has been playing an increasingly important 
role in particle physics. But, it is still the least explored object. 

The B-Meson Factory is conceived with an intention to drastically deepen the study of 
the b-quark to the level far beyond attainable with existing facilities. The ultimate goal is to 
make a decisive measurement of the violation of CP symmetry which is likely to be sizeable in 
sharp contrast to tiny effects observed with the s-quark. The KEK Laboratory plans to 
construct a high luminosity electron positron collider in the upsiron energy region, that can 
supply us with a unprecedentedly large number of moving B-antiB pairs in a well-defined 
quantum state. The b-quark physics is a natural and smooth extention of the physics currently 
pursued at TRISTAN. In addition,the B-Factory is a natural and most efficient extention of 
the TRISTAN accelerator system and related technology. With a rich physics program 
possible, this project is going to be important in many ways and an international participation 
will certainly be welcome. 

On the advices and recommendations made recently by the TRISTAN Physics Advisory 
Committee, and based on the work of the B-Physics Task Force, the Laboratory will further 
strengthen its effort toward an early start of the project. This Workshop is held to shape up the 
plan. It is also hoped that the first opportunity is found here to start discussing possible future 
international collaboration. 
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Physics at B-Factory* 

C.S. Lim 

National Laboratory for High Energy Physics 
Oho 1-1, Tsukuba, Ibaraki 305, Japan 

ABSTRACT 
The roles played by the measurements of CP asymmetries and B rare processes in 

the confirmation of the standard model and even in searching for some new physics are 
discussed in some detail. The argument on the reliability of the theoretical estimation of the 
processes, and the comparisons with corresponding processes in K system are made to 
make the issue clear. 

* Talk presented at the "Workshop on Physics and Detectors for KEK Asymmetric B-
Factory", KEK, April 15 - 18,1991. 
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I. Introduction 
Although the standard model (SM) with Kobayashi-Maskawa (K-M) scheme of CP 

violation1) is in very good shape, being supported by the recent impressive LEP result on 
the number of (light) neutrinos, N v = 2.97+0.06, argument concerning the origin of quark 
masses, flavor mixing and CP violation still seems to be not conclusive yet. In the K-M 
model, all these issues are mutually very closely related and are described, except for the 
masses, by a single matrix, i.e. K-M matrix VKM- In fact the off-diagonality of the matrix 
results in the rare (decay) processes such as b -> sy (B -» K*y) and B° <-> B°, while the 
complex phase of the matrix leads to the CP violating quantity, like CP asymmetries in B 
decays. These phenomena are the main target of the planned B-factory experiments at KEK 
and some other places in the world. 

Let us note that checking the unitarity of VKM experimentally is indispensable in 
order to confirm the K-M model, or even to search for some evidence of new physics. 
What does "checking the unitarity" mean? Clearly the normalization condition of each 
vector in the matrix can be checked by the measurements of several decay rates. On the 
other hand the orthogonality between different vectors is handled by the complex phase, 
and therefore should have something to do with the CP violation. (It is a trivial but an 
interesting point that the orthogonality does not depend on the choice of the phases of quark 
fields and is a rephasing invariant notion.) To be more precise, let me explain a little the 
notion of "unitarity triangle". It has been shown that the necessary and sufficient condition 
to get CP violation in the K-M model is2) 

(mu-mc)(mc-mt)(ml-mu)«(md-ms)(ms-mb)(mb-md)«J #0 . (1) 

The factors depending on quark masses clearly indicates the importance of the flavor 
mixing of all three generations and the breakdown of flavor symmetry due to quark mass 
differences. We thus realize the importance of flavor changing neutral current processes in 
CP violation and understand why to get CP violating effect in flavor conserving process, as 
in neutron electric dip '? moment, is so hard in the K-M model. The last factor J is so-
called Jarlskog's parameter2), which actually contains the information of the CP violating 
phase, 

J=±Im(V i a V* a V J p V*p) ( a * p . i * j ) . (2) 

The parameter J is a unique rephasing invariant quantity and has a clear meaning when we 
write down the unitarity triangle. The orthogonality condition, responsible for the CP 
violation, between a-th and p-th (a, p = d, s, b) column vectors, 
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* Vucx V u p + V c a V c p + V t a V t p = 0 , (3) 

means the sum of three complex numbers vanishes and on a complex plane vectors 
corresponding to these three numbers form a closed triangle, called unitarity triangle (Fig. 
1). The Eq. (2) says that the parameter J is twice the area of the triangle. (Though there 
may be three kinds of triangles depending on the choice of a and (5, the area is shown to be 
unique.) Under the rephasing of quarks, even though each side rotates on the plane, the 
lengths of sides and the shape of triangle should be invariant, so does the area J/2. If some 
(length of) side vanishes the area and therefore J also go away, and there will be no CP 
violation. So the extent of CP violation crucially depends on whether the relevant triangle 
is sufficiently "opened" or squashed. We thus get a rough relation 

CP asymmetry ~ inner angle of triangle - ( j e c a y r a t e • (4) 

where the latter relation relies on a simple fact that the decay rate is connected with the 
length of the relevant side. 
The relation (4) is essential in considering CP asymmetries in various processes. It is often 
argued that CP asymmetry a, the asymmetry in the decay rates of particle and anti-particle to 
some channel, is quite large in some B decays3). This means, from Eq. (4), that the 
relevant triangle has sizable inner angles and is well opened. The triangle for Bj (Bd) 
system is shown in Fig. 2, where the parameter k is the one appearing in so-called 
Wolfenstein's parametrization4) of VKM. 

d s b 
f \-X2/2 X A^3(p-iT1) ^ 

-X \-X2/2 Afc2 
u 

VKM = C 

1 ^ A*.3(l-p-iri) -AX2 l J 

(5) 

with X ~ sin 0 C r 0.22, A r 1±0.2 (determined from B lifetime TB) and p, TI ~ 0(1). Since 
all sizes are of 0(X3), we expect large inner angles $\ and sizable CP asymmetries in B 
system, 

a~sin(2(])i)~0(10%)! (6) 

The situation should be compared with the case of K°(sd) system, where the relevant 
triangle shown in Fig. 3 is very squashed, due to very small I Vtd V I ~ Q(X5), leading to the 

CP asymmetry 



a~s in26~X 4 ~10- 3 . (7) 

It is interesting to note that the size 10"3 is comparable to that of famous CP impurity 
parameter e. 

Possible large CP asymmetries, denoted by a, in B decays, are very clear 
predictions of the K-M model, and may give us a prospect that in B system CP non-
invariance can be rather easily tested. Unfortunately, we cannot immediately become so 
optimistic, since from Eq. (4) we realize that a large asymmetry is provided by a small 
decay rate. In fact in the proto typical decay mode, 

Br(B d - > y K s ) ~ 4-10-4 , (8) 

which should be compared with Br(K s -» jcrc) ~ 1 . Such a small rate requires large 
luminosity of the collider, like L ~ 10 3 4 (/cm2»s), to be conservative, in measuring the CP 
asymmetry. However, let me stress the following. First a large asymmetry is favored in 
the sense L <* 1/a2 (not 1/a) to get statistically meaningful result. Secondly in some chosen 
processes the CP asymmetry is free from the uncertainty3) coming from hadron dynamics, 
which was a serious problem in treating CP violating observables in K decays. Obviously 
this advantage attributes to the usage of asymmetry rather than the decay rate itself of some 
CP violating process, such as KL -»rac. 

Thus the most conclusive test of the K-M model will be to check whether various 
data are all consistent with the picture of one triangle (for each system), and if something 
incompatible with this picture happens it will be a very clear signature of some physics 
beyond the SM. For instance, the observations of r(b -» u) and AITIB in B s <-» B s (or 
ArngVAmBj) will determine the two remaining ambiguous sides of the triangle and therefore 

its shape. Once the shape is fixed, the three inner angles 4>i and therefore three kinds of CP 
asymmetries can be predicted, which should be confronted with the experiments. It will be 
very desirable and important to "over-determine" the triangle further in order to confirm the 
K-M scheme or even to search for some new physics. 

What then is the present status of the triangle responsible for Bd system? Once each 
side of the triangle is divided by AX.3, the coordinate of the vertex having the inner angle 412 
on the complex plane is just (p, T|) (see Fig. 4). So the sizes of CP asymmetries will 
crucially depend on the two poorly known parameters, p and r\. These parameters now get 
constraints5*6) from three experimental data on W^ due to charmless B decays, Ama due to 
Bd <->Bd mixing and e in K° -> rat decay. Each one provides bound on the following 
combination of p, n and a function E depending on m t: 



IVub/Vcbl -» p 2 +Tl . 2 , 
AmB -> {(l-p) 2 +Ti 2 }.E(mJ/M^), 

E -» (l-p)n-E(rn 2 /M^), (9) 

where the function E(x)7) behaves as x for x « 1 and x/4 for x » 1 and monotonically 
increasing function of x, thus making the allowed region of (p, n.) closer to the origin for 
larger m t. The possible (p, TI) should fall in the overlap of three allowed regions coming 
from the constraints of (9), and are shown (for m t = 100 and 180 GeV) in Fig. 5. In the 
case of mt = 100 GeV the region corresponding to Re(e'/e) = (2.2±1.1) x 10"3 suggested 
by recent experiments is also shown. It may be interesting to notice that for m t = 180 GeV, 
as will be discussed later, large TI is needed if the value on e'/e is included and there might 
be no region consistent with all these data. But the value on e'/e is still controversial. 

As for B rare processes (CP conserving) what physics can we expect 8 )? Let us 
recall that historically rare processes in K system played very essential role in the 
foundation of the SM. A famous example is that the data on Amu due to K° «-> K^ lead to 
the introduction of c quark by GIM and successful prediction of m c by Gaillard-Lee. The 
same philosophy applies for rare b -» s processes, just replacing m c , 9c with m t, AX2 (=r 
0.05). In fact the precise measurement of these rare processes should provide us very 
useful information on m t. We in general anticipate rather sizable rates of the "rare" 
processes. The reason is, first of all, we now know that t quark is quite heavy: m t > 90 
GeV (CDF) and mt = 140±30 GeV (p-parameter, LEP precision measurements). Large m t 

means larger decay rates, generally speaking. Secondly the relevant K-M mixing factor is 
not small compared with the case of K decays, e.g., 

IVtsVj/V t d V*l~l/X3~100, (10) 

which results in Br(b -> svv )= 0(10~6 to 10"5) to be compared with Br(K+ -> Tt+vv) = 
0(10" 1 0). It may be added that if there really exist only three generations, as suggested by 
N v = 3, the decay rates are not affected by any "contamination" from 4-th family. 

Before closing this introduction let me comment on some recent interesting progress 
in the CP violating observables in K° system. First on e'/e. Recently it has become a 
general consensus9) that when top is heavy, m t > M\v. as realized nowadays, the "bare log" 
behaviour like ln(mt/mc) due to the conventional QCD-penguin diagram is not correct to 
describe e'/e, just because terms, which behaves as m 2/M^, start to become important for 
n't ~ Mw- I n f a c t s u c n power behaviour appears from the Z-exchange diagram with flavor 
changing ?dZ vertex. It was noted7) that the contribution blows up as m 2 /M^ even for m t 
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> Mw, as a manifestation of non-decoupling phenomenon. Actually the gluon-exchange 
contribution itself should be modified, and the real behavior is something like, 

ln(nVmc) term + (mt/Mw)2/{(mt

2/M^,)-l} type term. (11) 

It is interesting to note that the second power term in (11) does not blow up in contrast to 
the case of Z-exchange, a fact related to the CVC in the flavor changing gluon vertex ?dg. 
The authors of Ref. (9) have claimed that the mJ/M^, and ln(mt/mc) contributions from Z-

and gluon-exchange diagrams, respectively, cause a destructive interference, and the ratio 
of full calculation result to that for QCD-penguin diagram alone is 0.6 for mt = 100 GeV 
and 0.1 for n^ = 200 GeV. Thus for larger m t, e'/e of 0(10"4) will be consistent with the 
K-M model. On the other hand e'/e at the level of 0(10' 3) together with large m t(~200 
GeV) leads to larger r), which may contradict with other data as explained above. The 
experimental data seem to be still controversial, however; 

R e ^ . r ™ 9 ' * 1 0 , 3 , < C E R N ™ ! ) • (12) *-{£ 5±1.5)xl0- 3 (FNALE731) 

In addition, the understanding of hadronic matrix elements is called for, in order to extract 
precise informations on m t and/or r\. Another hot topic is KL -> A + e " , which is unique in 
the sense that the process is possible only through CP violating amplitudes at the leading 
order in the SM. It is a cumbersome problem how to deal with the competing next-to-
leading but CP conserving contribution from two photon process KL -» JI°Y*Y* -»nPe +e\ 
There are two representative ways to estimate the contribution, i.e., by vector meson 
dominance (VMD) approach10) and by using chiral lagrangean11). The recent observation 
of intimately related process KL -»t°yy at CERN gave a chance to test these approaches. 
It has been pointed out that the two photon invariant mass m^ distribution seems to prefer 

the prediction by the chiral lagrangean " ) , while the decay rate itself seems to be consistent 
with VMD approach1 0). The problem still remains to be settled. A lesson we learn from 
the above argument is that, though K system clearly will continue to provide us very 
fruitful physics, uncertainty due to our lack of knowledge on the hadron dynamics should 
be resolved before we can get some precise informations. 

II. B rare decay processes 
From the reasoning mentioned in the introduction, rare processes due to flavor 

changing neutral currents, such as b -> sy, b -> sl+l" and b -» svv, have rather sizable decay 
rates as are shown in, e.g., Fig. 2 of Ref.(12), ranging from 10"6 to 10"* for m t up to 200 



GeV. As shown there larger mt always results in larger branching ratios, and precise 
measurements of branching ratios will be useful to pin down the top quark mass. 
Concerning these processes, a few comments are in order. 

(i) b -> sy 
Among two types of terms (classified by the Lorentz structure) in the induced sby 

vertex, only "transition dipole moment" term contributes, since the photon is on-shell in the 
decay. The mt dependent coefficient function F2(x)7) with x = m 2 / M^ of the dipole 

moment coupling is known not to have bare log term, and when m t « M w the coupling is 
strongly suppressed by m\/ M 2, . The reason is the following. At the one-loop level, a 

bare log term like ln(m t/ m c) appears when there is a vacuum-polarization type subdiagram, 
as in the penguin diagram. Such diagram, after Fiertz rearrangement, yields only "charge-
radius" term proportional to sy ub. This situation changes when QCD corrections are taken 
into account, and it has been known 1 3 ) that the QCD correction adds a bare log term, 

F 2 (m2/M2)^F 2 (m2/M2) + (8as/37t)ln(m t /m c ) . (13) 

But, is such an additional log term really important even if m t > M w ? To see this let us 
consider the behaviour of F2W for x « 1 and x » 1. In these cases the function F2M 
behaves as (7/12)x and 2/3, respectively (again CVC enforces F2(x) approaches to a 
constant for x -> °°). So we cannot expect an effect which blows up as m 2 / M^ , and 

almost always the QCD correction term is sizable. Thus the predicted branching ratio is 
Br (b -» sy)Th ~ 10" 3. This value is not far from the experimental upper bound, Br (B -» 
K*Y)EX < a few x 10 - 4 , and this decay mode will be a promissing candidate to observe B 
rare decay. 

(ii) b -> sl+1-
The issue here is on the importance of non-perturbative QCD effect. One usually 

expects that in b quark decays QCD corrections can be easily handled since the large 
momentum transfer q 2 makes their perturbative treatment reliable. This holds when q 2 < 0 
(space-like), but when it is time-like, q 2 > 0, the largeness of q 2 {& m^) in turn makes the 

presence of cc resonances, y, \|/', ..., possible in the intermediate state (Fig. 6). Though 
the large contribution to the decay rate coming from y, y' peaks can be avoided by making 
the invariant 1+1- mass-squared q 2 off-peak, we still have an interesting interference 
effect 1 4- 1 5) between the cc resonance effect (long-distance) and short-distance effect of t 
quark in, e.g., Z-exchange diagram . As is seen in Fig. 7, the interference remains for 
broad range of q 2 , and more interestingly the shape of q 2 distribution depends on m t. 
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There was sign difference of the interference effect between our result 1 4 ) and that of 
Ref.(15). This problem now seems to have been settled.16) 

Can these rare processes tell us something about possible new physics? New 
physics almost inevitably necessitates new heavy particles, which potentially have 
significant effects on rare processes. It may be helpful to divide the type of such heavy 
particles into two categories; 

(a) Those which affect the structure of the KM model 
The typical example is 4-th family quark t'. Since m t' is anticipated to be 

considerably larger than m t, a small mixing factor, VYaVyp ~ (ViaV*tp)( m 2 / mj?), might 

be enough to modify the prediction of the KM model. But the presence of the 4-th family 
itself now seems to be unlikely. Another interesting possibility is an extra (iso-singlet) D 
"quark" in Eg. The mixing in mass term between d ;-» D violates "natural flavor 
conservation"'7) and the 3 x 3 part of the mixing matrix is no longer unitary, i.e., we might 
have a "non-unitary triangle", which is not closed. However, we should aware of the fact 
that such mixing d «-» D is severely constrained by K° <-» K® rate and IVU(jl2 + IVU SI 2 + 
IVu b|2 = 0.9977 ± 0.0022, etc. 

(b) Those which have no direct connection with KM scheme 
A good example is heavy supersymmetric particles. The mass-squared matrix M 2 

of scalar quarks <J is written as 

2 + 2 
M q = M q M q + m S U S Y . I 3 , (14) 

where Mq is quark mass matrix and msusY is SUSY-breaking mass accompanied by 3 x 3 
unit matrix I3. Even if g are quite heavy, since the SUSY-breaking term is "flavor-blind", 
their presence will not significantly modify the prediction of the SM. In fact, the bounds 
from CDF and UA2 experiments, nrg £ 150 GeV, mgr ;> 80 GeV promotes the tendency 

that the SUSY contribution is small18). In the left-right symmetric model based on SU(2)L 

x SU(2)R x U(1)B-L has new SU(2)R interaction, mediated by new heavy gauge bosons. 
As far as "manifest left-right symmetry" in the Yukawa coupling is maintained, the 
exchange of such a heavy gauge boson does not affect flavor symmetry. Probably the most 
remarkable feature of the case (b) is that heavy particles anyway decouple from the 
processes, while t' in case (a) does not, if it ever exists. 
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III. CP asymmetries in B decays 
Let us now move to the issue of CP violation in B decays, which may be a highlight 

of planned B factories. This issue has been nicely and comprehensively discussed in 
Ref.(3). The argument in the introduction shows that the partial decay rate asymmetry of B 
and B is a clear signature of CP violation, which has only a little theoretical uncertainty 
coming from hadron dynamics in some suitable processes. The CP asymmetry in the 
neutral B system is time dependent, due to B° «-»B̂  mixing with frequency Am, and can 
be written after using good approximation (and for T = f)» 

A(t) = {m% -> f) - r(BO(l)-> f)} / {r(BO(t) -> o + r(BO(0-> f)} 
- -2sin(Amt)(r(B° -> 0 / (r(B<> -> f) + r(B&-» f))) Im ((q/p)(A(P-> f) / 

A(B° -> f))) + cos (Amt){(r(B° -> f) - r(B°-^ 0) / (HB 0 -> f) + r(B°-> f))} , 

(15) 

where B° (0) = B° etc., and parameters p,q to define two mass-eigenstates 

B] = (l/Vlpl2+lql2) (p IB 0 > + ql§^>) have a property Iq/pl = 1. The phase is determined by the 
2 

K-M factor appearing the box diagram, to describe B° <->B̂  : 

a = e l o, M = _ J 5 _ . ( 1 6 ) 

P Vmv,,, 

The two terms behaving as cos and sin have different physical meanings, which have been 
summarized in Table I. As is seen in the table, cos and sin terms appear by the difference 
of the strengths of the decay amplitudes for B° and B^ decays and by the interference of 
these amplitudes via B <-> B mixing. In fact the cos term is a manifestation of so-called 
direct CP violation, corresponding to Ree' in K-» JtJi, while the sin term indicates the 
interplay between indirect and direct CP violations, which corresponds to Ime + clme' 
(with some constant c). In the cos case, B «-» B is not essential and therefore the term 
survives at t = 0, or even after the time integration. On the other hand in the sin term B <->B 
is inevitable, and it vanishes at t = 0 or under the time integration over - °° < t < + °° (the 
region t < 0 actually corresponds to the situation in a real e+e- collider experiment, where 
the tagging of , say,B° is earlier than the signal, say, B° -> ¥K S ) . This is why an 
asymmetric collider is needed to measure the CP asymmetry accompanied by sin (Amt), 
which has a direct connection with the K-M factor in some ideal decay modes. 
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In principle in addition to the CP asymmetry in the sin term, that in the cos term 
may be also used to confirm CP violation. One cumbersome point, however, is that its 
theoretical prediction has, in general, some uncertainty again due to strong interaction. It is 
well-known that to get partial decay asymmetry more than one Feynman diagrams have, to 
participate in the decay. For simplicity, in the case where there are two amplitudes, 

A(B° - , f )= e 1 ^ e i 5 l A I + e 1 ^ e

i 5 2 A 2, (1") 

A(B -» f) = e- i d >i e i 5 i Ai+ e™2 e i 5 2 A 2 , 
(Ai_2 : real, <I>j: weak phase, determined by VKM> &i- unknown strong phase coming from 
final state interactions), the CP asymmetry is given as (e.g., when 4>]~<I>2, 81 « 82) 

{r(B°^0-r(P^0)/(the sum) 
~ {2AiA 2 / (A! + A 2) 2} sin (<Di - <J>2) sin (81 - 82). (18) 

The first factor at the r.h.s. indicates that two competing, Ai ~ A2, processes are needed, 
and the remaining factors show the importance of relative phases both in weak and strong 
interactions. Thus when the cos term is shown to be sizable, it inevitably means 81 # 82 
and then the ratio of A(B^ -> f) to A(B -> f) will depend on 81 - 82 (see (17)). That means 
the CP asymmetry in the sin term is not purely fixed by VKM alone, but will be affected by 
8j and/or A2/ Aj, which are unkown, generally speaking. We therefore have to conclude 
that it is better to choose processes where cos term can be safely neglected, as in Bj -» 
yK s . (An exceptional case <&1 = 02 may allow us to determine the asymmetry by VKM 
alone.) As a matter of fact, what kind of diagram can become a source of such 
"contamination" to the leading order diagram? The most plausible candidate seems to be 
(QCD) penguin diagram. One remark here is when the gluon momenta become time-like, 
q 2 > 0, the penguin diagram has an absorptive part due to on-shell states like cc, which may 
become additional source of the strong phase 8, besides the one originating from the final 
state interaction. 

If such "penguin contamination" can be ignored (A2 = 0), the formula of CP 
asymmetry is considerably simplified, 

A(t) = -Im{(q/p)(A~(P -> f) / A(B» -> f )}• sin(Am t) (19) 

Let us denote the factor in front of sin(Am t) as a(f). This factor now is a pure function of 
VKM. or more precisely, 
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a(f) = sin(2<t)i), (20) 

where <]); are inner angles of the unitarity triangle for B system (Fig. 2). We can imagine 
three typical decay modes, whose CP asymmetries are handled by each angle (fa: 

B d-» \j/Ks 

a(\(/Ks) = Im 
^ v t b v c s v c b v c s v c d A 

V ^ b V c s V ^ V d 
= sin(2({)i) 

0 B d - > JtTt 

a(ror) = sin (202) . 

B s -> pK s 

a(pKs) ? sin (2())3) , (21) 

where explicit dependence on VKM elements was shown only for the first mode to convince 
the rephasing invariance, where each factor inside ( ) corresponds to B° <-» B° , B-» ij/K0' 
KO -> K s processes. In the Table I of Ref.(19), we can find the estimation of the extents of 
"penguin contaminations", and we find it becomes more and more serious when the 
relevant tree diagram is more and more CKM-suppressed. Concerning this kind of 
estimations, some comments are in order. 

(i) For quite heavy t quark, the behavior ln(mi/m c) to describe the penguin 
contributions, as usually quoted, is not correct, strictly speaking. Namely the charge-
radius coupling 

pfe) 
(m^ / M^) of the flavor changing bsg gluon vertex contains not only 

the ordinary penguin term but also some powers in m t. By using the exact formula for 
, which is easily obtained by slight modification of similar coupling in flavor changing 
photon vertex,7) the ratio of correct foumula to the ordinary penguin contribution is 
estimated as (for m t = 140 GeV), 

{F (j g ) (mf / M w ) - F ( j g ) ( mj / M w ) } / {-(2/3) In (mf / mj)} r (-5.1/-6.1) , 

(22) 
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which is close to 1. We may further have to worry about transition dipole moment 
coupling F y » of the gluon vertex, which, however, turns out to be not so important, 0.18 

for m t = 140 GeV. Thus using convensional ln(m t / m c) term may be rather good 
approximation. 

(ii) As for the "golden-plated" mode Bd -» \|rKS) even if penguin diagram can not be 
immediately ignored, there is a good reason to expect that it eventually affects the CP 
asymmetry very little. The reason is that in the penguin diagram the contribution of u quark 
is suppressed compared with c and t quarks, because of its small KM factor, while the 
orthogonality of VKM then implies that the K-M mixing factors for c and t quarks are 
described by a single phase. Thus in Eq. (17) 0] ~ <i>2 is realized, so that the unknown 
strong phase does not play any role. In this way the recent estimate20) on the ambiguity of 
a a(\yKs) is small, Aa(yKs) ~ 0.003, in comparison with Aa(nn), Aa(pKs) ~ 0.2. 

Even if we cannot have self-confidence on our theoretical estimation of such 
contamination effect, it may be estimated experimentally by separating the cos and sin 
terms. We just note a trivial fact that cos(Am t) and sin(Am t) are even and odd functions of 
t. Thus to extract the sin term, for instance, we can measure19), 

A. = (N(f, f ) t > T -N(f, f B ) t > T - (N(f, f ) t < T -N(f, f B ) t < T )) 
D D 

/ (the sum of every event) 
= 2{Im^/(l+l^|2)} • {x d / ( l+ X 2 d )} ; (23) 

where £ = (q/p) {T^B 0 ->f) / A((B° -> f )} and x d s Am / r B comes from the time 
"integration" of e sin(Am t). In (23), f and f_ denote the event we look for, like yK S i 

B 
and the event to tag and t >T means that the signal occurs after the tagging. When t <T , 
to compensate the sign change of odd function we have put additional negative sign in front 
of the parenthesis. The contribution of cos term is 

A + = { ( l - l ^ | 2 ) / ( l + l § | 2 ) } { l / ( l + x J ) } , (24) 

If A + = 0 is confirmed experimentaly, it will be a good signal of A2 ~ 0 or Oi =? 02. and 
from A. we will be able to extract the inner angle <|>j. 

Finally, as an example of new physics, I will make a comment on the SUSY 
contribution to the CP asymmetry. Since the favorable decay models occur at tree level, the 
contribution of super-partners to the decay amplitude (at higher orders) will be small. In 
principle they might modify, via box diagram, the e'̂ M = q/p in B° <-> 13() . But 1 (scalar 
top) contribution (assuming wino exchange) will give us the same phase as t quark 
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contribution, and c contribution behaves as (m2 / M 4 ) (m 2 / m 2) (w: wino), with m 2 / m 2 < 

(1.3/150)2 ~ 10"4, which is strongly suppressed compared with the t quark contribution 
m \ I ^ M 4 . Thus we expect the SUSY effect on the CP asymmetries will be small. 

IV. Summary 
1. We have found CP asymmetry in B° system is quite large of 0(10%). 
2. "Over-determination" of the unitarity triangle is very important to confirm the K-M 

model or even to look for some new physics. For example, the measurements of 
r(b -» u), B s <-> B s may fix the shape of the triangle, and 3 kinds of CP 
asymmetries will fix its inner angles <|>i, $% and <t>3, which can be compared with 
what we expect from the fixed shape. Further "redundant" experiments will be also 
welcome. 

3. Rich physics can be expected in B rare decay processes, for which we can make 
reliable predictions of the rates. 

4. There are other interesting decay modes and other interesting ideas to detect CP 
asymmetries, which were discussed in detail in this workshop2'). 

5. There still remain some uncertainties related with hadron dynamics, such as fe and 
B B which may be finally determined by QCD lattice calculation22), and various 
hadronic matrix elements23). 

6. The contributions of so far proposed new physics, such as SUSY, L-R symmetric 
model, etc., to B rare decays and CP asymmetries in B decays seem to be not so 
remarkable. 
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Table 1 

cos(Amt) term sin(Amt) term 

IA(B°-»f)l*lA(BP-»f)l Im{S A(B<> -* f)* A(B*> -» f)} 

interference B f 

direct CP violation 
(Re e' in KP -» JOT) 

indirect <-> direct 
(Im e + c Im e') 

B <-» B not essential 
exists at t = 0 
J_°^dte-™cos(Amt)*0 

-» symm. collider is O.K. 

B«-» B essential 
vanishes at t = 0 
|^odte-™sin(Amt) = 0 

-»asymm. collider needed 
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FIGURE CAPTIONS 
Fig. 1 A unitarity triangle which represents the orthogonality of a-th and p" th vectors (a, 

P = d , s , b ) o f V K M . 
Fig. 2 The unitarity triangle for Bd system. 
Fig. 3 The unitarity triangle for K° system. 
Fig. 4 The unitarity triangle for Bd, with each side divided by AX.3. The coordinates of 

three vertices are (0,0), (1, 0) and (p, n) on the complex plane. 
Fig. 5 The constraints on the coordinate (p, n.) imposed by Bd «-> Bd (the range 

determined by the two circles with the origin at (1,0)), e and IVu{/VCbl, for m t = 
100 and 180 (GeV). These figures have been taken from Ref. 6. For m t = 100 
GeV, the allowed range due to e'/e = (2.2±1.1) x 10"3 is also shown. 

Fig. 6 The diagram contributing to b -> s 1+1' via cc resonances v. V> e t c -
Fig. 7 The q 2 (invariant 1+1* mass-squared) distribution (S = q2/m^) of the b -> s 1+1-

branching ratio, to show the interference effect between the long distance effect 
(Fig. 6) and the short distance t quark contribution, for m t = 30 GeV and 200 
GeV (from Ref. 14). 
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Abstract 

Requirements for the detector of the KEK asymmetric B-Factory are discussed. 
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Requirements for the B-Factory Detector 

In order to design the detector for the KEK asymmetric B-Factory we have 

studied the requirements from the three points of view of economics, accelerators 

and physics. 

Optimal Use of the Existing Detectors 

From economical point of view optimal use of the existing detectors is re

quired. As a result for example we propose to use the VENUS super conducting 

solenoid together with the iron yoke for the solenoid of the B-Factory detector. 

The inner radius of the VENUS solenoid is the largest among the three solenoids 

of AMY, TOPAZ and VENUS ( R m i „ =1.2 m, 1.35 m and 1 7 m, respectively). 

As will be discussed later we want to have 1 Tesla magnetic field for the B-Factory 

detector so that the magnetic field strength has to be increased from the current 

value of 0.75 Tesla to 1 Tesla. It will require some modification of iron structure 

in the endcap region. 

Requirements from the Accelerator 

At the first step of the KEK B-Factory ;i head-on collision of 3.5 GeV e + and 

8 GeV e~ is proposed where every 5th bucket is stored and the bunch spacing is 

3 m. Therefore the electron and positron beams have to be separated before and 

after a collision to avoid spurious collisions. In order to separate two beams two 

sets of separation bend are placed around the interaction region as seen in Fig.l, 
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which limits the value of minimum detectable angle (0,„i'n.). 

©mm > 17°(~ 300mrad). 

a o 13 o 

-d 

•a 
a o 
N 

o 

400 

200 

- 2 0 0 

-400 

~i 1 n — r ~i i i i 

'•CTT 

_ I i i 1_ -J U I !_ 
- 2 

Length (m) 

Fig. 1 Insertion layout around the interaction point 

Due to the bending of beams around the interaction point the designed orbits 

traverse the solenoid field with a finite angle with respect to the central axis of the 

solenoid. Since this feature generates the dispersion and the x-y coupling we have 

to place compensating coils around the final quadrupoles (QCD) to cancel out the 

solenoid field around the QCD's (see Fig.l). The QCD and compensating coils 
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are stored in the same cryostat. The schematic view of the proposed detector for 

the B-Factory is shown in Fig. 2. A support tube is placed between the central 

drift chamber (CDC) and the precision drift chamber (PDC). These equipments 

limit the value of the inner radius of the CDC {1?%%?). 

R&f > 30cm 'mm — 

We are now investigating a modification of the insertion scheme such that the 

QCD is moved more far from the interaction point and the size of the cryostat 

is reduced without reduction of the luminosity. If it is possible we may be able 

to reduce the R^^ by about 5 cm. 

Requirements from the Physics 

The goal of the B-factory is to measure the CP violation effects in the fol

lowing decay processes, 

B° -* i!'KS,B° -> T/'A'ST 0 (1) 

B° - * TT+TT (2) 

B°^K±v:f:,B±^K±p0 (3) 

The CP violation effects are observed by measuring the CP asymmetry which is 

expressed in termb of the angles, <j>, of the unitary triangle of KM matrix (<p\ is 

for the decay (1), <fo is the decay (2) and <pz is for the decay B —> pKs ) and 

the mass difference between two neutral B meson mass eigenstates, Am. For 

example the CP asymmetry between B° —* $KS and B —> ^ K s is given by 

" ( B ; » » . ( AD - »A-,) - B(a; , ,„( At) - . ,AAM . . 

Here At is the difference of the decay times of the two B mesons. 
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Fig. 2 The schematic view of the detector for the KEK B-Factory 



Using all the available experimental data related to the KM matrix we have 

evaluated the most probable p and ?} values of the unitary triangle as shown in 

Fig.3. The resulting most probable values of sin2(/>i and sin2</>2 are, 

sin2<^] = 0.37+^;^(90% CL limits), sin2<£2 = 0.80 (5) 

It is not meaningful to assign an error on sin 2^2 at the present level of analysis 

and we just obtained the most probable value. The Eq. (5) indicates a possibility 

observing CP violation effects. 

0.8 

0.0 

p- 0.4 

0.2 

0.0 

- r — r — p -t 1 1 r- -i 1 1 1 1 r-

Fig. 3 The most probable p and JJ values 
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1. G e n e r a l R e q u i r e m e n t s from P h y s i c s 

We list up below the general requirements for the detector and the detector 

i tems related to them from the view point of physics. 

1. Manageable beam background. 

(a) Large radius of the beam pipe and appropriate design of beam masks. 

(b) Tolerable radiation damage. 

(c) Torelable occupancy of tracking detectors. 

2. Large acceptance and low background for measuring of CP asymmetry. 

(a) Large angular acceptance. 

(b) Not too strong magnetic field. 

(c) Good momentum resolution. 

(d) Good 7T° detection. 

(e) Good particle identification. 

3. Large efficiency for B tagging. 

(a) Good particle identification. 

(b) Good angular acceptance. 

(c) Good momentum resolution. 

4. Good vertex resolution for measuring of CP asymmetry. 

(a) Good space resolution of the silicon vertex detector. 

(b) Small radius of the beam pipe and the silicon vertex detector. 
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(c) Thin beam pipe and thin silicon detector. 

5. Full reconstruction of as many B as possible, 

(a) Same as for large acceptance. 

6. Provide effective trigger. 

(a) Fast signal to initiate trigger (Time of Flight counter). 

(b) Reduction of Bhabha trigger rate with electromagnetic shower counter. 

(c) Reduction of beam gas and beam wall backgrounds with Z trigger. 

The detector has been designed based on these requirements and its schematic 

view is shown in Fig.2. The detector consists of a particle tracker such as a 

silicon vertex detector (SVD), a precision drift chamber (PDC) , and a central 

drift chamber (CDC), an electromagnetic shower counter (SHC) such as a Csl 

crystal array, a particle identifier such as a time-of-rlight counter (TOF) and a 

Ring-Image-Chercnkov counter (RICH) and a muon detector. 

In the following sections we discuss the details of each item. 

2. Beam Background and Beam Pipe 

2.1 Synchrotron radiation background 

Since the details of the beam background are discussed by S. Uno we discuss 

here briefly the results of Monte Carlos study. Two kinds of beam backgrounds 

are expected to hit the detector: One is synchrotron light, radiated in both dipole 

and quadrupole magnets near the interaction region (IR); the other are electrons 

and positrons which have lost some part of their energies due to the interaction 
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with the residual gas (spent electrons). Since the beam current of the B-Factory 

is much higher than usual e + e~ colliders and also the radius of the beam pipe of 

the B-factory is much smaller than the usual one, we have to design the beam 

insertion scheme, the beam pipe and beam masks very carefully using Monte 

Carlo techniques. 

400 

200 

- 2 0 0 

1 1 1 1 1 1 1 1 ' • 

- 5 0 

(m) 
Fig. 4 Layout of the interaction region. 

2.2 Spent electron background 

The current design of the insertion scheme, the masking systems and the 

beam pipe are shown in Fig.4, 5 and 6, respectively. In this design the beryllium 

beam pipe at the IR is shielded against both direct and once-scattered photons 

emitted from the beams within 10cr of the beam size at all magnets shown in Fig.4. 

Tha mask A and B are used for shielding against synchrotron radiation from 

>10 a beam hallow and spent electrons, respectively. The number of photons 

entering the detector is estimated to be less than 1 0 - 3 per beam crossing. The 
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Masking S y s t e m a n d B e a m P i p e 

(m) 

Fig. 5 Arrangement of horizontal masks. 

resulting occupancy in the tracking detectors is estimated to be less than 1 0 - 4 , 

for which we do not expect any problems in traking and trigger. Off-momentum 

particles produced upstream of QC3H or BNDL are swept out by QC3H or 

BNDL, respectively and particles below 5 GeV/c are cut out by the mask B. Off-

momentum particles produced inside QC3H or BNDL are swept out at BEND 
and hit both mask-A and the beryllium beam pipe. The expected rates of direct 

hits for the vacuum of 10" 7 Pa are 0.8 and 8 kHz for an 8 GeV (0.26 A) beam and 

a 3.5 GeV (0.55 A) beam, respectively. These rates are manageable according to 

the experiences at TRISTAN. 

2.3 Radiation dosage by spent electrons 

We estimate the radiation dosage in the Csl shower counter due to spent 

electrons assuming that 2 GeV/c spent electrons hit the Csl with 10 KHz where 

10 % of them hit a single Csl block with 5cm x 5 cm dimension and deposit 

their energy within one radiation length. Then the radiation dosage per year is 
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calculated to be 0.5 rad, which indicates that the Csl detector will survive at 

least 10 years. 

2.4 Beam pipe 

The size of the berryllium beam pipe at the interaction point is 60 mm wide 
and 30 mm in full height as seen in Fig. 6. Although the beam pipe of a race track 
shape makes physics analyses more complicated we adopted it since it improves 
vertex resolution. The minimum thickness of the beam pipe is determined from 
a required strength to sustain the atmospheric pressure. About 1 mm thickness 
is needed for a beryllium beam pipe of a race track shape. 

25 mm 

> 1 mm Be 

15 mm 

LP. 35 mm 

15 mm 

Fig. 6 Cross section of the beryllium beam pipe. 

3. Requirements for Tracking 

3.1 Characteristics of BB events at an asymmetric collider 

In an asymmetric collider particles are Lorentz boosted in the forward direc

tion. Thus BB events at an asymmetric collider have the following features. Here 

we consider, as an example, events from the processes of 

T(4s) -4 B°B° -» 0K. + X - » 1 + r jr+w- + X (6.1) 
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T(4s) -> B°B° -> V'K* + X -+ l+pTT+Tr-Tr0 + X (6.2) 

at 3.5 GeV x 8 GeV machine (we refer such events as t/'Ks and ipK* events, 

respectively). 

i) The polar angular distribution of charged particles is peaked in the forward 

direction as seen in Fig.7. As a result a good angular coverage in the forward 

direction is required, but only a marginal angular coverage is required in the 

backward direction. 

ii) The average momentum of particles is relatively low such as 0.5 GeV/c for 

7r±, 0.9 GeV/c for K* and 1.7 G<-V/c for leptons as seen in Fig.8. Thus multiple 

Coulomb scattering plays an important role in the momentum resolution. 

iii) The average transverse momentum (p t ) of particles is also relatively low 

as seen in Fig.9. .„ 

3 SO — 
3 0 0 

2 5 0 

:zoo K± 
1 SO J* 
1 OO j i lUrV^ 

s o ^ ^ ^ v ^ - ^ 1 ^ 
l i l t 

s o o 
c) ft S O O — 1± 
c) ft 

3 0 0 

2 0 0 

1 OO 
i i i i i i ' 

cos8 
Fig. 7 Polar angle distributions of charged particles. 
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Fig. 8 Momentum distributions of charged particles. 

Fig. 9 Pt distributions of charged particles . 

3.2 Optimum strength of magnetic field 

The last feature sets a restriction to the strength of the magnetic field due 

to detection loss of low p t tracks as well as curling tracks. For 1.0 (1.5) Tesla 

magnetic field the radius of curvature of a particle with pt = 50 MeV/c is equal 

to 15 (10) cm. Accordingly in order to detect particles with p t > 50 MeV/c 

magnetic field below 1 Tesla is preferred. Particles with p t < 150 (225) MeV/c 

become curler tracks in the 1 (1.5) Tesla magnetic field for the maximum radius 
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of a tracking detector of 90 cm. Although many of those tracks are absorbed in 

the beam separation magnets it is better to reduce them further by setting the 

field to be below 1 Tesla. On the other hand in order to obtain the momentum 

resolution of better than 0.5 %, which is required from physics point of view as 

mentioned later, the magnetic field is needed to be higher than 1 Tesla for the 

current design of the CDC. By compromising these requirements the magnetic 

field was determined to be 1 Tesla. 

3.3 Requirements for angular acceptance 

In order to estimate requirements for the angular acceptance and the mo

mentum resolution of the tracking detector quantitatively, we performed Monte 

Carlo simulations of ^Ks events (B[ —> i/'Ks, B-> —• anything) and V'K* events 

[B\ —• 4'K*, 2?2 —* anything). 

The number of 4>KS events is given by 

N = f Ldt-<T-fo-2B-<, ..f, (7) 

where J Ldt is the integrated luminosity, <r is e + c _ —> Y(4S) cross section, f0 is 

T(45) —• B°B° branching fraction. B is the branching fraction of B° decaying 

to l+l~7r+w~ and given by 

B = Br(B° -».0A"s) • Br(4< -> l+l~) • Br(Ks -> J T + 0 - (8) 

e r is B\ reconstruction efficiency, and ft is B> tagging efficiency. We use a = 

1.15 r?6, /o = 0.5, and B = 3.9 x H)- 5 . Thus for J Ldt = 10wcm.-2, N is given 

b y 4 5 0 • eT • ei. 

We studied dependence of er. ((. frft, and f̂ .tf on the angular acceptance as 

follows, where ejjt9 is the background rate from </'K* events. 

i) V'Ks and T/'K* events were simulated at the 4 momentum vector levels. In 

the simulation we varied minimum and maximum detectable angles, 0mtn, 9max 

and {6pt/pt)0 where Spt/pt = {t>pt/pt)0{l + Pj)^1 {Pi is in unit of GcV/c). 

— 34 — 



a) b) 

Fig. 10 a) cret versus c o s # m i n , b) e re ( versus c o s 0 m n x -

ii) v''Ks events were identified by using the following invariant mass cuts and 
assuming a perfect particle ID. 

a) 0.485 GeV/c2 < M(n+v~) < 0.510 GeV/c2, p,( f f±) > 0.05 GeV/c 

b) 3.0 GeV/c2 < M{l+l~) < 3.2 GeV/c2, p t(/±) > 0.1 GeV/c, p(i±) > 
0.8 GeV/c 

c) 5.16 GeV/c2 < M(l+rv+ir-) < 5.44 GeV/c2 

We estimated e r from the number of xpKs events which satisfy the above 

criteria. Estimation of e< was performed only for K-tagging by using the number 

of events which contain charged K mesons decayed from Bi with pt > O.lGeV/c 

and p < ZGeV/c. We estimated e ^ by counting the number of ^K* events which 

satisfy the above selection criteria. 

Weplote r£i as a function of cos 9mjn and cos 0max in Fig.10, where we summed 

that (Sp(/pt)o = 0.005. In these figures one can observe that eret are more 

sensitive to the variation of cos 6mi„ than that of cos 6max. Based on these results 
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as well as the space requirement for placing the beam separation magnets, we 

have determined that the angular coverage of the tracking device is between 

170(cos9mir, = 0.956) and 150°(cos6> m n r = -0.S0G). 

3.4 R e q u i r e m e n t s for the m o m e n t u m reso lut ion 

Fixing the angular acceptance to be —D.SCC < cos0 < 0.956 we looked at 

the variation of e r and the background rate as ;i function of the momentum res

olution. Invariant mass distributions of 7r+::~l+l~ for two different momentum 

resolutions arc shown in Fig.11 and 12, separately for v''Ks and ^K*. The re

sults for the reconstruction efficiency and the background rate are summarized 

in Fig.13. As far as the detection efficiency and the background rate of D —* 4'KS 

are concerned, we do not need very good momentum resolution, but marginal 

resolution such as 1 % is sufficient. However, for the other impor tant processes 

the momentum resolution much better than 1 % is required. For example, in the 

experiment searching for direct CP violation using the processes of B —* Kx and 

B —• Kp the background contribution from the continuum is severe and the rat io 

of background to the signal is approximately proportional to the momentum res

olution. And for this experiment at least 0.5 % resolution is required. Therefore 

we require tha t Spt/pi < 0.005(1 + p\)ll2 (}>i in unit of GcV/c) . 

In the expression of the momentum resolution given above the contribution 

from multiple Coulomb scattering is the same as that from measuring error. Such 

momentum resolution can be achieved by using low mass gas such as Hc/C-iH^ 

(50:50) as well as light field wires like Aluminum wires (see Abe's talk). 

4 7 and ir° D e t e c t i o n s 

The effectiveness of a shower counter for reconstructing the B mesons includ

ing 7T° at an asymmetric collider is the same as in a symmetric collider. It is also 

to be noted that the 7 energies from the B decay art1 rather small as shown in 

Fig. 14. Therefore an argument for having a good shower counter in the existing 

B detectors still holds in our case. The good shower counter means a shower 

counter with good energy and angle resolutions along with low threshold energy. 
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E 7 ( GeV ) 

Fig.14 Energy spectrum of 7's from the B decay at a 3.5 x 8 GeV collider. 

We have studied how effective a good shower counter is for various anaylses 

using Monte Carlo techniques. In the simulation we compared results for two 

kinds of shower counters: 

(1) Csl counter of 16 X 0 (Csl), 

(2) Pb-Scintillator counter (Pb-Sc). 

1 2 

The expected performance for Csl and Pb-Sc shower counters are given in 

Table 1 where performance of Csl is taken to be worse than the CLEO-II results 

bv factor 1.5. 

Table 1 Performance of Csl and Pb-Scintillator calorimeter 

Detector aE/E (%) at 1 (0.2) GeV cr^(mrad) Elhre3h(MeV) 

Csl 

Pb-Sci 

2.0x1.5 

9.7 

4.6x1.5 

23 

20 

50 

If we can detect TT0 efficiently we can use Bd —> «/>I<s -+ \+l~ir°x° process and 

Ba —• ^K* —• '/'Ks*'0 - • l +l~7r +7r _?r° process in addition to the basic process 

of Bd —> ^>Ks —• l+l~7r+7r~ for measuring CP asymmetry. Then we can reduce 

the required integrated luminosity for observing CP asymmetry. In Table 2 we 
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compare the expected number of events and purity for these three processes from 

10 7 T(4a) for Csl and Pb-Sci. 

Table 2 Detection efficiency and purity 

No of events / 10 7 r(4;s) (Puri ty) 

Detector V>A's —> l+l~TT + TT~ V'A's -> / +/-7r°7r° 4>K* - • 1+1--K+TT-TT0 

Csl 

Pb-Sci 

270 (100 %) 

270 (100 %) 

65 (90 %) 

43 (67 %) 

174 (81 %) 

113(66 %) 

In this table we assumed Br(Z?,; —» «/>A's7r0) = 3 X 10~ 4. Using the neutral 

decay mode of A"? in addition to the charged decay mode we can reduce the nec

essary integrated luminosity by 21 % and 9 % for Csl and Pb-Sci, respectively. 

The recent experimental results of ARGUS (Danilov, LP-HEP91 July 1991) in

dicate that the helicity state of ij<K* is dominated by (0,0) state. Therefore wc 

assume that the helicity state of j/'A'* is 100 % (0,0) state so that the CP of j/'A'* 

is pure +1 . Then the reduction of necessary luminosity due to 4'^S^n inclusion 

is 51% and 19 % for Csl and Pb-Sci, respectively. 

Next we studied the reconstruction efficiencies of D and D*. The expected 

number of reconstructed D and D* for 10 r ,T(4s) are listed in Table 3. 

Table 3 N u m b e r o f D and D* for 10 5T(4o,) 

all charged 7T° included 

Detector D" Z?± £>*± D° D*° D*± 

Csl 

Pb-Sci 

11539 

11639 

2965 

2965 

2647 

2647 

11639 

2647 

8447 

2732 

4811 

2242 

As seen in the Table 3 almost the same number of D° can be reconstructed 

for bo th all charged decay mode and the decay mode including TT° using Csl 

detector, while we loose about 3/4 of Dn with 7r° using Pb-Sci detector. 

From these comparisons we definetely need an electromagnetic shower 
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with performance like Csl. 

5. K/-K Separation 

5.1 Tagging of B mesons by K* in </>K.s events 

The flavor of the mother B meson decaying into V'Ks is determined from that 

of the other B meson using its decay products. The possibility of misidentification 

(B or B) must be less than 5% level in order to obtain a statistically significant 

asymmetry. An identification of heavy flavor such as B meson (tagging of B 

meson) has been carried out using a prompt lepton, because it tends to carry a 

large transverse momentum reflecting a heavy b quark mass. Using the charge of 

such a high p< lepton, the flavor of B meson is identified with a high purity. Since 

a semileptonic decay branching fraction of the B meson is only 20%, however, 

the tagging efficiency of this method is only about 11%. This is not sufficient for 

the observation of CP violation. 

In order to obtain a statistically significant CP asymmetry, we must raise 

the luminosity of the accelerator, or tag B meson with a higher efficiency and a 

high purity using a different method. Thus a method of using charged-K mesons 

becomes essentially important. The B mesons dominantly decay into D mesons 

and they subsequently decay into charged K mesons with a high branching ratio. 

The charge of charged-K meson allows us to determine the flavor of the mother 

B meson. The major backgrounds are K's from light hadrons. However they 

are found to be small from a Monte Carlo study. The tagging of B mesons can 

be carried out by selecting those events which have only one charged K meson 

but no Kg mesons. The resulting tagging efficiency is 35.5% with a wrong-sign 

probability of 2.7%, where the identification of the charged K meson is assumed 

to be perfect. As a result, we can raise the effective luminosity by a factor of 

3 compared to the case of lepton tagging only, if perfect identification of the 

charged K meson is obtainable. 

Since 70 % of K mesons have momenta less than 1 GeV/c it is important 
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to achieve good K/n separation in this momentum range. Moreover if we can 

separate K and n above 1 GeV/c we can increase the tagging efficiency by at most 

30 %. Thus , it is also important to provide additional K / T separation capability 

for higher momen tum tracks, especially in the endcap region. 

5.2 K / T T s epara t ion by T O F 

Time of Flight counter (TOF) is a well established method to separate kaon 

and pion below about 1 GeV/c . For the T O F measurements, what has been 

established so far is 150 ps resolution by test counters and what has been used in 

the experiments were 200 ps, by the standard plastic scintillators. Recently, use 

of a scintillating fiber with a photomultiplier using multichannel plates (MCP) 

are proposed to obtain the supreme time resolution such as 50 ps. If this kind 

of device is used, then it becomes realistic to assume that 100 ps resolution in 

the production counters. In Table 4 we show the momentum range of kaon and 

the tagging efficiency of B meson when kaon and pion are separated using T O F 

with various time resolution with constraint that the contamination of pion is 

fixed to be 5 %. 

T a b l e 4 M o m e n t u m range , t a g g i n g efficiency a n d n^ c o n t a m i n a t i o n o f T O F 

(TTOF momentum range of kaon tagging efficiecy of B 7r± contamination 

200 ps p < 1.0 GeV/c 24% 5 % 

150 ps p < 1.2 GcV/c 2 7 % 5 % 

100 ps p < 1.6 GeV/c 31 % 5 % 

Therefore 200 ps resolution is not sufficient to tag B mesons efficiently. 

5 .3 K / T T s e p a r a t i o n in B —> rr+7r~ d e c o y 

The momentum of charged TT from TT+IT~ mode is very high and ranging from 

1.7 GeV/c to 4.3 GeV/c . And K + T T ~ ( T T + K ~ ) mode can be a serious background 

to 7r + 7r - mode. Therefore K/TT separation in such a high momentum range is 

important . 

- 41 



He/C0 8 / iC 4 H 1 0 =70/15/ l5 

IIe/C zU 0=50/50 

J l L 

0.5 0.6 0.7 0.Q0.9 1 2 3 4 5 
Momentum (GeV/c) 

Fig. 15 K/TC separation with dE/dx . 

By using dE/dx data from CDC we may be able to separate K and x with 

1.6 - 2.0 a (10 - 5% CL) depending on the magnitude of the density effect of the 

CDC gas. In Fig. 15 we show the resolution for separation of kaon and pion as 

a function of momentum for two kinds of low Z gas where the dE/dx resolution 

and the density effect are calculated with the formula given in ref.4 and ref.5, 

respectively. In this case only 1.6 a separation is obtainable, but if the density 

effect is negligibly small then 2 a separation is obtainable. Since 1.6 a separation 

is not sufficient we need a special particle identification device such as RICH. In 
fact when we use barrel and endcap RICH, the sensitivity of sin2^ 2 is estimated 

to be improved by 20% ~ 30%. 

6. Requirements for Vertex Detection 

We examine requirements for the vertex detector system using processes of 
CP violation in B° -» ipKs, 

.3 
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id 
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The proper t ime difference of a B meson pair is determined through a relation: 

A t ~ Az/cfa = (r , - z2 )/cfa, (9) 

since B mesons produced are almost at rest in the center of mass frame. Here z\, 

22 are z-vertex positions of B mesons, c is light velocity, /?7 is the Lorentz boost 

factor. Accordingly the resolution of At is determined by the resolutions of the B 

vertex positions for the given boost factor. The vertex resolution also affects the 

continuum backgrounds and the combinatorial backgrounds in the signal. In our 

discussion here we focus on the former effect, not on the latter, since the former 

is more important than the lat ter in the physics processes we like to pursue. 

6.1 M e a s u r e m e n t s of C P Vio la t i on 

The meastirement of C P violation is done through the measurement of asym

metry in the proper time difference distribution shown in Fig. ICa. The measured 

asymmetry, however, is diluted due to the finite resolution of the proper t ime dif

ference as seen in Fig. 16b. Therefore, as the proper t ime resolution gets worse 

we need more luminosity to establish C P violation with the same statistical sig

nificance. 

This effect was estimated analytically and the results are shown in Fig. 17. 

In this figure the integrated luminosity needed to measure the C P violation in the 

il'Ks channel with a given statistical significance is plotted as a function of At 

resolution, where the luminosity is normalized to one for the perfect resolution. 

The dependence is quite modest as expected from the fact that the oscillation 

period 2TT/X,I of Bj meson is quite large (slow oscillation). The figure implies that 

At resolution has to be bet ter than r / j /2 . This limit corresponds to ~ SO /«n 

resolution for vertex distance at S x 3.5 GeV collision. It is quite difficult to 

achieve this order of resolution in the beam direction with gaseous detectors. 

One of the devices which satisfy this requirement is a silicon strip vertex detector 

(SVD). 
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Fig. 16 a) The proper time difference distribution, and b) AT 
a s y m m e t r y versus Ar for 5 ° —> ij>Ka. 

The vertex resolution is determined by the intrinsic spatial resolution of SVD, 

multiple Coulomb scattering, and the radii of silicon layers of SVD. In order to 

reduce the effects of the multiple Coulomb scattering it is essential to minimize 

amount of materials of the beam pipe and SVD. The vertex resolution can be 

improved by minimizing the radii of the beam pipe and the innermost layer of 

SVD. 

The minimum radius of the beam pipe is determined from a tolerable beam 
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Fig. 17 The relative integrated luminosity required for measure
ments of CP violation effects. 
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Fig. 18 Configuration of the cylindrical beam pipe and SVD. 
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Fig . 19 a) V e r t e x reso lut ion and b) required relat ive in tegra ted 
l u m i n o s i t y as a funct ion o f the b e a m pipe radius . 

associated backgrounds, and its minimum thickness is determined from a required 

stzength to sustain the atmospheric pressure (1 m m for the present shape of the 

beryllium pipe as shown in Fig. 6). In order to reduce amount of meterials of 

the SVD we have to use double sided silicon strips and minimize their thickness. 

The minimum thickness required for SVD is mainly determined by a signal/noise 

ratio of the detector (~ 300/tm per layer). For actual use of a double sided 

silicon strip detector in an experiment we have to solve several problems such as 

isolation of n-type strips, read-out of two orthogonal strips in the same direction 

and radiation hardness. Such R & D works are reported by Saito. In order to 

read-out about 80 K channels da ta for very fast beam repetition ra te of 100-500 

MHz we have to develop a dead-time-less VLSI chip. The R & D works for such 

a chip is reported by Ikeda. 

In order to est imate what size of the beam pipe and SVD meets the above 

requirements, we have performed a simulation of the reaction B° —* ij)K3 for the 
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Fig. 20 a) Actual configuration of the beam pipe and SVD. 
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Fig. 20 b) Az(observed)-Az(generated) distribution. 

configuration of the beam pipe and SVD shown in Fig.18. SVD consists of two 
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layers of silicon strip detectors (denoted as S V D # 1 , S V D # 2 in the figure). In 

the simulation we assumed the following parameters. The beam pipe is made 

of 1 m m thick Beryllium. The thickness of one layer of SVD is 300 fim. The 

spatial resolution of SVD {a) has a dependence on the incident angle of particles 

(a) as given by a — 5 + 0.28 u(deg). The results for the Az resolution and the 

relative integrated luminosity required to measure C P asymmetry with the same 

statistical significance are plotted as a function of the beam pipe radius in Fig. 19a 

and 19b, respectively. These results imply that the radius of the beam pipe has 

to be less than ~ 2.5 cm to achieve a z-vertex distance resolution of ~ 80 fim. As 

mentioned before we actually use a race-track shape beamp pipe which results 

in a configuration of SVD as shown in Fig. 20a. We show the distribution of A 

z (observed) - A z (generated) for this configuration in Fig. 20b. The da t a are 

fitted to a sum of two gaussian ditributions of a — 41 and 95 /mi. The average 

root mean square of them is 73 /an, which satisfies the requirement for z-vertex 

distance resolution. 

7. R e q u i r e m e n t s for Trigger and D a t a Acqu i s i t i on S y s t e m 

The event rate and the beam repetition rate are expected to be very high in 

the proposed B-factory. This requires the read-out electronics and data- taking 

system are much different from those at traditional e + e ~ experiments. We con

sider these requirements in case of the maximum luminosity of 1 0 3 4 / c m 2 / s e c since 

it is the most severe case for them. In this case the beam repetition period will 

be 2 ns and the beam total current will be about 1 A. The expected event ra te 

is about 200 Hz which consists of 75 Hz for physics events, 30 Hz for the cosmic 

ray background, and about 100 Hz for backgrounds associated with beams. Here 

Bhabha events are assumed to be scaled down by factor 100. The da t a size of 

one event depends on background hits and is assumed to be about 30 KB. As a 

result the data-acquisition system is required to have overall throughput larger 

than 15 MB/sec . 
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Trigger signals generally require about l//s to he generated, because they 

have to wait for signals from the drift chambers. Since the period of the beam 

crossing at the B-factory is much smaller than this t ime, the traditional gate-

and-clear method can not be applied. The analog signals from the detectors 

need to be stored until a trigger decision is made. For this purpose a fast analog 

memory (10 ns for read/wri te) or a delay line is needed. The trigger logic must 

be fully pipelined, in other words, it must be sensitive to the events which occur 

during the trigger decision time. We are considering to use LC delay lines for 

slow signals and Surface Acoustic Wave (SAW) delay lines for fast signals. R 

&: D works for these delay lines are reported by Tsukainoto. When a trigger 

is generated, only the signals which correspond to the triggered events should 

be digitized and stored again in the digital buffer memory. Signals of the T O F 

counters can be used for such a matching purpose in addition to the 0-th step 

trigger signals. The details of the proposed data aquisition system and trigger 

system are reported by Yamauchi. 

8. C o m p e n s a t i o n of So lenoid Fie ld a long the B e a m Line 

In the present scheme of achieving high luminosity, the bunch spacing is so 

short, that the beam separation must be done immediately after the collision, 

but still inside the detector solenoid field. Thus the beam axis deviates from 

the direction of the solenoid field, causing a disturbance to the beam optics. We 

must try to reduce the solenoid field along the beam axis to minimize this effect. 

We are exploring a scheme in which a superconducting compensating mag

net is placed inside the same cryostat as for QCD-magnct which is the nearest 

quadrupolc magnet to the interaction point. The axis of QCD-magnct is aligned 

along the beam axis, one side for the high energy beam and the other side for 

the low energy beam. The axis of the compensating magnet , on the other hand, 

is aligned along the solenoid axis. Fig.21 shows the arrangement. Dimensions 

of QCD-magnct and the compensating magnet which satisfy the beam optics 
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Fig.21 A plane view of the interaction region. The 0=300 mrad line divides 
the region available for the accelerator and for the detector. 

requirement and dimensions of the crystat are given in Table 5. 

The calculated magnetic field for this configuration is shown in Fig.22, (a) Bz 

on the solenoid z-axis, (b) BT on the LER axis. It can be seen that Bz component 
:.s mostly cancelled for z greater than 150 cm and falls down to a level of 10 gauss 

:n the QCD-magnet region. However the cancellation of Bz component induces 

an appearance of the radial component BT of the order of several gauss near 

QCD-magnet and about 300 gauss near the edge of the compensating magnet 

coil. This BT component does not cause any interference on the beam optics. The 

deviation from the vmifoim solenoid field due to the presence of the compensating 

magnet is shown in Fig.23. We believe this level of non-uniformity does not cause 
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Table 5 Dimensions of QCD-niaguet , compensat ing magnet , and cryostat 

Radial dimensions z dimension 

Cryostat Inner radius from the beam 10.0cm 

Maximum outer radius from the Z-axis 32.0cm 

110-225cm 

QCD-magnet Inner radius 12.5cm 

Outer radius 15.0cm 

150-200cm 

Compensating 

magnet 

Inner radius 21.(1-24.0cm 

Thickness 1.0cm 

120-210cm 

any problem in the tracking analysis. 

A potential problem to the detector performance comes from the leak field 

from the QCD-magnet in the region of the endcap RICH. The amount of the 

leak strongly depends on the inner radius of QCD-magnet (Fig.24). For example, 

changing it from 12.5 cm to 11.5 cm we can reduce the leak by 35%. Thus it is 

important to come up with a design of QCD-magnet with smaller inner radius 

or placed more far away from the collison point, still satisfying the beam optics 

requirement. 
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( a ) Bz al r = 0 

(b) 
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CD 

Fig.22 Calculations of the magnetic field inside the detector volume, 
(a) Bz on the solenoid axis, (b) Br on the LER axis. 
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Fig.23 Deviations from the uniform field, 
(a) B: map. (b) Br map. 
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ACCELERATORS FOR THE KEK B-FACTORY 

Shin-ichi Kurokawa 

KEK, National Laboratory for High Energy Physics 
1-1 Oho, Tsukuba, Ibaraki, 305, Japan 

Abstract 

A design study has been made for the KEK B-Factory, an accelerator complex dedicated to 
the detection of the CP-violation effect of B-mesons. It is an asymmetric two-ring electron-
positron collider of 3.5 x 8 GeV within a new tunnel measuring 1273 m circumference. The 
design peak luminosity is to be 10 3 4cm" 2s _ 1, which will be realized in two steps. The luminosity 
is to be 2 x 10 3 3 c n r V with a head-on collision scheme in the first step; it is then increased to a 
final value of 10 3 4 c n r V 1 with a finite-angle crossing scheme. 

1. INTRODUCTION 

An asymmetric two-ring electron-positron collider for B-physics, the KEK B-Factory, is 
now being planned as one of the future projects at KEK[1]. The basic requirements on the B-
Factory, such as the beam energies and luminosity, have been set on the basis of the following 
physics demandsl2]: 

1. Measurement of the CP-violation parameters at *P(4S); this requires a 3.5 x 8 GeV collider 
with a peak luminosity of 10 3 4 cm 2 s _ 1 . 

2. Measurement of Bs - Bs mixing at *F(5S); this needs a 2.5 x 12 GeV collider with a 
luminosity of 10 3 3 c m V 1 . 

In designing the B-Factory collider, we have followed the guidelines listed below: 

1. Construct a new tunnel housing two rings of the same circumference, about 1300 m. 

2. Envision only one interaction region in order to concentrate effort on achieving a maximum 
luminosity for the detector. 

3. The present TRISTAN injector system (a 2.5 GeV electron linac and an 8 GeV accumulation 
ring)[ 3] be used at least for the first operation of the B-Factory. 

We plan to achieve the above-mentioned goals in two steps. First we will build an 
asymmetric 3.5 x 8 GeV two-ring collider using a head-on collision scheme with a luminosity of 2 
x 10 3 3 cm-V (step 1). The reason why we start with a head-on collision scheme is that it is well 
understood from accumulated experiences with many machines. We can accumulate an integrated 
luminosity of 10 4 0 cnr 2 per year, which is the minimum requirement for detecting the CP-violation 
effect. We will then modify the interaction region (IR) in order to cope with a finite-angle crossing 
scheme to reach the final goal of lO^cmV 1 luminosity; the finite-angle crossing scheme allows 
us to fill every bucket with the beam. Since maintaining such a high luminosity requires effective 
injection, we will add a rapid-cycle booster synchrotron in the same tunnel. The beam parameters 
for both steps are essentially unchanged, except for the bunch spacing and the total current. The 
same lattice is used for both steps with only minor changes of IR. As shown in Figs. 1 and 2, the 
two rings have a race-track shape. There are two long straight sections: one is used for IR and the 
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Figure 1: Layout of the B-Factory at the KEK site. 
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Figure 2: Configuration of the B-Factory rings. 
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other is for installing RF cavities and injection systems. At the midpoint of each arc, there is a 
short straight section for wigglers. 

The rings were designed so that they can also be operated for 2.5 x 12 GeV collision, 
where the booster synchrotron is used to inject a 12-GeV beam. A detailed design should be made. 

2. DESIGN PRINCIPLE 

Based upon the assumption that horizontal and vertical beam-beam tune shift parameters of 
both beams are equal to a common specified value, £, and that both beams have the same cross 
section at the interaction point (IP), the luminosity is given by the following expression in a unit of 
c n r V : 

L = 2.17 x 10 3 4 !j(l + r ) 4 r \ - . (1) 

where r is the aspect ratio of the beam shape (1 for a round and 0 for a flat beam), / the circulating 
current in A, E the energy in GeV and B*y the vertical beta function at IP in cm. The subscript, + 
or - , means that it may be taken from either ring. We also assume that beta functions and 
emittances of the two beams are equal. This condition leads to a complete overlap of both beams 
during collisions. 

We first try to increase the ratio £/B*y in order to achieve the luminosity with the least 
current. We assume that t, is 0.05, which is close to the maximum value achieved in existing 
machines[4], and that B*y is 1 cm. The bunch length should be less than one half of B*y in order 
to maintain the high tune shift limit. We choose a flat beam rather than a round one, since by using 
the former type it is simpler to construct a final focus system and more suitable to make a beam 
separation system. Even with these parameters, we require 2.6 A for the 3.5-GeV ring and 1.1 A 
for the 8-GeV ring to obtain the 10 3 4 c n v V luminosity. We store positrons in the low-energy 
ring (LER) and electrons in the high-energy ring (HER) to avoid ion trapping, which is more 
severe at low energies and at high beam currents. 

In order to obtain a short bunch length consistent with the small B*y, we require a large RF 
voltage, which needs a large number of RF cavities. On the other hand, the number of the cavities 
should be kept minimum to avoid any severe beam instabilities. 

Since 

2 

V c«*-§ , (2) 
a 

where SB is the bunch spacing and o z the bunch length, the RF voltage necessary for a given bunch 
length can be reduced by decreasing the bunch spacing. 

For a luminosity of 10 3 4 cm~2s~' we seek the extreme where every bucket is filled with the 
beam. We plan to adopt the 508 MHz RF system, since it would be possible to utilize some of the 
RF equipment which is presently used in TRISTAN. Since the bunch spacing of 60 cm in this 
second step is too short for any separation device to be installed, we adopt a collision scheme with 
a finite crossing angle. There may be two types of finite-angle crossing schemes: one is with ~ 50 
mrad crossing angle and the other with a few mrad crossing angle. The former needs crab cavities 
to avoid any geometrical loss of the luminosity and beam blow-up due to the synchrotron-betatron 
resonance[5]. Superconducting crab cavities are under investigation at KEK. In the latter case, we 
must use separation bending magnets near IP to separate the beams quickly enough. Here we need 
not use crab cavities owing to this small crossing angle. 

For the head-on collision scheme, we cannot fill every bucket, since we need a length for 
the separation of electrons and positrons to avoid spurious collisions. Therefore, in the first step, 
we fill every fifth bucket; this reduces the luminosity to 2 x 10 3 3 cnrV 1 . 
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3. LATTICE DESIGN 

Optics 
The main features of the beam parameters are a very flat beam, small beta functions and low 

emittances. The main parameters of the B-Factory accelerators are given in Table 1 for 10 3 4 c m 2 

s"1 and 2 x 10 3 3 cnvV 1 . HER and LER have the same circumference, emittance, 8* x and B*y; 
this leads to similar betatron tunes and energy spreads in both rings. The radiation damping time of 
LER becomes twice as long as that of HER, if only radiation in the arcs is taken into account. We 
prepare wiggler sections in both rings in order to control the damping time and the emittances over 
a wide range of flexibilities. We can add wiggler magnets with a total length of ~ 60 m in these 
sections. 

Chromaticity Correction 
In order correct a very large chromaticity arising from the final focus quadrupoles, we are 

adopting a non-interlaced chromaticity correction method by utilizing 26 pairs of sextupoles. 
Between a pair of sextupoles no other sextupoles exist and the betatron phase advance is JC in both 
the horizontal and vertical planes. The merit of this scheme is based on the cancellation of the 
geometric aberrations of the sextupoles by a - / transformation in a pair. This scheme, however, 
may be sensitive to errors involving the optics. If there are strength errors of the quadrupoles in 
the arc, they would break down the - / transformation and decrease the dynamic aperture. The 
strength error of the sextupoles makes the cancellation incomplete. Dynamic apertures were 
estimated by a particle tracking code, SAD[6]. Figure 3 shows changes of the dynamic aperture 
with the strength errors of the quadrupoles and sextupoles. Even if there are Gaussian errors of 
0.1 % in the strength of the quadrupoles and 0.2 % in the sextupoles, the dynamic aperture of the 
ring changes little and satisfies the injection condition, the aperture of 1.2 x 1 0 5 m at 0.3 % 
momentum deviation. 

Table 1 Main parameters of the KEK B-Factory 

Energy E 3.5 8.0 GeV 
Circumference C 1273 m 
Luminosity L Ixl0 3 4 (2xl0 3 3 ) c n r V 
Tune shifts 4x/£y 

B*X/B*y 

0.05/0.05 
Beta function at IP 

4x/£y 
B*X/B*y 

1.0/0.01 m 
Beam current / 2.6(0.52) 1.1(0.22) A 
Natural bunch length <*Z 0.5 cm 
Energy spread <*£ 7.9xI0 4 7.2x10-4 

Bunch spacing SB 0.6(3.0) m 
Particies/buncii N 3.3xl0 1 0 1.4xl0 1 0 

Emittance £x/£y 1.9xl0-8/l. 9x] 0- 1 0 m 
Synchrotron tune v S 

0.047 0.051 
Betatron tune vx/vy 27/25 26/25 
Momemtum compaction a 1.5xlO-3 1.8xl0-3 

Energy loss/turn Un 0.95 4.2 MeV 
RF voltage Vc 15 35 MV 
RF frequency fRF 508 MHz 
Harmonic number h 2160 
Energy damping decrement To/TE 

2.6xl0"4 5.1xl0-4 

Bending radius P 14.4 90.9 m 
Length of bending magnet fe 0.27 3.4 m 
Bending magnets/cell 4 2 

Values in parentheses are those for 2 x 10 3 3 c n r V case. 
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Figure 3: Change of the dynamic aperture with the strength errors of quadrupoles and sextupoles. 

Compensation of the Solenoid Field Effect around IP 
A unique problem involving a two-ring collider is that the design orbits transverse the 

solenoid field at a finite angle with respect to the central axis of the solenoid both in the finite-angle 
crossing and head-on collision; we must, therefore, cancel the dispersions and the x-y coupling 
generated by the solenoid field. This cancellation is achieved by adding at least four skew 
quadrupoles and several bending magnets on either side of IP. Using the compensating coils (see 
Sec. 5) we could cancel out the solenoid field at the region where the final quadrupoles exist, but 
there still remains a high (1 T), long (2.2 m) solenoid field around IP. Since we cannot use a 
perturbative method to determine the strength of skew quadrupoles, we have added to SAD a new 
facility which deals with the cancellation of the coupling and simultaneous matching of the linear 
optics. 

4. SINGLE BUNCH INSTABILITY 

RF cavities, bellows with an inner shield and masks in IR are the possible impedance 
sources which can cause the bunch lengthening. We estimated these impedances and evaluated 
bunch lengthening threshold by using a program developed by K. Oide and K. Yokoya[7]. The 
program analyzes the stability of the bunch with the Vlasov equation, including potential well 
distortion. We only calculated for LER, since bunch lengthening is more severe in LER than in 
HER. The threshold is five times as large as the single bunch current for the present design. We 
may conclude that bunch lengthening does not take place in the KEK B-Factory. 

g. INSERTION PESIGN 
The insertion layout around IP for head-on collision is shown in Fig. 4. In order to 

decrease the synchrotron radiation from the incoming beam and to make the two orbits separate 
quickly, the optics are no longer symmetric with respect to IP. 
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Beam separation is achieved by permanent bending magnets. On both sides of IP the orbit 
of the incoming beam goes through the center of the defocusing superconducting quadrupole 
magnet, QCD. A defocusing QC3H is a half-quadrupole magnet which can be inserted sufficiently 
close to IP. This magnet focuses the beam vertically and deflects the HER beam outwards, thus 
helping orbit separation. The outgoing beam orbit is deflected further away from the other by the 
septum magnets, SEPH and SEPL. 

The method for choosing the deflection angle of the separation bending magnet involves a 
compromise between the size of the IP beam pipe and the chromaticity produced in the insertion. 
The deflection angle is determined by the condition that synchrotron radiations from incoming 
particles on the LER center orbit must be confined within 27 mm from IP in the horizontal 
direction. The size of the IP beam pipe is 60 mm wide, 35 mm outside and 25 mm inside, and 30 
mm in full height. 

Since the detector has a solenoid field of 1 T, (4 m long in total), no ferromagnetic material 
is allowed within the solenoid, unless the field is eliminated. We plan to insert superconducting 
compensation coils to cancel out all of the solenoid field, except within 1.1m from IP. The 
compensation coil is to be contained within the same cryostat of QCD. 

6. BACKGROUND CONSIDERATION 

Two sources of background to the detector have been identified: one is synchrotron light 
radiated in both dipole and quadrupole magnets near IR; the other involves electrons and positrons 
which have lost some part of their energy due to the interaction with residual gas (these electrons 
and positrons are called "spent electrons"). The IP beam pipe and the masks have been designed 
according to the following guidelines. 

1. Photons radiated from the beam within the dipole and quadrupole magnets should not 
directly hit the IP beam pipe. 

2. Masks should intercept photons scattered by vacuum pipes to prevent them from hitting the 
IP beam pipe. 

3. Masks for spent electrons should be located at some distance from the IP beam pipe to 
prevent any shower leakage from entering the detector. 

Figure 5 shows the masking system and beam pipe at IR. In the present design a 
simulation shows that the number of photons which hit the IP beam pipe is 1 0 3 per beam crossing. 
This number is sufficiently small for the detector. 

By the use of DECAY TURTLE! 8) we have estimated the rate of spent electrons which 
enter the detector through the IP beam pipe. If we assume a 10 7 Pa vacuum around IR, the rate 
becomes 0.8 kHz for 8 GeV at 0.26 A and 8 kHz for 3.5 GeV at 0.55 A; these rates are within a 
manageable range for the detector. 

7. HEATINO OF THE IP BEAM PIPE 

The IP beam pipe is heated by a higher-order-mode (HOM) RF power generated at masks 
in IR, by Ohmic loss of image currents which flow on the inner surface of the pipe and by the 
HOM generated around the ring and propagating from outside IR. The physics experiment 
requires that the heating be less than 100 W in order to keep the temperature around the pipe less 
than 50°C and permit srable operation of the vertex detector. 

We estimated the power dissipation at the IP beam pipe for the first step. The heating of the 
IP beam pipe caused by the HOMs generated at masks in IR (between 7 to 63 W) and by Ohmic 
loss (1.4 W) can be managed in the first step, even if we assume a cavity-like structure. If the 
additional power dissipation caused by the HOMs generated around the ring and propagating from 
outside IR (200 W) is undesirable, some absorbers will be needed to prevent them from 
propagating toward IR. 
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Figure 4: Insertion layout around IP. 
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8. RF SYSTEM 

Large currents, many bunches and short distance between bunches cause strong coupled-
bunch instabilities both in the transverse and longitudinal directions. Since the main sources of 
these instabilities are HOMs of accelerating cavities, we are studying a damped cavity, which was 
first proposed by R.B. Palmer[9] for linear colliders. The basic idea of the damped cavity is that 
the HOM field is guided to waveguides through slots on a disk of a disk-loaded type cavity. The 
extracted power of the HOM field is absorbed by a dummy load at the end of the waveguide. The 
cutoff frequency of the waveguide is set higher than the fundamental accelerating mode frequency. 

Figure 6 shows a schematic drawing of the two-cell damped cavity that is presently being 
investigated at KEK. In Table 2 the HOMs of the damped cavity calculated with the code 
MAFIA[10] are shown. Each two-cell cavity is fed with RF power through one input coupler. In 
the present cavity design, the TM011-0 mode does not couple to the waveguides; we must develop 
some method, such as a cone-type dummy load or a coaxial-type dummy load within the 
waveguides to couple this mode directly to the dummy loads. A prototype damped cavity is now 
under construction and will be tested in the summer of 1991. 

Imposing constraints that the wall loss per cell be less than 30 kW and that the power 
through an input coupler be less than 200 kW, the parameters of the RF system have been 
determined and are given in Table 3. We require 88 cells for HER and 40 cells for LER. 

Table 2 

Mode-id 
TM110-0 
TMllO-Tt 
TM111-0 
TMlll-it 
TM 112-0 

External Q values and R/Q of HOMs calculated with MAFIA 

^^^^^frequency Qext 
989 
827 

1130 
1088 
1200 

MHz 
MHz 
MHz 
MHz 
MHz 

<10.0 
29.9 
20.1 
12.0 

223 

RAT "32T 
281 

1191 
1862 

63.6 

H/nT 
Q/m 
fi/m 
Q/m 
Q/m 

TM011-0 952 MHz uncoupled 9.1 n 
TMOll-jt 894 MHz 10.6 25.5 Q 
TM012-0 1191 MHz 38.2 8.0 Z 
TM012-7C 1016 MHz <10.0 6.6 Q 

Table 3 Parameters of RF system (first step) 

HER (8.0 GeV) LER (3.5 GeV) 
Frequency 508 MHz 
Q-value 27800 
Shunt impedance 18.3 MQ/m 
Power loss 30kW/cell 28 kW/cell 
Voltage 0.40 MV/cell 0.39 MV/cell 
Number of cells 88 40 
Number of klystrons 11 5 
Total cavity voltage 35.6 MV 15.6 MV 
beam loading 51 kW/cell 60kW/cell 
Coupler power 162 kW/coupler 176kW/coupler 
Total length of the 44m 20 m 

cavity section 
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9, COUPLEPPUNCHE INSTABILITIES 
We estimated the growth time of coupled-bunch instabilities with ZAP[11] on the basis of 

the impedances of the modes listed in Table 2 (see Table 4). 
Although the growth times of the instabilities are longer than the damping times for the first 

step, where every fifth bucket is filled with the beam, we plan to use damper systems to be used as 
a safety factor. To damp coherent dipole oscillations in the longitudinal direction, we will make 
bunch-to-bunch synchrotron-tune spread by installing side-band cavities. In the transverse 
directions we will use an active damper system with two deflectors, each of which has four 
striplines that are 1.3 m long. If the injection error is 1.2 x 10 - 5 m and 4 kW is fed to each 
deflector, we can expect the damping time of 2 msec for LER and 5 msec for HER. 

Table 4 Expected growth time (in msec) of coupled-bunch instabilities 

mode-ID H~1 LER 
step i step 2 step 1 step 2 

Longitudinal modes 
rad. damp, time 8 16 
TMOll-it 245 19.2 108 8.48 
TM012-0 72.0 12.4 31.8 5.47 
TM012-K 1532 163 686 73 
Transverse modes 
rad. damp, time 16 32 
TM110-0 2.22xl0 7 824 9.07x 10 6 336 
TM110-K 136 21.5 55.5 8.76 
TM111-0 89.9 7.65 36.7 3.12 
TMIIl-n 127 8.89 51.8 3.63 
TM112-0 63.8 12.7 26.1 5.18 

10. VACUUM SYSTEM 

As a design goal of the vacuum system we set a pressure of 10"7 Pa at full current of the 
second step. This pressure guarantees a long beam life and a low rate of spent electrons to the 
detector. Additionally, this low pressure will not cause any ion trapping phenomena in HER. The 
horizontal half aperture of a beam pipe in the arc is to be 50 mm in order to provide high 
conductance, which is important for obtaining a uniform pressure distribution. 

The amount of synchrotron radiation calculated on the basis of the machine parameters of 
the KEK B-Factory is summarized in Table 5. The wiggler section is exposed to very intense 
synchrotron radiation, compared to that in a normal cell. 

Chamber Material 
We adopt aluminum for the beam pipe in a normal cell, where the heat of synchrotron 

radiation is less than 10 kW/m. We have established techniques for aluminum vacuum systems 
during the construction of TRISTAN. For the wiggler section we should adopt copper beam 
pipes, since they can be used under a high heat load. We need to develop a fabrication technique of 
copper beam pipes with a complicated cross section. 

Pumping System 
In a conventional design with ion pumps, the realistic average pumping speed is 100 l/s/m. 

In order to achieve 1 x 10 7 Pa, we must wait until the photo-desorption coefficient, T), reduces to 
2.5 x 1 0 7 molecules/photon. We have estimated the decrease of r\ from the data of AR. An i\ of 
2.5 x 10~7 molecules/photon will be realized after 2800 hours of operation under full current. 
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Table 5 Amount of synchrotron radiation 

LER HER 
Energy 3.5 8.0 GeV 
Beam Current 2.6 1.1 A 
Normal cells 
Bending radius 14.4 90.9 m 
Critical energy of SR 6.61 12.5 keV 
Total SR power 2.40 4.39 MW 
Power density (max.) 5.69 7.68 kW/m 
Photon density (average) 8.53x1018 8.25xl0 1 8 photons/s/m 
Wiggler sections 
Magnet field 1.42 0.67 T 
Total SR power 5.0 2.6 MW 
Total SR photon 8.6xl0 2 1 1.8xl0 2 1 photons/s 
Power density 3 0 - 4 0 - 2 0 kW/m 
Photon density 5 ~ 7 x l 0 1 9 1.4xl0 1 9 photons/s/m 

11. CONCLUSIONS AND FUTURE PROSPECTS 

On the basis of the design presented in this report, we believe, we can construct the KEK 
B-Factory collider which will satisfy the physics demands. KEK Report 90-24 "Accelerator 
Design of the KEK B-Factory" summarizes the details. 

From this April we have started the design of another option for the KEK B-Factory, where 
we install two rings of the B-Factory into the TRISTAN tunnel, whose circumference is 3 km. 
The design will be finished within 10 months. 
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Physics and Detector Design for CESR B-Factory 

EMERY NORDBERG 

Wilson Laboratory, Cornell University, Ithaca, NY 14853 

ABSTRACT 

A proposal has been submitted to the NSF for the modification of CESR into an asym

metric B-Factory of energies 3.5 GeV and 8 GeV and luminosity 3 x 1 0 3 3 c m - 1 s - 1 . This paper 

summarizes the main features of this proposal, the physics goals and the modifications to 

the CLEO II detector. 
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1. Introduction 

Cornell submitted a proposal to the NSF in February, 1991 to construct a B-Factory 

based on CESR which we call CESR-B. The proposal consists of four volumes covering the 

contract formalities, accelerator, physics and detector. This paper touches upon some 

of the highlights of this proposal. The history of CESR and CLEO in B-physics extends 

from 1979. Steady accelerator progress lias improved the luminosity considerably from early 

running conditions and the detector has undergone both small improvements and the large 

modification in 1989 to its present configuration called CLEO II. Another paper submitted 

to this workshop covers the status of the Csl electromagnetic calorimeter of CLEO II. 

The excellent performance of CESR at present is best illustrated by the recent luminosity 

as shown in Figure 1. The improvement starting in November 1990 is a result of reducing 

the number of interaction points from two to one. This allows the tune shift to come all 

from one IP giving a nominal \/2 improvement and also allows the operators to find regions 

of increased stability. One challenge of a B-Factory is to increase this luminosity yet another 

factor of 30 and the challenge to the detector is to make use of this increase. CESR and 

CLEO II provide realistic test benches for some of the research and development projects 

necessary to make this happen. A factor of perhaps 3 improvement of luminosity can be 

anticipated in the next few years before CESR is shut down to be remodeled into a B-Factory. 
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In the next year the primary improvement to CESR will be the replacement of the 

present, somewhat unreliable rf cavities with new conventional copper cavities that will allow 

higher beam currents. The new design is of 5-cell modules with all electron-beam-welded 

joints replacing the older 14-cell modules with braised joints. A factor of 1.5 improvement 

in luminosity is expected. Over the next two years a configuration involving a small crossing 

angle will be tested. This will allow seven groups of bunches to be injected in place of 

the present seven single bunches. A crossing of ±2.5 mrad is sufficient to eliminate the 

next parasitic interaction near the IP. The overall length of each group is still short enough 

to remain separated in the ring using CESR's present "pretzel" separator system. Another 

factor of two improvement in luminosity can be expected. The higher beam currents involved 

will require research and development on ion trapping and feedback that will be generally 
applicable to B-Factories. 

Research and development projects of particular application to the needs of B-Factories 

are: vacuum and pumping hardware, a Be beam pipe for the IP, higher-order-mode losses 

in difficult regions such as crotches and valves, special magnet design and superconducting 

rf cavities. The superconducting rf project involves an open niobium cavity shape which is 

on order from industry at present. This will be connected to transition sections of the beam 

pipe that contain ferrite-50 absorbers for the higher-order-mode losses. The cavity will first 

be tested in a vertical dewar at KEK in collaboration with the superconducting rf group 

there. On a longer time scale it will be tested in CESR to gain experience in an accelerator 

environment. 

The CLEO II detector is also a test bench for the research and development needed for 

a B-Factory. One present shortcoming of CLEO II is the lack of a high precision vertex 

detector. Plans are being formed to replace the 3.5 cm radius Be beam pipe with one of 

smaller radius surrounded with double sided silicon micro-strip detectors. The schedule for 

this project should allow improved physics from CLEO II before it is turned off and modified 

further for the B-Factory. Another improvement in progress is the da ta acquisition system 

of CLEO II. At present data may be collected with 90% live time at an event rate of 6Hz. 

New crate controllers with parallel digitization and event buffers will allow a data acquisition 

rate of 50 Hz. 

There has been a proposal to operate an equal energy B-Factory just above the T(4 S) res

onance where the production of a B* allows the observation of time-integrated CP-violating 
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asymmetries, and thus eliminate the precision vertex detection requirement. CLEO II has 

recently measured the inclusive B* cross section by measuring the yield of photons from the 

transition B* —» Bf. The inclusive photon spectrum is shown in Fig. 2 and the cross section 

in Fig. 3. This measurement implies a luminosity penalty of 7 for a symmetric B-Factory 

at the B* over an asymmetric B-Factory at the T(4S) , assuming equal detection efficiencies 

for both accelerators. 
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2. Accelerator 

The design concept of the CESR-B proposal is based on the interleaved considerations: 1) 

setting the primary parameters, 2) applying accelerator physics constraints and determining 

the many derived parameters, 3) establishing an IR design and ring lattices, 4) evaluating 

the synchrotron radiation and particle backgrounds in a proposed detector configuration 

and 5) determining the feasibility of building the required components. The primary CESR-

B parameters, beam energies of S on 3.5 GeV with a luminosity of 3 x 1 0 3 3 c m ~ 2 s - 1 , ; re 

set by the physics. In addition the operating decision has been made to ensure that the 

design be compatible with equal beam energy operation. A tune shift of 0.03 is used for the 

design. This comes from CESR operating experience at beam bunch intensities similar to 

those required for the B-Factory. Other parameters are immediately set by the local tunnel 

geometry and our choices of using superconducting rf cavities for acceleration and a crossing 

angle system for the beam separation near the interaction poirt . The accelerator parameters 

of the asymmetric CESR-B option are listed in Table 1. 

Fig. 4 shows the overall site layout. Only one interaction point at the CLEO II detector 

is provided: in the north area the beams cross from the inside to the outside of the tunnel 

at slightly different elevations. Side-by-side ring geometries are used in the tunnel, avoiding 

vertical dispersion. The synchrotron will be lowered from its present location in the tunnel 

to be under the inner storage ring as shown in Fig. 5. 

A crossing angle at the interaction point allows a compact set of focussing quadrupoles 

and relatively small generation of synchrotron radiation. The compromise is in the need 

for rf crab cavities which rotate the envelopes of the bunches to be head on, reducing the 

synchro-betatron coupling induced by a crossing angle. These crab cavities will also be 

superconducting and will be placed in the rf straight sections well away from the IP. With a 

±12 milliradian crossing angle both beams pass through the quadrupole nearest the IP but 

are sufficiently far apart at the second quadrupole for separate focussing elements. The first 

common quadrupole is inside the magnetic field of the detector and so the technical choices 

for its construction are superconducting or permanent magnet material. We have chosen 

the former and incorporated compensating solenoids within the same cryostat. The first 

solenoid is closer to the IP than the quadrupole and is adjusted to compensate the detector 

solenoid out to the starting point of the quadrupole. The second solenoid is adjusted to 

null out the detector solenoid over the length of the quadrupole. A dipole winding is added 
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Table 1: The accelerator parameters for the asymmetric CESR-B option. 

Parameter HER HER & LER LER 
E [GeV] (beam energy) 8.0 3.5 
£ [10 3 3 cm- 2 s _ 1 ] (luminosity) 3.0 
(£//?* )(1 + r) [m _ 1 ] (luminosity coefficient) 2.0 
nj (number of bunches) 230 
?• (aspect ratio) 0.015 
N [10 u] (e/bunch) 0.60 1.37 
hot [A] (current in one beam) 0.87 1.98 
Circumference [m] 764.84 
(1*11 [m] (IP focussing parameter) 1.0 
fir [cm] 1.5 
0C [mrad] (crossing angle) 12.0 
&L [cm] (bunch length) 1.0 
e// [10~7rn] (emittance) 1.3 
a [10 - 2 ] (momentum compaction) 0.84 1.1 
Tj* [m] (dispersion at IP) 0.0 
Qs (synchrotron tune) 0.085 
Qti (betatron tune) 12.7 11.7 
<TE/E [10 - 4 ] (energy spread) 8.4 6.5 
U0 [MeV/rev] (SR energy loss) 5.23 0.76 
PSR [MW] (SR power per beam) 4.5 1.5 
Vc [MV] (cavity voltage) 35 11.9 
Uc [MV] (crab voltage) 1.8 0.8 

Pcrah H ?5 
Phom [kW] (per beam) 67 180 
nc (number of SC cavities per ring) 12 4 
Prf [MW] (available rf power) 4.8 2.4 
\rf [cm] (rf wavelength) 60 
Te [ms] (energy damping time) 3.9 11.7 
Tx^y [ms] (betatron damping time) 7.8 23.4 
Ql (loaded Q of cavity ace. mode /10 5 ) 2.6 2.7 
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over the quadrupole to give the effect of centering the effective quadrupole on the incoming 
beam, reducing incoming synchrotron radiation. The other interaction region quadrupoles 
are constructed of normal conducting copper and steel. These accelerator components are 
shown with the inner elements of the detector in Fig. 6 which has a 10:1 ratio of vertical 
to horizontal scales. The separation of accelerator and detector regions is generally given 
by the cone at 0.3 radians which limits how close to the IP the accelerator components 
can be placed. The superconducting quadrupole and solenoid combination is shown in Fig. 
7 with equal vertical and horizontal scales, and its parameters are listed in Table 2. The 
nonuniformity produced in the 1.5T detector field by the solenoids is approximately 6% at 
a polar angle of 45°. For optimum momentum resolution the tracking algorithms will need 
to account for this field variation. 

Detector 0570691-014 

6. The interaction region showing the accelerator components, beam-stay-clear envelopes 

and detector components. Tiie vertical scale is magnified 10 times relative to the 

horizontal scale. 
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7. Side and end views of the superconducting focussing elements and cryostat. 

Table 2: Properties of Superconducting Focussing Elements 

Winding Length Ficldstrength or Gradient 

Quadrupole 0.65m 20T/m for A' = 1.7m - 2 

Dipole 0.65m 0.3T 

Compensation Solenoid 0.40m -3.4T for a net -1.9T 

Screening Solenoid 0.82m -l .oTfora net 0T 

A large effort has gone into understanding the synchrotron radiation (SR) generated by 

the intense electron and positron beams near the interaction region. There are two types 

of problems: heating in the vacuum chamber walls and other accelerator components and 

background in the detector from synchrotron radiation penetrating the thin Be beam pipe. 

Two different programs are used to calculate the SR generation. Both accept as inputs the 

magnet configuration, beam pipe and mask geometry, and the statistical properties of the 

beams i.e., horizontal and vertical emittances, #*'s, energy widths and currents. The particle 

orbits are numerically integrated through the relevant magnets in small steps along the beam 

direction. The more general program samples the 4-dimensional beam phase space by Monte 

Carlo methods and produces SR photons with the correct distribution in energy, angle and 

intensity. Each photon is tracked to the point where it intersects the vacuum chamber or 

masks, and a distribution of power density is compiled. Fig. 8 shows the output of this 

program for a simplified beam pipe geometry. These results are useful to check for hotspots 

in order to make improvements in the beam pipe geometry and to suggest the special cases 

to be investigated with the second program. 
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The specialized program is a simple ray tracing program to determine the SR spectrum 

incident on the Be beam pipe or on nearby masks from a particular source region. It tl'en 

calculates the number and energy of photons striking the surfaces of interest and depositing 

energy in the detector. A silicon micro-strip vertex detector, intermediate gaseous vertex 

detector and the main tracking drift chamber are modeled. The occupancies and radiation 

dose at the detector are very sensitive to the configuration and geometry of the masks and 

beam pipe. These are shown in Fig. 9 and the radiation lengths of the beam pipe material 

are listed in Table 3. The masks must be made of a heavy metal (Ta in this case) as also 

must a coating on the water cooled Be pipe (Cu in this case). The thin layer of Al just 

outside the Cu is there to absorb the approximately 8-9 KeV Cu K and Ta L fluorescent 

x-rays. The silicon detectors also absorb these lines and effectively reduce the background 

in the gaseous detectors behind them. Hits are not generated in the silicon for those x-rays 

below its assumed 10 KeV pulseheight threshold. The results, expressed as occupancies and 

radiation dose, are given in Tables 4 and 5. The largest background source is back scattering 

of radiation generated in the third quadrupole of the incoming 8 GeV beam even though 

the central orbit of the beam is on axis in this quadrupole. There is no significant source of 

background from the 3.5 GeV beam because of the low critical SR energies. The calculated 

SR backgrounds are acceptable for these realistic detector assumptions. 

Beam particles lost near the IP can cause serious background in the detector, possibly 

becoming a limiting factor for the luminosity that can be productively used. Simulations 

of such backgrounds in CESR/CLEO reproduce reasonably well the qualitative features 

observed in actual tests. ' 6 These simulations have led to a better understanding of the 

characteristic features of these sources and have been used as a guide for the suitability of 

particular B-Factory, interaction-region designs. The principle sources of electron or positron 

losses that produce detector background are Coulomb scattering and bremsstrahlung on 

residual gas molecules even with pressures of 10~~9 torr in the sensitive source region. Large 

angle Coulomb scattering and the bremsstrahlung photons contribute when produced in a 

region close to the IP (±15m). Degraded bremsstrahlung electrons from residual gas in a 

more extended region (±50m) can travel to the IP before hitting the vacuum chamber. Some 

of these can be reduced by strategically placing collimators at an inocuous location hidden 

from the IP. Few of the primary scattered particles hit the thin Be beam pipe directly. Most 

hit the nearby vacuum chamber or the masks and generate showers where the secondaries 

penetrate the detector. Shielding material around the vacuum chamber helps reduce this 



background so the simulations fill up any empty available space near the IP with high-Z 
material. 
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9. Schematic of the masks and thin beam pipe. 
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Table 3: Distribution of material in the central beampipe. 

Radiation Layer Radiation 

Length Thickness Lengths 

Cu Coating 1.45 cm 25 /mi 0.17% 

Al Coating 9.0 cm 100 fim 0.11% 

Be Wall 35.7 cm 500 fim 0.16% 

Water 36.4 cm 500 urn 0.16% 

Be Wall 35.7 cm 500 fim 0.16% 

Total Beampipe 1.6 mm 0.76% 

Table 4: Summary of Occupancies from Synchrotron Radiation 

Origin Si (occupancy) VD(occupancy) DR (occupancy) 

incoming 

outgoing 

1.8% 

0.26% 

0.13% 

0.03% 

0.25% 

0.05% 

total 2.1% 0.16% 0.30% 

Table 5: Summary of Radiation Doses from Synchrotron Radiation 

Origin Si (Krad/yr) VD(Coulomb/cm/yr) DR (Coulomb/cm/yr) 

incoming 

outgoing 

7 

2 

0.5 x 1 0 - 3 

0.3 x 1 0 - 3 

3.3 x 10~4 

1 x 10~4 

total 9 0.8 x 1 0 - 3 4.3 x 10~4 

Coulomb scattering and bremsstrahlung loses are generated in separate runs of a track
ing program with the beams assumed along the central orbit. These primaries are tracked 
through the elements of the ring until they either hit an aperture or are carried through 
beyond the IP. Those primaries that hit the central vacuum chamber anywhere between the 
superconducting quadrupoles are stored as vectors and passed to a more elaborate GEANT-
based program that simulates showers and the full detector geometry. This simulation pro
duces occupancies and radiation damage estimates for the various detector elements. 
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It should be noted that it is not sufficient to consider the response of the detector 

averaged over all background events. An average occupancy below 10% per /is may indicate 

that the background rate is acceptable but a close look at the statistics of such events shows 

that an appreciable fraction have more than 10% of the channels hit. For example, Coulomb 

scattered electrons generates a rate of less than one wire hit per /is in a 400 wire intermediate 

vertex detector but fully 37% of the background events have more than 40 wires hit or 10% 

occupancy. For this gaseous detector we have adopted the conservative criterion of rejecting 

any event that contains 10% of the channels hit by background. For the silicon detector we 

calculate both the average occupancy and the fraction of 10-track real events with any of 

the tracks obscured by a background hit within 250 fim. Both are calculated for a sensitive 

time of 1 (is so there is considerable room for improvement if the readout time is reduced. 

The particle backgrounds are summarized in Table 6. 

Table 6: Summary of Lost Particle Backgrounds 

Vertex Straw Chamber Si icon Detector 

Fraction of Ave. Occup. Current Charge Fraction of (r<j>) Occupancy Radiation 

Ring IDEAM Random Triggers in Random in first per wire Evts. with in Random Dose 

with ( > 10%) of 

Wires hit 

Triggers Layer in first 

Layer 

Overlapping Hits 

[Layer 1] 

Triggers 

[Layer 1] 

(Amp) (%//") (%//«) (/'A) (Coul/cm/yr) (%/;is) (%//<s) (krads/yr) 

HKH 1.0 1.7 0.4 1.4 0.0011 0.50 0.01 0.31 

LEIt 2.0 2.8 0.7 l.S 0.0056 0.82 0.06 0.23 

TOTALS 4.r> 1.1 .1.2 0.01 1.38 0.10% 0.54 

These simulated rates are acceptable from both the point of view of occupancy as well 

as radiation dose. Radiation-hard readout circuitry for the Si detector may be required 

to increase the few-year lifetime to be expected for existing VLSI circuitry from the SR 

generated radiation dose. 

The schedule for CESR-B under the most favorable funding agency response is shown in 

Fig. 10. It calls for four years of accelerator and preconstruction research and development 

partially overlapping with three years of CESR. off time for civil construction, magnet, rf 

and vacuum construction and assembly. Operations could begin in late 1996. 
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10. CESR-B Construction Schedule. 

The budget for CESR-B is shown in Table 7. Included are expenses for an expanded lab
oratory and beam lines for the Cornell High Energy Synchrotron Source (CHESS), expanded 
office space and detector upgrade equipment. The subtotal for only the CESR-B accelerator 
is approximately $77M. The proposal was submitted to the NSF but with expectation of 
some contributions from New York State and Canadian sources. The response of the NSF 
has been favorable, giving the expectation of adequate funds for research and development 
but not expecting construction approval until FY 1993. 
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Table 7: CESR-B TOTAL PROJECT COSTS (in $ thousands) 

Item Cost 

Project management 3,980 

CESR-B technical components 

Magnet system 7,515 

Magnet power sypplies 1,927 

RF system 25,434 

Vacuum system 12,928 

Injection, stacking, & injector modifications 929 

Controls and instrumentation 3,265 

Interaction region equipment 1,960 

Utilities, safety systems 2,302 

Civil construction 

LNS bldg. tunnel modifications 9,460 

CHESS bldg. tunnel modifications 1,300 

Fourth and fifth floor lab space 5,000 

CHESS technical components 9,200 

CLEO detector upgrade equipment 5,900 

Computing facility upgrade 4,000 

Contingency 6,810 

TOTAL 101,910 | 

3. Physics 

The physics motivations for building a high luminosity e + e~ collider operating at a 
center-of-mass energy near BB threshold are eloquently discussed elsewhere in this workshop. 
The ultimate goal is a definitive measurement of CP violation in B decays. The strength of 
the Cornell effort toward this goal lies in having the working CLEO II detector in which to 
thoroughly base Monte Carlo studies of the particular, low branching fractions involved. 
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Of particular interest in CP violation measurements are the tagging efficiencies of the 

other B produced with each reconstructed decay into a particular CP eigenstate (or near 

eigenstate). Several strategies have been simulated to determine efficiencies, the fraction 

of wrong sign tags and the vertex resolutions obtainable. The lepton momentum spectrum 

of B decays results from two processes: one the direct decay B —> Xlv and the other the 

cascade chain B —> DX, D —+ Ytv. At high momentum the primary decay associates a 

negative lepton with BQ decay and a positive lepton with BQ decay. At low momentum the 

cascade decays have the opposite association. In order fully to exploit the cascade leptons 

the missing momentum in an event is also required. At intermediate momenta if the sum 

of the missing momentum plus lepton momentum is greater than 2 CeV we accept the tag 

from a. primary decay, otherwise from the cascade. Charged kaons also provide a tag of the B 

flavor. There are however inherent wrong sign tags because the D's decay into wrong flavor 

kaons and because ~ 10% of B's decay into two D mesons. If kaons didn't decay and we had 

and a perfect kaon identification system our Monte Carlo generator predicts that the right 

sign efficiency {rlag) would be 45%, the wrong sign efficiency {wtag) would be 2.8% and tejj 

would be 37%. When we account for a real detector we find the efficiencies listed in Table 8. 

Table 8: Tagging Efficiencies (in %) 

Tag rtag Wtag Zcff 

B lepton, pe > 1.40GeV/c 9.3 0.37 9.0 

D lepton, pe < 0.60GeV/c 5.7 1.1 3.0 

B lepton,* 0.6 < pe < 1.4G eV/c 3.3 1.0 1.2 

D lepton,1 0.6 < pe > 1.4G eV/c 4.8 1.0 2.6 

A'^PA- < 1.25 GeV/c 29.4 4.3 18.7 

A^, Aerogel Counter* 33.0 5.5 20.0 

D nn reconstruction 8.S 0.1 S.7 

*\pi\+\Pmi„\> 2 GeV/c 

* | p * | + | ^ m » . | < 2 G e V / c 

* Not used for luminosity estimates 

The 9.3% right-sign efficiency of the high momentum lepton tag in Table 8 comes from the 

90% boosted solid angle 1 imes track finding efficiency, the 95% lepton identification efficiency, 

.... 8 3 .... 



the 2 1 % branching ratio and the 52% fraction of the lepton spectrum above 1.4 GeV/c. The 

effective efficiency factor is given by 

For the sum of 4>K® and ^'A'*° and using all these tagging strategies we predict a four 

standard deviation evidence of CP violation would occur with sin 2<j>c = 0.23 in a total 

integrated luminosity of 130fb - 1 . 

Before we reach the luminosity levels required for the study of CP violation in B decays, 

interesting areas of 6 quark physics will become accessible at more modest luminosity levels. 

Table 9 summarizes various 6-physics prospects according to the size of the data sample 

required. Of course, since the standard model is incomplete and maybe even wrong, there 

can be unanticipated new physics phenomena occurring in any future data sample. 
121 

The conclusions of the Physics Rationale for a B-Factory are quoted below: 

1. Our best and perhaps our only chance of understanding the mysterious phenomenon 

of CP violation is to observe and measure it in B decays. 

2. Electron-positron collisions near the threshold for BB offer unique experimental ad

vantages in studying 6-quark physics. 

3. A definitive test of the six-quark Standard Model framework for C P violation in B 

decays can be made in several years of running with an asymmetric e+e~ collider 

operating at the T(4S) resonance (8 + 3.5 GeV) with Cpk = 3 x 1 0 3 3 c m _ 2 s _ 1 . 

4. Precise measurement of Vci, and Vub can be made only at an e+e~ B factory, where the 

full or partial reconstruction of one 13 allows for background free reconstruction of the 

other B. Thus form-factors can be measured precisely and semileptonic decay models 

understood. 

5. Since the favored mode of 6 quark decay (b —> c) is strongly suppressed, B decays 

involving very rare processes can be accessed: higher order loops, Higgs bosons, su-

persymmetrjc particles, b —* u, Standard Model violations, etc. This fact, along with 

unmatched luminosity capability, makes the B Factory a uniquely powerful tool for 

the advance of our understanding of fundamental particle physics beyond the Stan

dard Model. 
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6. Production rates for non-BB processes make the B Factory also an excellent Tau-

Charm Factory, Upsilon Factory and Two-Photon Factory. 

Table 9: Physics Opportunities vs. Luminosity 

BB's £ , c m _ 2 s - 1 Physics Measurements 

produced for 10 7 sec 

10 5 10 3 1 measure B{B -» iuX) for average B 

reconstruct some decays, measure MB 

B°B° mixing 
see b —> uCv 

10 6 10 3 2 B(B~ - • e~DX), B{B° — C~uX) 

see some penguin modes 

measure V„i, with 50% model dependence 

see Bs, measure mass 

10 7 10 3 3 measure scmileptonic form factors 

many penguin modes 

many b-io-ti modes 

V'Jrf to 20% from mixing 

measure B(BS —* C~vX) 

CP asymmetry in K^n0. A ' * ^ , etc. 

CP asymmetry in vA'J, ir^K*, etc. 

10 8 10 3 4 see Bc, A 6 

see Bs — Bs mixing 

10 9 10 3 5 CP asymmetry in dileptons 

CP asymmetry in single events 

see B —* TV I 

4. Detector 

The high currents of a B-Factory and the low branching ratios of the decay modes to 

be used to reach the physics goals place stringent requirements on the detector. Avoiding 

Hf) 



confusion from high backgrounds, ability to trigger with closely spared bunches, need for close 

to 4TT solid angle, operation with a thin, small diameter beam pipe surrounded by a low mass, 

high resolution vertex chamber and particle identification over a wide momentum range are a 

few of the challenges to construct a detector for a B-Factory. The CLEO II detector, shown in 

Fig. 11, is already an excellent detector for b physics. The Csl electromagnetic calorimeter, 

1.5T magnet and muon detection system can be used with very little modification. The 

CLEO II detector is assembled from the superconducting coil inward so it's possible to 

replace the inner detector elements leaving the outer detector intact. The three principle 

areas where the existing detector needs to be upgraded are: 

1) vertex detection, particularly in the coordinate along the beam direction to separate 

B and B decays in CP violating measurements; 

2) particle identification, to allow the identification of K's to tag the flavor of the B 

mesons; 

3) trigger and data acquisition, in order to cope with the 100 Hz real physics rates. 

In addition the central tracking chambers need to be rebuilt to accommodate the accelerator 

components but their performance needs only straightforward improvement over the existing 

ones. 

HELIUM RESERVOIR 

,MUON CHAMBERS 

SUPERCONDUCTING COIL 

.MAGNET YOKE 

. Csl ITi) BARREL 
SHOWER DETECTOR 

MICRO-BETA 
QUAORUPOLE 

CsI(T«)P0LE TIP 

SHOWER DETECTOR \ \ "• 

^ D R I F T CHAMBER ^ 

VERTEX DETECTOR 
^TIME OF FLIGHT 

SCINTILLATORS 

\ £ E E 3 ^ 

g.^^>,^-?H^^tff i ;^ t ^- |J?: ' jy ..j.'i.,£fesjij;jjff 
OOSOI90-OOS 

11. Side and end views of the existing CLEO II detector. 
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A brief summary of the CLEO II features follows. The muon detection system is based 

on a range measurement in nine layers of Iarocci tube chambers operated in proportional 

mode. There are three groups of three chambers each following the three steel yoke returns 

of 36 cm thickness. This range requirement varies with polar angle. For muons greater than 

1.5 GeV/c that have trajectories within the solid angle covered, the efficiency is greater than 

90%. This solid angle is 85% of 4TT. 

The most innovative element of CLEO II is the electromagnetic calorimeter composed 

of 7800 Csl crystals of approximate dimensions, 5 X 5 X 30cm 3 . The measured energy 

resolution is about 4% at 100 MeV and 1.5% at 5 GeV. The photodiode-preamplifier noise 

dominates at low energies but very good resolution is obtainable below 50 MeV as shown 

in Fig. 2. Angular resolution is approximately 6/vE mrad where E is the energy in GeV. 

These features give high efficiency, low background, high precision reconstruction for photons 

and 7r°'s and good quality electron identification. Since this calorimeter already represents 

the state of the art and a very considerable financial investment, all our planning for a B-

Factory detector incorporates it essentially unchanged. We possibly could remove the barrel 

to replace defective photodiodes or preamplifiers and will need to restack the endcap crystals 

in a way that accomodates the accelerator components. 

The charged particle tracking chambers will be rebuilt to accomodate the new ver

tex detector, accelerator components, and possibly new time-of-flight counters and aerogel 

Cerenkov detectors, but the new system is expected to perform much like the present one. 

In the present CLEO II detector in a 1.5 T magnetic field the momentum resolution is given 

by 

(Sp/p)2 = (0.002p) 2 + (0.006) 2 

with p in GeV/c. This chamber system consists of the elements in Table 10. It also has the 

capability to measure dE/dx for hadron identification with a resolution of about 6.2%. 

For a new central drift chamber the compromise may be made to add a thin central 

support cylinder in order to reduce the endplate thickness. This will improve the Csl endcap 

energy resolution but slightly degrade the tracking by adding a source of multiple scattering. 

The CLEO II chamber uses a 50% - 50% argon-ethane gas mixture which is a good choice 

for spatial resolution and moderately good for dE/dx. Other choices such as propane for 

improved dE/dx or helium based gas mixtures for low multiple scattering and low background 

are being considered for the B-Factory detector. 
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Table 10: The CLEO II Tracking System 

Component Dimension 

Inner vertex detector - drift tubes 

Radius 

Length 

Layers 

Sense wires per layer 

Radiation length of material 

4.5 to 7.5 cm 

46 cm 

6 

64 

0.28% 

Vertex detector - drift chamber 

Radius 

Length 

Cell Size 

Layers 

Anode Sense Wires 

z measurements 

Radiation length of material 

8 to 17 cm 

75 cm 

5 mm, hexagonal 

10 • 

900 

5 mm cathodes and 

charge division 

0.9% 

Main drift chamber 

Radius 

Length 

Cell Size 

Gas 

Layers 

Sense Wires 

Cathode Strips 

dE/dx Measurements 

Radiation length of material 

19.1 to 92.5 cm 

189 cm 

1.5 x 1.43 cm 

50:50 Ar-etliane 

51(40r-d>+ 11 stereo) 

12,240 

Inner, Outer 

51 

9.3% 
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At this time the most advanced vertex detection technique suitable for a B-Factory is 

the use of double sided Si microstrip detectors. The appeal of this technology is based on the 

success of single sided micro-strip detectors in fixed target applications and also in colliding 

beams, but there would be too great a loss in resolution from multiple scattering if one used 

twice as many layers of single sided Si wafers. The double sided technology is being developed 

on an appropriate time scale for a B-Factory detector. Effort at CLEO II has so far been the 

testing of Hamamatsu double sided wafers and CAMEX-64 readout preamplifiers in a high 

energy muon beam at Fermilab. The p-side resolution of 15 /mi, the n-side resolution of 17 

fim and signal-to-noise ratios of 12 are observed. This is adequate spatial resolution for a 

vertex detector and expected improvements will increase the signal-to-noise ratio by about 

1.5. A layout for a vertex detector at CLEO II in conjuction with a smaller radius Be beam 

pipe (presently 3.5 cm) is being designed. Fig. 12 shows the design of a 3-layer device for a 

B-Factory vertex detector as used in the Monte Carlo studies. 

0570691-016 

•—34.6mm-* 

T 
26.6 
mm 

m 135.9 mm 

12. Front and side views of a three-layer silicon microstrip detector with non-overlapping 

dead regions in the corners. 
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Other technologies such as silicon pixel detectors, silicon drift chambers and gaseous 

microstrip detectors are under consideration for the B-Factory. Microstrips etched on a thin 

kapton substrate are under investigation. The obvious advantages are much thinner and 

much larger area devices than silicon. The whole volume out to the drift chamber could 

be filled with many high resolution layers. If tests by CLEO colleagues at Ohio State and 

Purdue are productive, a prototype could be incorporated into CLEO II with the silicon 

microstrip detector. 

Our philosophy toward particle identification at the B-Factory is to do the best job 

possible without degrading charged particle momentum and photon energy resolutions. This 

rules out RICH counters which introduce too much material in front of the Csl calorimeter. 

Aerogel Cerenkov counters remain a possibility for 7r-K separation to higher momentum but 

no development is presently taking place by CLEO. The main emphasis is to continue to 

depend on dE/dx and time-of-flight. The CLEO II time-of-fiight resolution at present is 

about 135ps in the barrel scintillators. A program is underway to test improved counters 

incorporating magnetic field insensitive photomultipliers directly on the scintillator. Twice 

as many photons will be collected and the dispersion in the path length of the photons will 

be reduced even employing the present size scintillation counters. Further improvements 

may be possible by employing segmented scintillation counters or scintillation fiber arrays. 

Generally a time-of-flight resolution of 85 ps was used in the B-Factory Monte Carlo studies. 

High trigger rates and large event sizes will require new approaches to the triggering 

and data acquisition electronics of a B-Factory detector as also will be true for many other 

next generation collider experiments. Trigger information and data will be saved in pipelines 

until a decision can be made to further process an event in an online processor array. Such 

a system will be essentially deadtimeless. The present operating conditions at CESR, and 

CLEO II provide a point from which to extrapolate with some confidence the expectations 

and requirements at a B-Factory. The present CLEO II trigger rate for processes of interest 

at a B-Factory are about 2 Hz at a luminosity of 5 x 1 0 3 1 c m ~ 2 s _ 1 . Event size is about 

7 kilobytes but in a detector for a B-Factory this will be considerably larger, approaching 

100 kilobytes because of the large number of silicon strips in the vertex detector. The 

requirements are summarized in Table 11. The full implementation of pipelining needed to 

meet these requirements will be adequate even for luminosities of 1 0 3 4 c m ~ 2 s _ 1 . An interim 

approach will be pursued that takes parallel data paths to the limit of present hardware. 
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Table 11: Summary of Data Acquisition and Trigger 

Event Size: < 100 Kb 

Trigger Rate: Before Level-,'3 < IK Hz 

After Level-3 ~100 Hz 

Average Flow: Before Event builder ~ 100 Mb/sec 

(~ 1 Mb/sec/crate) 

After Eventbuildcr ~ 100 Mb/sec 

(~ 5 Mb/sec/link) 

After Level-3 ~ 10 Mb/sec 

( ~ l / 2 Mb/sec/link) 

1 o J ape ~ 10 Mb/sec 

Bandwidths: Crate Backplane ~ 20 Mb/sec 

CC -» EvBldr ~ 10 Mb/sec 

EvBldr - • L3-CPU ~ 50 Mb/sec 

L3-CPU-> Tape Server ~ 10 Mb/sec 

CPU: On-line ~ 2000 MIPs 

Off-line ~ 10000 MIPs 

As presently installed the event rate is about 6 Hz at 90% livetime and the modifications 

underway will take this to 50 Hz. Pushing this approach further with more crates and crate 

controllers on each half crate can approach an event rate of 150 Hz. This, together with 

a faster, tighter trigger system, is adequate for all of the 6-physics and much of the other 

physics requirements to luminosities over 10 cm~~s . 

5. Summary 

The CESR and CLEO II combination provide an excellent foundation upon which to 

build an 8 GeV on 3.5 GeV asymmetric energy B-Factory. The presenl tunnel and many of 

the components of CESR can be used in the new two ring design. A crossing angle scheme 

for beam separation and superconducting rf accelerating cavaties will be incorporated. The 

CLEO II detector, especially the magnet, muon detectors and Csl electromagnetic calorime

ter, can provide the basis of a new detector. Interesting physics is waiting to be discovered. 
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A MEASUREMENT OF Re(eVe) WITH DOUBLE-BEAM TECHNIQUE 

Hitoshi Yamamoto* 
(representing the E731 collaboration) 

Enrico Fermi Institute, University of Chicago 
Chicago, Illinois 60637 

ABSTRACT 
A measurement of the direct CP violation parameter Re(e'/e) by 

the E731 collaboration at Fermilab is reported. The double-beam 
method which is designed to control systematic errors is discussed in 
some detail. 

1. INTRODUCTION 

The fact that a mass-and-decay-rate eigenstate KL is not a CP eigenstate 
is an evidence of CP violation. One may wonder, then, why neutron, which 
is not an eigenstate of CP, does not signal an existence of CP violation. This 
can be seen as follows: since Kj^s are not eigenstates of CP, true CP 
eigenstates K+,- can be written as linear combinations of KL,S-' 

K ^ K s - e K L 

K. = K L - e K s , 

where the non-vanishing coefficient e is assumed to be small. Using the 
time evolution of KL,S states KL,S -» exp(-imL,s-rL,s/2)t KL.S , one can write 
the time evolution of, say, K_ state as 

K_-> K_ + e[l-exp(-iAm-AI72)t] K+, 

where Am=ms-mL and Ar=rs-rL- Namely, if e is non-zero, and either of 
Am or AT is non-zero (i.e. mixing is non-zero), then the pure CP-
eigenstate evolves to a mixture of CP- and CP+ states; that is to say CP is 
not a good quantum number. This is referred to as CP violation in mixing. 

Current address: High Energy Physics Lab, Harvard University, 42 Oxford St, 

Cambridge, MA 02138. 
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As far as we know, neutrons don't mix; thus, neutrons do not signal CP 
violation. 

If the CP violation in 2n decays of neutral kaon is restricted to the CP 
violation in mixing, then the rate of CP violation is expected to be 
independent of the isospin of final state; namely r|+-=rioo> where, 

a(K L^7i +7t-) , a(KL-Mt0Jt°) 
r]+-s~^? T T = e + e> 'loos — — — - = e - 2 e . 

a(Ks-Mt+7t-) a(Ks->«W) 
On the other hand, if there is non-vanishing CP violating decay 

amplitude K2—»2TT (CP- to CP+, direct CP violation), then in general it would 
depend on the isospin structure of final state; thus, one would expect TI+. * 
r|00 (or equivalently, e' * 0). Thus, non-zero e' signals the existence of direct 
CP violation, while the converse is not necessarily true. In the standard 
model 1, CP violation arises from a non-trivial complex phase in the CKM 
matrix which should contribute to decay amplitudes as well as to mixing, 
and e'/e of order 0.001 is expected.1 On the other hand, in the superweak 
model of CP violation 2, CP violation is assumed to be caused by a 
hypothetical AS=2 interaction which contributes to mixing but not to decays, 
and the direct CP violation is virtually zero. 

If decay time distribution of a CP definite final state does not have a 
single exponential shape, then it follows that (1) neutral kaon mixes (i.e. 
Am* 0 or AI> 0), and that (2) both KL and Ks decays to the same CP 
eigenstate. The latter can happen only if KL,S are not CP eigenstates or 
there is direct CP violation. Thus, a non-exponential decay for a CP definite 
final state signals CP violation either direct or 'indirect'. It is important 
that the final state be CP eigenstate: the decay distribution of K13 decay is 
not exponential, but it does not imply CP violation, it simply signals mixing. 

In practice, the difference between r\+. and rjoo can be measured through 
the following double ratio: 

r(KL->K+rt-)/r(Ks-Mt+K-J _ h+-|2 _ e' 
d = HKL-MifttPynKjg-MiftiP) " I rioo 1 2 " 1 + e ' 

This measures the component of e' parallel to e (arge = 45° ). The phase of e' 
is given by Jt/2+82-5o, where 8o,2 are 2;t phase shifts in isospin=0,2 states 
respectively. With measured values of 5o,2> one estimates arge' to be 48±8°. 
Thus, Re(e'/e) = I e'/e I. Note the factor of six in front of Re(e'/e): when the 
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double ratio is measured with an accuracy of 0.006, then Re(e7e) is 
measured to 0.001. 

2. STRATEGIES 

The double ratio involves four decay rates to be measured, and in order 
to achieve the desired accuracy, several problems have to be overcome. They 
are: 

1) deadtimes, 

2) gain and efficiency shifts in drift chambers and calorimeters, 

3) understanding of acceptances as functions of P K and decay position, 

4) background subtractions. 

Here, we will focus our attention on items 1), 2) and 3). 3 

2.1 Deadtimes 

These are what can be called "passive inefficiencies", and primarily 
consist of deadtimes caused by data acquisition and accidental hits in veto 
counters (either at trigger stage or at offline analysis stage). These 
inefficiencies are independent of whether the signal is K+n- or jr°jr° as long 
as other conditions (such as beam intensity) are the same, and also 
independent of the kinematics of the decay (thus "passive"). If each of the 
four modes are measured separately in time, these inefficiencies should be 
understood to much better than 1%, which is not an easy task since 
instabilities of beam intensity can readily cause tens of percents of variation 
in the absolute inefficiencies. The problem, however, can be effectively 
solved by taking the four modes in pairs. There are two ways: 

I) take two KL modes simultaneously and two Ks modes 
simultaneously, or 

II) take two Jt+7r modes simultaneously and two rt°Jt° modes 
simultaneously. 

In either case, the probability to lose signals due to the deadtime effects 
are identical for the modes taken at the same time, thus cancel in the 
double ratio. 

2.2 Gain Shifts, Efficiency Shifts in Drift Chambers and Calorimeter 
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These are the instabilities in the parts of the detector which actively 
detect the signals, therefore they depend on whether the signal is charged 
mode or neutral mode, and also on the kinematics of the decay; thus, these 
inefficiencies can be called "active inefficiencies". Some of the drift 
chamber wires may die during the course of the experiment and gains of 
calorimeter blocks may change due to exposure to radiation, and these can 
directly affect the detection efficiencies. Since the variation in the drift 
chamber efficiency and that of the calorimeter are usually independent of 
each other, drifts in the relative efficiencies between the charged and 
neutral modes do not cancel when two K L modes and two Ks modes are 
taken in pairs (choice I above). 

The way around it is to take the four modes in pairs in such a way that 
two modes that use the same part of the detector are taken at the same time 
(choice II above). In this way, for a given kaon momentum and decay 
position, the shift in the detection efficiencies cancel in the double ratio. 

In order to take KL and Ks decays simultaneously, we utilize a double KL 
beam where a regenerator is placed to in one of the beams to provide Ks. 
The regenerator al ternates between the two beams every spill (every 
minute). The cancellations described above are first order effects; higher 
order effects together with more precise accounts of the first order effects 
will be discussed later. 

2.3 Detector and Data 

Figure 1 shows the side view of the E731 detector. Neutral kaons are 
generated by 800 GeV protons hitting a Be target which is formed into a 
double beam through a two-hole collimator. The regenerator is a 2-
interaction-length B4C block implemented with veto counters to reject 
inelastic scatterings and is placed a t 2=123m (z is the distance from the 
target). The material is chosen for its optimum A value and density, and 
the length is adjusted to minimize diffractive scattering. Neutral decays are 
reconstructed by a 804-block lead-glass array with photon energy resolution 
of 2.5+5/ V E(GeV)%, and charged decays are reconstructed by a 200 MeV-
kick magnet and 16 layers of drift chambers with single-hit position 
resolution of 100 um. In addition, 11 layers of photon veto counters are 
employed to detect photons escaping the calorimeter. These photon veto 
counters were crucial in reducing a dominating non-kaon background in 
neutral mode which comes from 37t° final states. 
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Figure 1. Side view of E731 detector. 



The data collection lasted from August of 1987 to February of 1988, and 
data analysis have been completed for 20% of the data where all four modes 
are taken simultaneously, which gives additional benefit of, among others, 
being able to use high statistics charged mode events (such as Ke3 decays) 
for calibration of the calorimeter and aperture surveys. 

The statistics for the 20% of data is: 

K L - ^ + J : - 43357 (0.42%), 

Ks->n+7T 178803 (0.12%), 

KL->rc07c0 52226 (5.15%), 

Ks->Jt°Jr° 201332 (2.57%), 

where numbers are before background subtractions while the percentages 
in the parentheses are background fractions. The dominating background 
in the neutral mode is due to non-coherent kaons that emerges from the 
regenerator 3 . With small corrections due to acceptances and the KL 
component in the Ks beam, the result for Re(e'/e) is -0.0005±0.0014 where 
the error is statistical only. In the following, we will analyze the double 
beam method in detail and attempt to obtain insights into systematic errors 
involved. 

3. ANALYSIS OF DOUBLE-BEAM METHOD 

3.1 Mathematical Formulation 

The double beam is taken at a horizontal targeting angle of 5 mrad, and 
the two beams are separated vertically so that their momentum 
distributions are similar. Yet small differences in momentum distribution 
and intensity remain due mainly to a non-vanishing vertical targeting 
angle. In fact, the mean momentum was found about 1% higher for the 
bottom beam; its effect on the final result, however, was found to be 
negligible. 

We denote the KL flux (number of kaons per second at the upstream face 
of the regenerator) in the two beams by fj(P)dP, where i = 1 (top beam) or 2 
(bottom beam) and P is kaon momentum. Right after the regenerator, the 
KL beam is attenuated by a factor s(P), and the regenerated Ks amplitude is 
given by p(P) = amp(Ks)/amp(KL). The regeneration amplitude p varies as 
P _ o t with a =0.6, while the attenuation s is consistent with being 
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independent of P. Both s and p are specific to the regenerator block and do 
not depend on weather it is in the top beam or in the bottom beam. 

For a given momentum P and decay position z measured from the 
regenerator, the probability for a decay to be detected (detection efficiency e) 
depends not only in which beam the decay occurred but also in which beam 
the regenerator is in at that time. The detection efficiency could depend on 
the beam of the decay when, for example, there are more dead drift 
chamber wires in the top half or if the energy resolution is systematically 
worse in the top half of the calorimeter. It could also depend on the position 
of the regenerator if, for example, some veto counters near the regenerator 
are more efficient for the top half and the probability of accidental veto is 
greater when the regenerator is in the top beam. Thus, the numbers of 
events detected per second Y(P,z)dPdz for the top or bottom beam (subscripts 
1 and 2) and for the case regenerator is up or down (subscripts u and d) are 
(Figure 2) 

Yiu(P,z) = fi(P) s(P) I p(P) 12 gS(P,z) e l u 

Y2u(P,z) = f2(P) lr | |2g L (P,z)e 2 u 

Yid(P,z) = fi(P) lni2gL(P,z)eid 

Y2d(P,z) = f2(P) s(P) I p(P) 1 2 gs(P,z) e2d. 

where r| = r|+_ or n.00 depending on the final state, and the geometric factors 
gL and gs depend only on whether it is Kt or Ks: 

gL,S = n K s - ^ K ^ z 
exp(- ) 

ALS 
where AL,S are the KL.S decay lengths, ITIK the kaon mass. The quantity 
within the square bracket is included here for normalization. The 2JI decays 
from the transmitted KL beam in the Ks beam is neglected (it is included in 
the final analysis). This is adequate for the discussion of systematics. 

In order to calculate the double ratio Rd, one has to combine the 
regenerator-up data with the regenerator-down data to obtain the KL-KS 
yield ratio r for each final state; there are two ways: 

a) simple mean 

= Y 2 u +Yid ^ f2 e ^ + fi eid I r\ 1 2 g L 
r " Y i u + Y 2 d fj eiu + f 2 £ 2 d I p 1 2 s gS ' ° r 
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b) geometric mean 

_ (X2uYi4y/2 teueidM^ 1 T\ 1 2

 g L 

r ~(Yi u Y 2 dJ = (eiue2dJ I p 1 2 s gS ' 

Note that the flux difference between the top and bottom beam canceled 
in the geometric mean. Also, it is straightforward to see that the statistical 
power is the same for both methods as long as Y2U and Yid are comparable 
and Y i u and Y2d are comparable. The parameters p, s, and gL,s are 
common to both charged and neutral final states; thus, if one uses the 
geometric mean for both final states and form the double ratio, then one 
obtains Re(e'/e) provided that e2U Eld = eiu £2d-

r In |2 
^ = ^ = 1 *~i>> = l + 6Re(e'/e)> if e2„eid = e J u e 2 d . (D 

r00 I rioo 1 2 

This condition is equivalent to saying that the detection efficiencies can be 
decomposed as below: 

eiu = ei-eu, e2u = e2-eu, 

eid = eied, e2d = e2-ed. 

Before examining actual meaning of the above mathematical 
arguments, it is worth noting that even though the cancellation is not 
complete for the simple mean method it still is highly effective. For 
example, fi^ drop out if ei=62 and eu=ed , ei,2 drop out if eu=ed and fi=f2, and 
ei2 drop out if eu=ed and fi=f2 (assuming the decomposability). In fact, both 
methods were tried in the final analysis and they gave consistent results 
within 0.0001 in Re(e'/e). 

3.2 Check of the Cancellations 

The effects that can cause ei*62 are up-down asymmetries in the detector 
such as aforementioned dead wires in the top half of detector. The effect 
that can cause eû Ed is the asymmetry in the intensity of the two beams that 
results in different accidental veto rate depending on which beam the 
regenerator is in. Or it can also be caused by an up-down asymmetry of veto 
counters coupled to the position of the regenerator as described earlier. As 
shown above, however, these asymmetries do not cause biases if the 
detection efficiencies are decomposable as in (1). Figure 3 shows the 
accidental veto rate of a photon veto counter for KL,s->t07t° plotted as a 
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Figure 3. Fraction of good events killed by a photon veto for KL-»2n0 

(a) and Ks->2ic° (b) plotted as a function of time. 



function of time (for the 20% of data). The cut is tightend to kill about 10 
times more than the one used in the actual analysis to enhance possible 
biasing effects. The veto counter is located right downstream of the 
regenerator, and thus could cause a bias through eu*ed. Even though the 
veto rate changes substantially with time, the ratio of KL to Kg is constant 
within the statistical error (the plot is equivalent to the simple mean). The 
plot demonstrates the first order cancellations described in 2.1 rather than 
the higher order effects discussed here. If the second order effects are 
large, however, it could certainly show up in the plot. 

3.3 Biases that are not cancelled 

What could invalidate the decomposability of the detection efficiencies? 
The condition (1) is rewritten as 

eiu eid . , ., eiu £2u 
— = — , or equivalently, — = — . 
E2u £2d Eld 62d 

Namely, the necessary and sufficient condition for the method of geometric 
mean to cancel the efficiency asymmetries is that the ratio of the detection 
efficiency of the top beam to that of the bottom beam does not depend on the 
position of the regenerator (or equivalently, the ratio of efficiencies for the 
regenerator up to down does not depend on whether it is for the top or 
bottom beam). The difference between the total integrated fluxes of 
regenerator-up data and regenerator-down data, which can be caused by 
fluctuation of beam intensity, has the same effect as eu*ed, and thus causes 
no bias. 

In order for the ratio of top-beam to bottom-beam efficiencies to depend 
on the position of the regenerator, it is necessary for the decay products to 
interact with some effects caused by the regenerator. Thus, they should 
have to do with "active inefficiencies". Possibilities are: 1) charged mode 
trigger plane counters, and 2) accidental overlaps both in neutral and 
charged modes. 

The charged mode trigger hodoscope is located at the end of decay 
volume. The scintillators run vertically so that each counter sees the entire 
vertical fiducial distance covering both beams. Individual counter is looked 
on each end by a phototube and pulse heights from two ends are analog-
summed before discriminated to generate a trigger. This design combined 
with a high efficiency ( 99.7%) ensured that inefficiency is not caused 
preferentially to the decays in the Ks beam (or KL beam). 

KW 



The accidental hits in the tracking chambers and the calorimeters are 
found more around the KL beam (only in the regions close to the 
regenerator the accidental hits are more in the neighborhood of the Kg 
beam). Since the chamber hits or the photon clusters from kaon are 
centered around the beam of origin, this could cause the KL decays to be 
killed more than Ks decays due to accidental overlap of hits. In order to 
study these effects, "accidental events" are taken throughout the run 
triggering randomly on RF buckets. 4 The amount of accidental hits 
depends on triggering requirements and offline cuts. After proper veto cuts 
are applied, the accidental events had an average of 0.027 clusters and 8.5 
drift chamber hits. These accidental events were overlaid on Monte Carlo 
2JI events to find out possible biases. The losses were about 3% for each mode 
and there was no bias observed within a statistical error of 0.07% in Rd 
which we take as the systematic error due to accidental overlap effects. 

3.4 Momentum and Vertex Distributions 

In the calculation of the double ratio, the factor gL / (I p 1 2 s gs) dropped 
out because it is common to both neutral and charged mode, which is not 
the case if P and z are not measured correctly either due to errors in energy 
scales, alignment of chambers, or due to finite resolutions. The result, 
however, is not affected if gL / (I p 1 2 s gs) is a constant, or the true P,z 
distribution of Ks is the same as that of KL. In general, it is desirable to 
have similar P,z distribution for KL and Ks-

When integrated over z, the P distribution for KL is quite similar to that 
of Ks (Figure 4). This is because the boost factor 1/P for KL is closely 
matched by the momentum dependence of I p 1 2 « P - 1 - 2 . However, the vertex 
distribution is quite different for KL and Kg (Figure 5). This makes it 
important to understand the acceptance as a function of z. The acceptance 
is obtained by a detailed Monte Carlo simulation of beam and detector; thus, 
a good check of acceptance is to see the agreement of z vertex distribution 
between data and the Monte Carlo. Figure 6 shows the comparison of z 
distributions of data vs Monte Carlo for KL-»ff+Jt~ decays. The dotted line 
corresponds to an error that would cause the Re(e'/e) value to increase by 
0.0033, which appears to be unlikely. The agreement is equally good in the 
neutral mode. Also, the acceptance was studied using lxlO 7 Ke3 decays and 
6xl0 6 3K° decays, both of which showed excellent agreements between data 
and Monte Carlo. Together with the fit to i s and Am which gave values 
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Figure 4. Kaon momentum distributions for KS-»2JI° (a) and KL-»2JC<> 
(b). 
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Ratio of data to Monte Carlo is shown in (b). The dashed line 
corresponds to a 2% error in the double ratio. 
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consistent with accepted values, the systematic error due to acceptance is 
estimated to be 0.25% in Rj. 

3.5 Moving the Regenerator or Target 

A possible solution to the different z distribution for KL and Ks is to move 
the regenerator (or a Ks target as in the case of the NA31 detector6) along 
the beam to make Ks decays mimic the flat KL distribution. There are, 
however, rather fundamental incompatibilities between the double beam 
method and the method of moving target/regenerator. 

First, in the double beam method, the distance between the two beams 
has to be as small as possible in order to reduce the biases discussed above; 
thus, when the target or regenerator moves over a substantial distance 
longitudinally, it comes in the way of decays that occurs upstream of it 
(namely the decays upstream hit the regenerator). 

Second, the target/regenerator motion method partially defeats the 
purpose of the double beam method in the following way: Suppose that the 
detection efficiency becomes small toward the down stream end of the 
fiducial region (Figure 7). Then, when the target/regenerator is near the 
downstream end it will spray the nearby veto counter with debris causing 
an inefficiency. This does not affect Ks yield much since the detection 
efficiency for Ks in this regenerator position is small to begin with. The KL 
yield, however, is directly affected since KL is taken in the whole fiducial 
volume in this configuration also. Thus, it becomes necessary to 
understand the relative inefficiency caused by the veto as a function of the 
target/regenerator position which is a non-trivial task. 

4. CONCLUSION 

We have discussed possible systematic errors in measuring the 
parameter of direct CP violation e'/e, and shown that most of them can be 
effectively handled by the double beam method, and that the ones that are 
not taken care of by the method can be independently estimated or 
controled. Together with an systematic error due to background subtraction 
of 0.18% in Rd, the final result is 6 Re(e'/e) = -0.0004±0.0014(stat)±0.0006(syst). 
This result is consistent with the superweak model and does not confirm 
the NA31 experiment which reported7 an evidence for direct CP violation 
(Re(e'/e) = 0.0033±0.0007(stat)±0.0008(syst)). The standard model of CP 
violation, however, can still account for such a small value of Re(eVe)1. 

— 108 — 



detection efficiency 

KL beam 

KS beam 

veto counter 

Figure 7. One source of conflict between the double-beam method and 
a method that moves the regenerator or target. If the last 
station causes a large accidental veto, it will affect 
predominantly the KL sample, but not the Ks sample since 
the detection efficiency of Ks decays when the renererator 
(or a target) is at the last station is small. 
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Masking System and Background Estimation 
at the Interaction Region of KEK B-Factory 

S. Uno 

KEK, Natinal Laboratory for High Energy Physics, 
1-1 Oho, Tsukuba, Ibaraki 305, Japan 

1. Introduction 
There are two sources of beam background in any e+e~ collider experiment. 

One source is synchrotron radiation from the bending magnets and quadrupole 
magnets. The synchrotron radiation photons produce signals in the detector via 
both the photoelectric effect and Compton scattering. If these rates become too 
high, true tracks cannot be reconstructed. Another problem involving radiation 
damage may occur due to a large dark current. Photons with an energy greater 
than 100 keV produce signals in the time of flight (TOF) counters, causing severe 
problems in the trigger rate. Another source of background comes from spent 
electrons (off-momentum beam particles generated by interactions with residual 
gas) which hit the beam pipe near the interaction region because of over-bending 
(over-focus) at the nearest bending magnets (Q-magnets). When this happens, 
electromagnetic showers, or sometimes hadronic showers, are generated along with 
many daughter particles. The charged particles in such showers produce curler 
tracks inside the inner part of the detector. Photons, on the other hand, hit the 
TOF counter and the shower counter primarily in the small-angle region. Charged 
tracks originating from a hadronic shower may have a large transverse momentum, 
thus causing fake triggers. To reduce such background, careful design of the masking 
system is important. We have designed a masking system based on the insertion 
design shown in Fig. 1. 

2. Synchrotron Radiation 
Although the critical energy of synchrotron radiation is rather low in the pro

posed B-factory, 10~50 keV, the number of photons with energy greater than 5 keV 
is as large as 10'° per beam crossing; the fraction of these entering the detector ac
ceptance through scattering at the edges of the masks or scattering along the beam 
pipe wall far from the interaction region becomes non-negligible. They must be 
reduced by a set of several masks and the optimized radius of the beam pipe. Fig
ure 2 shows the cross section of the beryllium beam pipe surrounding the interaction 
point. The horizontal aperture is 60 mm and the vertical aperture is 30 mm. This 
large horizontal aperture is necessary in order to prevent any synchrotron radiation 
from BEND from hitting the beryllium beam pipe. 
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Figure 3 shows an arrangement of horizontal masks. The aperture is chosen 
so that photons emitted by the beam particles within 10az of the beam size at 
BEND, QCD, QC311, 1JNDL, and QC2L do not hit the beryllium part of the beam 
pipe wall and mask-A directly. Photons emitted outside of 4.6crx at QC41I can hit 
mask-A if they are not intercepted; they arc , however, obstructed by the beam pipe 
wall near QC3H. Figure 4 shows the shadowed region caused by mask-A. Photons 
scattered along the beam pipe wall within this region do not hit the beryllium beam 
pipe directly. The number of photons which can reach the beryllium beam pipe 
by scattering outside this region are reduced by adding mask-C. This mask must 
be placed inside the shadowed region in order to avoid being hit by I0crx photons. 
Mask-C and a movable mask placed either outside of QC4JI or QC2L stop most 
of the photons emitted at the far away magnets not shown in Fig. 1. Since the 
vertical beam size is much smaller, only a small mask at mask-A is necessary to 
stop back-scattered photons. 

In this proposed design, the beryllium beam pipe is shielded against both direct 
and once-scattered photons emitted within 1GV of the beam size at all magnets 
shown in Fig. 1. It is estimated that the number of photons entering the detector 
is less than 10~ 3 per beam crossing, which we think is negligible. If the beam size 
happens to be much larger than the design value, photons emitted at QC3H and 
backscattered at mask-A will start to reach the detector. For example, if the beam 
emittance is four times larger, photons from the beam particles above 8.5<rx will hit 
mask-A directly. We believe this is still safe. 

3 . S p e n t E l ec t rons 
Background contributions from spent electrons were studied using the DECAY 

TURTLE code, which includes the bremsstrahlung process. OfT-momentum parti
cles in an 8-GeV beam produced upstream of QC3II are swept out by QC3II. Their 
horizontal distribution at the z-posilion corresponding to mask-B is shown in Fig. 5 
(1). Particles at larger horizontal distance have a smaller momentum, and particles 
below 5 GeV are cut out. Particles passing through mask-B clear mask-A, as can be 
seen in Fig. 5 (2), where the horizontal distribution at the z-position of mask-A is 
shown. Leakage of showers generated at mask-B can be stopped with a combination 
of mask-A and another shield which covers the outside of the beam pipe at inask-B. 
Without mask-B, off-momentum particles hit mask-A. Since mask-A is very close 
to the detector, it is difficult to stop a leaking shower from it. It may be necessary 
to distinguish true triggers from those originating from the masks by requiring a 
stringent z-coordinate cut. For a low-energy beam, BNDL plays a similar role as 
does QC3H in the high-energy beam. 

OfT-momentum particles produced inside QC3H or BNDL are swept out at 
BEND and hit both mask-A and the beryllium beam pipe. Their energy is about 
2 GeV for both beams. If the vacuum pressure in the interaction region is 10~ 9 
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torr, the rates of direct hits are 0.8 and 8 kHz for an 8 GeV, 0.26 A beam and a 
3.5 GeV, 0.55 A beam, respectively. Based on experience at TRISTAN, we think 
that these rates are manageable. 

During injection, the beam loss might be significantly larger. If they hit the 
masks near the interaction point, a problem of radiation damage might occur. This 
can be prevented by placing another mask far away from the interaction point 
and set its jaws closer to the beam compared with that of the IR masks. Oide's 
calculation 1 shows that this schema is possible. 

In conclusion, it is possible to make a good condition for beam background by 
using many masks and a beryllium beam pipe with an optimized radius. 

Re fe rence 
1) K. Oide, Talk presented at International Workshop on Accelerators for Asym
metric B-Factories, October 1990, Tsukuba, Japan. 

Figure Captions 
Fig. I Layout of the interaction region. 
Fig. 2 Cross section of the beryllium beam pipe. 
Fig. 3 Arrangement of horizontal masks. 
Fig. 4 Region shadowed by mask-A (hatched area). 
Fig. 5 Number of particles passing through the IR beam pipe. 
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Figure I: Layout of the interaction region. 
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Figure 2: Cross section of the beryllium beam pipe. 
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Masking System and Beam Pipe 

Figure 3: Arrangement of horizontal masks. 
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Figure 4: Region shadowed by mask-A (hatched area). 
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Figure 5: Number of particles passing through the IR beam pipe. 
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Heating at the Interaction Region 

K. Akai 

1. Introduct ion 
Masks will be located at the interaction region (IR) in order to reduce any 

synchrotron-radiation background in the detector. When bunches pass the masks, 
wake fields are generated and a part of beam power is extracted as the higher-order 
mode (HOM) rf power. Some part of the HOM rf power will propagate out from 
the IR, but other part will be absorbed at the Be pipe in the IR, where effective 
cooling is quite difficult. In addition to the HOMs generated at the masks, ohmic 
loss at the Be pipe and HOMs propagating from outside the IR also heat the Be 
pipe. In this report we estimate the power loss at the Be pipe in order to design 
the masking system at the IR. 

The present design of the IR is shown in Fig. 1. In the IR we have a Be pipe 
with a race-track shape and a length of 20 cm around the colliding point. Detailed 
design of the IR will be described elsewhere. 1 ' ' 2 ' Since beam pipes including the 
masks outside the Be pipe can be cooled effectively, we consider here only heating 
at the Be pipe. 

2. H O M s Generated at Masks 
It is difficult to estimate the HOM loss accurately, since the IR forms a rather 

complicated structure. As an approximation of the power loss at the Be pipe, we 
examined cylindrically symmetric structures. We tried two independent methods: 
one was by using TBCI 3 ' and the other by using URMEL. 4 ' After the HOM loss was 
estimated with the cylindrically symmetric structure, we took account of difference 
between the cylindrical model and the actual structure. 

A calculation with the TBCI gives the wake potential, V(t), and a loss factor, k, 
which gives the total energy lost by a bunch of unit charge passing through the IR. 
However, only a part of the power lost by the bunch is absorbed at the Be pipe. A 
ratio of the power dissipation at the Be pipe to the total loss depends on the shape 
of the IR. If there is no cavity-like structure including the Be pipe region, most of 
the energy loss of the bunch is expected to propagate down the beam pipe from 
the IR. The method to estimate the ratio by using the TBCI will be presented at 
first. If the Be pipe and masks form a cavity, on the other hand, a large amount of 
energy can be stored as resonant modes. In this case we use URMEL in order to 
determine the resonant modes, as will be discussed afterwards. 

We suppose that the bunch is Gaussian with a r.m.s. bunch length, cr1. The 
power spectrum of the radiated HOM in the frequency domain is obtained by 
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Fourier-transforming the wake potential calculated from TBCI. Then spectrum of 
the deposited power is 

P(u)du = V(w)/"(w)dw, (1) 

where 

V(») = - ^ f V(l)e-**dt (2) 

and 

I(u,) = - ^ j I(t)e-^dt. (3) 

Wake fields well above the cut-off frequency of the Be pipe will propagate down 
the beam pipe. If we consider the propagation of a TMom mode wave in a circular 
waveguide, the group velocity, Vg, is represented as 

W'-^)' (4) 

where rb, w, j 0 m and c are the radius of the Be pipe, the angular frequency, the 
m-th zero point of the zero-th Bessel function and the velocity of light. 

The wall loss per unit length, P, is 

P = Poe-a\ (5) 

where a is 

/iff rbVg 

a is the conductivity and fi = 4ir x 10~7(fis/m). The ratio of the power absorbed 
at the Be pipe to the total radiated power is 

CPoe—dz ' [ < ) 

where L is the length of the Be pipe. The power dissipated at the Be pipe is 
represented as 

WBe = 2 r R{u)V(u)r{u)<L>. (8) 
Jo 

We estimate R(w) in the case of the KEK B-Factory assuming the propagation 
of a TMOl mode wave. Vg/c and a for the TMOl wave as functions of frequency are 
shown in Fig. 2, taking n,=27 mm and <r=3.57 x 107/ftrn. The cut-off frequency is 
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4.25 GHz. In the frequency range from 4.7 to 40 GHz, 1 /Q is of the order of 100 m 
and R is only 0.2%. As for in a frequency range of higher than 40 GHz, 1/a reduces 
in proportion to l / y C a n d R becomes larger. However, in this frequency range the 
power lost by a bunch is negligibly small, assuming that the bunch length, az, is 5 
mm. Wake fields near the cut-off frequency, on the other hand, have a low group 
velocity and can not propagate very far by the time the next bunch arrives at the 
IR. Thus not a small part of the power will be absorbed at the Be pipe. We assume 
here that all of the power below 4.7 GHz is absorbed at the Be pipe. 

In case a Be pipe and masks form a cavity, we must take the resonant modes 
into account. A calculation with the URMEL gives the frequency and R/Q for each 
resonant mode. The stored energy in the Be pipe region is calculated as 

•"—Sid)- , 9 ) 

where all modes below the cut-off frequency are summed. 
In both cases, the total power absorbed at the Be pipe is 

C/ 2 4- / 2 \ 
PBe = W B e 7 + V ' (10) 

Jrev * •''4 
where 7C+, / c - , / r f ,„ and Nb are the beam current of positrons, that of electrons, the 
revolution frequency and the number of bunches, respectively. 

Although the final design of the masks has not yet been decided, two examples of 
masks are examined here. In the following calculation, we consider the 1/5 bucket 
filling option at step 1 with the luminosity of 2 x 1 0 3 3 c m _ 2 s _ 1 , taking 7 e+=0.52 A, 
7 e -=0.22 A, / r e u = 2 3 5 kHz and ^ = 4 3 2 . 

(A) Two horizontal masks 
One example of the masking system is shown in Fig. 3a. It comprises two 

horizontal masks, one of which is attached at the inner side of the ring to reduce 
the radiation background from HER; the other is attached at the outer side to 
reduce that from LER. These masks are located next to the Be pipe. 

The IR region including the masks is approximated as being a cylindrically 
symmetric structure. Two horizontal masks are brought together in one cylindrical 
mask. Since the beam pipes near the Be pipe are larger than the Be pipe, we 
consider that no cavity structure exists including the Be pipe region. The input 
data used for TBCI calculation is shown in Fig. 3b. 

TBCI calculation gives k = 0.12 V/pC. The total power lost by the beam is 
377 W. The power spectrum in the frequency domain shows that 90% of the total 
power is in the frequency range from 4.7 to 40 GHz and that the power lost below 
4.7 GHz is 44 W. 

We next consider the difference between the cylindrical model and the actual 
structure. We calculated a cylindrically symmetric structure with a round mask. 
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Actually, each mask is located at only one side of the beam pipe in the case of this 
example. We estimate the ratio of the generated HOMs in the actual structure to 
that in the cylindrical model as follows. If we consider that it is equal to the ratio 
of areas, it is 14%. If we consider that it is equal to the ratio of angles seen from 
the beam axis, on the other hand, it is 38%. Combining these two viewpoints, we 
assume that the ratio is 30%. Furthermore, the generated wake field propagates 
in both directions, toward the Be pipe and in the opposite direction as well. We 
exclude half of them from the estimation of wall loss at the Be pipe. 

Finally the estimated wall loss at the Be pipe is 

(377 x 0.9 x 0.002 + 44) x 0.3 x 1/2 = 6.7( W)-

(B) Two race-track shaped masks 
Another example of the masking system is shown in Fig. 4a. This comprises 

two race-track shaped masks attached around the beam pipe. The input data used 
for TBCI calculation is shown in Fig. 4b. Similar to the case of the two horizontal 
masks described above, the spectrum of the power lost is calculated using TBCI. 
The power below 4.7 GHz is 62 W. 

In this case there may exists trapped modes in the Be pipe region, since it is 
surrounded by two masks, which form a cavity. The frequency and R /Q of the 
resonant modes were calculated using URMEL. Table 1 shows the main resonant 
modes below the cut-off frequency. The sum of the loss factor of these three modes 
is J2 & = 2 X 10 1 0 V/C. The power extracted from the beam through these modes is 
63 W, which is in good agreement with the result from TBCI calculation. 

Table 1. Main resonances of the IR with two race-track shaped masks. 

modes freq.(MHz) R/Q(ohm) fc (V/C) 
TM010 4289 0.007 9.4 x 10 7 

TM011 4408 0.60 8.3 x 10 9 

TM012 4607 0.81 1.17 x 10 1 0 

3 . Ohmic Loss 
The ohmic loss power per unit area is represented as 

P - W - x l & * ' ( 1 1 ) 

where W0 is the ohmic loss energy caused by one bunch with a total charge of 1 
coulomb. If we assume a Gaussian bunch, W„ is 

W0 = 3.92 x 10 - 6 x 1 x (—) * x J-. (12) 
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Taking rb—27 mm, o- z=5mm and <r=3.57 x 10 7 / nm, and multiplying the power by 
the area of the Be pipe, the ohmic loss power absorbed at the Be pipe is estimated 
to be 1.4 W. 

4. H O M from the Ring 
HOM rf is generated around the ring. Some part of them propagates toward the 

IR and is absorbed at the Be pipe. It is not easy to estimate the total impedance of 
the ring. We thus use the total impedance measured in the TRISTAN Main Ring 
and scale it down to the KEK B-factory according to the ratio of the circumference. 
The loss factor of the TRISTAN Main Ring was measured to be fc=1000 V/pC with 
the bunch length of 5 mm 5 ' . Then, the loss factor of the KEK B-factory is estimated 
to be 424 V/pC and the total power lost by the beam around the ring is 1.3 MW 
in the case of step 1. Assuming the power is dissipated uniformly around the ring, 
the additional heating at the Be pipe is 200 W. Actually, a part of them whose 
frequency is below the cut-off frequency of the Be pipe does not propagate to it 
and should be excluded from the estimation of the heating at the Be pipe. 

Summary 
We estimated the power loss at the Be pipe in the IR in the case of 1/5 bucket 

filling option with the luminosity of 2 x 1 0 3 3 c m - 2 s - 1 . If we use two horizontal 
masks, the power dissipation at the Be pipe caused by HOMs generated at the 
masks and by ohmic loss amounts to about 8 W, assuming that there is no cavity 
structure at the IR. In the case of two race-track shaded masks around the beam 
pipe, about 65 W will be absorbed at the Be pipe. In addition, HOMs propagating 
from outside the IR is estimated to be less than 200 W. If this additional power 
loss is undesirable, some absorbers will be needed. 
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Figure 1: The present design of the interaction region. 
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Propagation of TMom mode 
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Figure 2: The group velocity and the attenuation constant of TMOl mode 
wave. 
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Figure 3: (a) A masking system with two horizontal masks, 

(b) The input data for TBCI. 
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Figure 4: (a) A masking system with two race-track shaped masks, 
(b) The input data for TBCI and URMEL. 
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Present Status of Lattice QCD 
KEK Masanori Okawa 

We review the present status of Lattice QCD evaluation of 

1. hadron mass MX 

2. me«!on decay constant frtK,D,B 

3. form factor of semi-leptonic decay f+'°(g2) 

4. B parameter. 

These quantities are extracted from the long distance behavior of hadron 
Green functions. For example: 

• Denote the meson field made from H and L quarks as ^BL(X) = HfsL-
Then the meson mass M%L is estimated from the long distance behavior 
of the two point meson Green function as 

V 0 ) \ 7 °5L(t) 

• Decay constant fgL of (HL) meson is extracted from the two point Green 

function of $ ^ £ and the axial current A^ =• H-f^L 
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(4>(0* i L (0 ) ) — \fBllM6Le*p{-MBLt) (2) 

<I>- ( 0 ) 
HL 

A 0 ( t ) 

• Form factor of (HL) —* (LL)tv semi-leptonic decay is estimated from the 
three point Green function of $£L and the vector current J^ = Hf^L 

zTrz\!} 
( • z ^ i W O ) * ^ . ) ) , - jitjf; (LLU^HL) e-'un-* 

* ^ a J 

tj—.-oo HL^LL 

*z*0 

,M 

(3) 

• B parameter corresponding to (HL) *•* (LH) transition is extracted form 

the three point Green function of $ftL and the four-fermi weak interaction 

operator Oyy = {Hj^l — fs)L}2 
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(*i L «i)OKr(0)#kto)) , — j ^ y (LH\0W\HL) t-*»#«M) (4) 

(LH\0W\HL) = -J\LM\LB, HI (5) 

°HL<V <*>- (t , ) 

As shown in the above diagrams, the hadron Green functions are made from 
several quark Green functions. 

Now to make the path integral well-defined 

(OW) = jjj[d^x)-0(<p)e-s^ (6) 

and to estimate quark Green functions numerically, we formulate QCD on an 
L3 x T lattice. 

ha~1 
-aL-
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Here a is the lattice spacing. Suppose the typical mass scale of the theory is given 
by M. Lattice QCD provides physically meaningful result only when a, L, M 
satisfy the following relations; 

• i - < M < - (= A) (7) 
La a 

The first inequality requires that the lattice size should be greater than the 
particle size and the second inequality requires that the cut-off \ja should be 
larger than the typical energy scale of the theory. 

Lattice QCD involves the four parameters. They are 

g, mq, a, L (8) 

Here g is the coupling constant of gauge interaction, and mq is the dimensionless 
quark mass measured in unit of \/a. On the lattice, the hadron mass M%at is 
also measured in unit of 1/a and is dimensionless 

( * » , ) *'(())) ^ Jfceri-Mpm) (9) 

Here nt is the integer denoting the time component of lattice coordinate. From 

eqs. (1), (9) and from the relation t = nta, we obtain 

M* = a-1 M$"(g,mvL). (10) 

We fix the scale of the lattice QCD by demanding 

M„ = 770 MeV = a~lMJ;at{g,mq,L). (11) 

Then the cut-off a~l becomes the function of g, mq, and L 

_x _ 770 MeV 
a ~ Mf«is,mvL) { U ) 

When m„ = 0, L = oo, the g dependence of Aff"' is known from the analysis of 
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renormalization group and is given by 

M^(g) = const. . « p ( - ^ - j ) (13) rLat{g) . 1 

const. . 1 
" 770 M e V 6 ^ " ^ ( 1 4 ) 

Here /?o is the first coefficient of the 8 function. We see that the continuum limit 

a —• 0 is realized as g2 —• 0 ( asymptotic freedom ). 

In the quenched approximation in which we neglect the effect of sea quark, the 

largest simulation made so far used 243 x 40 lattice with j3 = Q/g2 = 6.0, mq = 
0.01.2 

The full QCD simulation includes the effect of sea quark and is done on the 
20 3 x 20 lattice with /? = 5.7, mq = 0.01. In the following, we explain to what 
extend the physical quantities are estimated based on the data in the quenched 
approximation. 
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0 Hadron mass 

We study the mq dependence of hadron masses by making simulation for 
several values of <nq with fixed lattice size and gauge coupling constant. For 
small mq, the lattice hadron mass should behave as 

M^ = A-mf 

Mfat = B + Cmq (15) 

Mjf = D + Emq 

For example, the following figures are the results on a 24 3 x 40 lattice with 
0 = 6.0. The quark mass is changed from mq = 0.01 to 0.03. The solid lines 
correspond to eq. (15) with A = 2.39, B = 0.39, C = 6, D = 0.5, E = 11. 
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The ratio of hadron mass ^- = ^ ^ - do not depend on a l . We fix the value of 

mq by demanding that this ratio becomes the experimental value 0.18: 

mq = 0.00089. (16) 

Once the value of mq is determined, we can predict N — p mass ratio from Lattice 
QCD ( the experimental value is 1.22): 

* * = *&L\ = 1.29 
Mp M^at lm, =0.00089 

Moreover, we get 

-l 770MeV , „ „ «, „ .._, 
« = TTT-r, TTZZZZTZ = 1950 MeV (17) 

Mfat(mq = 0.00089) v ' 

Mq = a-xmq = 1.7 MeV. (18) 

0 decay constants 

The method of studying the mq dependence of decay constants are essentially 

the same as in the case of hadron masses. The estimated values of fT, fn are 

consistent with experiments . 

U = HO ± 20 MeV (exp 131 Mev) 

fK = 158 ± 13 MeV (exp 164 Mev) 
(19) 

/.Di. ID, are predicted as 

fDi = 180 ± 2 5 MeV 

fD, = 218 ±30 MeV 
(20) 

Now we consider the evaluation of decay constants for B mesons. Unfortunately, 
unlike the case of IT, K and D mesons, we can not directly simulate the system 
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with B meson. The reason is simple. As shown in eq. (17), our presently available 
lattice parameter corresponds to a - 1 ~ 2 GeV, so the second inequality of eq. 
(7) does not hold for B meson. 

MB > a-1 ~ 2 GeV (21) 

However, it is experimentally very important to obtain the value of /B, and there 
are now two approach to estimate it. 

(a) Non-relativistic quark model predicts that for sufficiently heavy meson 
(HL), fjjL scales as 

'« ~ w- (22) 

Assuming that this formula is valid already for D meson, we get fg from 

fo as 

fB ~ 120 MeV. (23) 

(6) If heavy quark H is sufficiently heavy, we can suppose that H quark is static 
and does not move in the space direction. This is equivalent to expand the 
H quark Green function in power of 1/mg and to take only leading term. 
This method gives 

fB ~ 300 MeV 6 (24) 

The above two methods lead inconsistent results. We enumerate the problems 
of each methods 

(a) It is not clear whether D meson is heavy enough to use eq. (22). In 
fact, for light mesons, decay constant increases as the mass increases. If 
eq. (22) is valid, however, decay constant should decreases as the mass 
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increases. Furthermore, it is doubtful that fp can be estimated reliably for 

a'1 ~ 2 GeV. 

(6) We have to check the contribution of next leading term of 1/mjf expansion. 

0 Form factor of D —»• Kiv decay 

Matrix element {K~\Jfi\D°) can be parametrized by two form factor as 
follow; 

2 *<1 ( 2 5 ) 

Here / + ( 0 ) = /°(0). By evaluating matrix element for several values of q2, and 
assuming pole dominance 

/ +>-(* 2) = . / + , ~ i 0 ) , , w 
i - r/™D 

we obtain 

/ + ( 0 ) = ( ° - 8 S ( 1 f (2T) 
\o .66 (9 ) 8 

If we assume |VC 3| = 0.975, the experimental value of / + ( 0 ) is 0.79(11). 

0 B parameter of K meson 

B parameter of K meson is studied by several groups. The following is the 
9 

data from Kilcup et at. 
/? = 6/<72 L3 Bf* 

5.7 163 0.98 
6.0 243 0.70 
6.4 32 3 0.53 

Here the number at /? = 6.4 is only preliminary. Bf(

at(fi) depends on the renor-
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malization point ft, and [i independent physical quantity is given by 

BK = S i ^ ( ^ ) « , ( ^ ) - 2 / ( 1 1 - 2 ^ / 3 ) (28) 

If the data at ji = 6.4 is correct, the above table shows that B parameter has 
very large lattice spacing dependence. It should be related to the fact that B 
parameter is extracted from rather complicated diagram than mass and decay 
constant. By extraporating to a —* 0 limit and using AQCD — 150 MeV, y, — 
1/a, Nf = 3, we get 

BK ~ 0.6 (29) 
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<? summary 

In the quenched approximation, calculations are done for hadron mass, decay 
constant and form factor of semi-leptonic decay on an L3 = 24 3 lattice with 

a" 1 = 2 GeV (/? = 6.0) (30) 

At present, it is impossible to directly estimate the properties of B meson, and 
two indirect methods are proposed. However, these methods are still far from 
complete and there is no firm estimation of B meson. 

The value of B parameter depends largely on the lattice spacing, and the 
evaluation with smaller lattice spacing is desirable. 

Full QCD calculation is now under way on an I? = 203 lattice with 

a" 1 = 2 GeV (0 = 5.7, Nf = 2) (31) 
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Heavy Quark Symmetry (Review) 

Y.Sumino 

Department of Physics, Univ. of Tokyo, Hongo, Bunkyo-ku, Tokyo US, Japan 

Abstrac t 

We review the symmetry present in the system with a heavy quark accompanied by 

the light degrees of freedom. The current matrix elements between such hadron states 

can be predicted using the symmetry. We also review the corrections to the symmetric 

limit. 
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1 Introduction 
Among the interactions contained in the Standard Model: 

•Gauge 

•Yukawa 

•Higgs 

only the Gauge interaction is well confirmed so far. It is therefore of our great interest to 

investigate physics related to other 2 interactions. It is known that the interplay of above 

3 interactions leads to the phenomenon called "flavour mixing", whose mechanism can be 

concisely gathered into the form of Kobayashi-Maskawa matr ix ' 1 ! . Thus, the Kobayashi-

Maskawa matrix 
d s b 

\ u V« v„ Ki 

c Vc Ve. vA 

t > Vu Vu 
vth J 

contains the information of other 2 interactions, and it has been the physics task to deter

mine it through experiments. 

In order to determine K-M matrix elements, it is necessary to know matr ix elements 

between various hadron states. Unfortunately the theoretical predictions of hadron matrix 

elements have not been very successful. They are model dependent with unknown errors. 

I will review here that certain matrix elements can be model independently dealt with in 

the case of hadrons composed of a heavy quark and light degrees of freedom by using the 

symmetry of such systems. (Isgur-Wise Symmetry' ' ') 
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2 Isgur-Wise Symmetry 

When dealing with the hadron states, we should note that QCD has an intrinsic energy 

scale AQCD- Existing quarks in nature can roughly be classified into those having masses 

larger than AQCD and those having masses less than AQCD' 

u 0.005GeF 

d OMGeV 

s 0.l5GeV 

c 1.8GeV 

b 5.2GeV 

t > 9lGeV. 

The world of light quarks for m , <C AQCD is known to be described by the Chiral Pertur

bation Theory where SU{3)L X SU{3)R symmetry is spontaneously broken to SU(Z)v-

Here we are going to consider the system where a heavy quark is accompanied by light 

degrees of freedom. In particular we will consider heavy mesons | Qq) with 

TUQ > A Q C D > mq (2.1) 

such as B, D, etc. In the limit TUQ —> oo, the heavy quark Q will play the role of static 

color source, and the system exhibits a new symmetry. 

2.a Non-Relativistic Model 

Before investigating this symmetry model independently, it is nice to develop a physical 

insight into such systems. For obtaining an intuitive picture, we first recall the symmetries 

present in the system where a non-relativistic heavy fermion Q (Q') and a light fermion 

q are bound by the Coulomb force. (Pig.l) Though this is a simple model, it contains a 

similar structure to the system of our interest. We can easily see two kinds of symmeties in 

this system; Q «-• Q' symmetry and spin symmetry. 
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i Q <r -> Q' 

m Q , mcj- > m, 

Figure 1: 

1) Q *-* Q' symmetry 

Although TTIQ — m<j' may be large, in the limit mQ,m.Q< S> mq the wave function of 

two systems are similar. The reduced mass of the system is given by 

mQmq 

TTIQ + m, 

so that the wave function is independent of m<j in the large TTIQ limit. 

(2.2) 

2) Spin symmetry 

This system is also symmetric to the spin flip of the heavy quark. (See Fig.2) This is 

because the part of the Hamiltonian that gives the hyperfine splitting is suppressed by the 
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4*. 

Q o 
NV 

Q 

Figure 2: 

factor 1/TTIQ. We have 

Aff*.,. o c - ^ 5 L 5 Q • M 3 ( x ) (2.3) 

which vanishes as TTIQ —» oo. Therefore the spacial part of the wave functions for the 

different spin orientations become similar in this limit: 

\QV,q)*\Ql;q)- (2.4) 

From this example, we can guess that these symmetries are also present in the meson 

containing a heavy quark. Tha t is, in the limit m.),,rnc ;j> AQCD heavy mesons with the 

same velocity belong to the same multiple!, of the symmetry group. We are referring to the 

'same velocity' because whenever we go to the rest frame of any meson system, we see each 

heavy quark nearly at rest. More specifically, heavy mesons 

\B(v)),\B-(v,e)),\D(v)),\D'(v,e')) (2.5) 
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<r 

Figure 3: 

belong to the same multiplet of spin-flavor SU(4) with 

wM : four velocity 

e", e'" : polarization vector 

satisfying 

v2 = 1 

v • e = v • e7 = 0. 

(2.6) 

(2.7) 

In such systems heavy quarks Q, Q' are situated nearly at the center of gravity of the 

system, and around it are the cloud of gluons and the light quark-antiquark are pair-created. 

(See Fig.3) Essentially these light degrees of freedom are the parts which are difficult to 

understand using the perturbative techniques. 
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v e l o c i t y v u n c h a n g e d ! 

k " 

l i g h t d. o. f. 

Figure 4: 

2.b Isgur-Wise Symmetry 

With the above conjecture based on the non-relativistic quark model, let us now develop a 

model independent discussion to see the symmetries present in the system where a heavy 

quark is accompanied by the light degrees of freedom (light quarks and gluons.) 

Diagrammatically this system would be described as follows. (See Fig.4) Suppose the 

four momentum of the system \Qq) is «''. Then the momentum of the heavy quark Q 

is approximately given by P* ~ mQV*. The scale of the momentum carried by the light 

degrees of freedom is expected to be set by A Q C D 1 which is the only mass scale present in 

this sector. Thus, the momentum of the light degrees of freedom will be p,** ~ A Q C D « M -

Therefore if we write the four momentum of the heavy quark as 

P" = m^" + lb", (2.8) 
1There is no rigorous proof known for this statement to hold upon applying renormalization prescriptions 

to the calculation of multi-loop diagrams of such systems. 
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the scale of k* is set by the momentum transfer of the heavy quark to the light degrees of 

freedom, and fcM ~ AQCD-

We note two properties characteristic in the heavy quark limit. Namely, as rnq —» co, 

( • v is unchanged, and 

• the pair creation of QQ is suppressed. 

Let us consider the Feynman rules of such systems when roo. —> co™. 

The heavy quark propagator becomes 

i(P + TOO) imQ{t + l) 
P2-mQ ~ 2mQv -k + k2 

2v-k v-k K ' ' 

where we have used j> = 1 since this reduces to 7 0 = 1 at the rest frame of the system and 

project out the particle component of the heavy quark. 

Similarly, by using the equation of motion, it can be shown that the vertex reduces to 

igT'-y" — • igTW (2.10) 

when sandwiched between the nearly on-shell spinors. 

We can see that these Feynman rules can be derived from the effective Lagrangean' 4 , 5' 

£„ = ihmv"Dllhv (2.11) 

for the heavy quark with light degrees of freedom. We demand 

fhv = hv (2.12) 

to project out the particle component of the spinor since the pair creation of heavy quarks 

is suppressed in the system. Note that the mass TOQ has disappeared from the Lagrangean. 

This is nice as we want to deal with the TOQ —* 00 limit. The above effective Lagrangean is 

equivalent to replacing 

ij>(x) —> e-*»—fc,(as) (2.13) 
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in the QCD Lagrangean. 

For the heavy quarks b and c, the effective Lagrangean 

£ , = ih^v • Dh® + iftW» • DhU (2.14) 

exhibits flavor-spin SU(4) symmetry' J. This is essentially the symmetry of rotation in the 

space 

<> T, & i, c T> c i, 

or, physically the interchange among heavy mesons 

B,B',D,D'. 

For instance we can replace B meson by D meson with the 'same velocity'. 

We recognize that this symmetry holds only among heavy quarks with the 'same ve

locity.' This reflects the fact that in the TTIQ —> oo limit the heavy quark velocity remains 

unchanged even with the fminte momentum exchange with the light degrees of freedom. We 

are then allowed to consider the heavy quark with 'fixed velocity'. Also the spin symmetry 

appears in this limit as anticipated; £„ does not contain 7 matrices. 

Let us briefly summarize the above model independent discussion. We consider apply

ing QCD Feynman rules to the heavy meson system where a heavy quark is accompanied by 

the light degrees of freedom. As for the Feynman rules concerning the heavy quark sector 

of this system, we could derive the same rules from the effective Lagrangean £„ instead of 

QCD Lagrangean. This effective Lagrangean has a symmetry of interchanging the heavy 

quarks with one another as well as changing the direction of their spins. Thus we can 

conclude that this symmetry is the symmetry of this heavy meson system. 

Note tha t , following our discussion, the system remains symmetric if we replace one 

heavy quark Q with another Q' as long as they are heavy compared with AQCD- It does 

not mat ter even if m.q — nig is large. This is in contrast to the flavor symmetry in the light 

quark sector. 
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2.c Current Matrix Elements 

We give two examples here to see the use of this symmetry. 

1) Using the bottom number conservation in QCD, one can write the vector current matrix 

element between the B meson states as 

~- (B(v') | &<,V&« I B(v)) = f+(v» + »'-). (2.15) 
TUB 

where the form factor / + is a function of v • v' and normalized when v" = u'M as 

/+(!) - I- (2-16) 

Due to Isgur-Wise symmetry in the heavy quark limit mc,mt 3> ^QCDI w e rnay replace B 

meson by D meson in the final state. Then we have 

. 1 (D{v') | # V f c « | B(v)) = f+(v" + v'») (2.17) 

with the same form factor / + . The factors 1/TTIB and 1 /^ rn imc come from the normaliza

tion of initial and final state wave function. (It depends on the convention, though.) 

Intuitively the normalization of the form factor at threshold vM = «'M may be viewed 

as follows. At the rest frame of the system, b quark is situated nearly at the center and 

suddenly decays into c quark also at rest. Meanwhile the spectator light quark q does not 

feel that decay has occurred and the wave function of the system would little change. (See 

Fig.5) 

2) If we flip the spin of the heavy quark in the scalar D meson by applying the symmetry 

generator of the system, we can get the vector D' meson. We see 

|£} = ^ ( I U ) - U T ) ) (2-18) 

and 

|xr(r=2)) = -^(|U) + |iT» (2.w) 
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q 

O b -> o c 

Figure 5: The spectator q does not feel the decay has occurred, 

are connected by the Sz operator of charm quark as 

SM\D) = \\D'(e=~z)). (2-20) 

We may use this to relate the current matrix elements of the longitudinal D* meson and D 

{D'lmB\VL\B)=2{D\S,Vz\B) 

= 2(D\[SZ,VZ}\B) = -(D\A0\B) 

where Ao is the time component of the axial vector current. 

(2.21) 

Using the symmetry of Cv, above examples are generalized to! 7! 

{D{v')\V^\B{v)) = v^HF£(*V)K + <) (2.22) 

(D'{v',e)\Ati\B(v)) = ^mBmD.((v • * ' ) K + v ' ^ l +vv')- v'^v • e)] (2.23) 

(D*(v\e)\V„\B(v)) = ->fiwZZ:t(v-v')(vl, + v,

ll)iclimll?''v«v* (2.24) 
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where V*1 and A11 represent the vector current and the axial vector current, respectively. 

These matrix elements are all expressed with a single unknown function £{y • v') called 

Isgur-Wise functional, which is normalized at threshold as 

« 1 ) = 1- (2-25) 

3 Application 

We shall survey the application of Isgur-Wise symmetry in the determination of KM-matrix 

elements™. In the next section we consider the corrections to m<j —> oo limit. Here we 

will concentrate on V^ as an easiest example. In measuring the Vt,., inclusive and exclusive 

semileptonic B meson decay modes are used. It is the lat ter case where we may apply the 

Isgur-Wise symmetry' ' '. 

1) Inclusive 

Regarding the b quark mass as large compared with AQCDI the inclusive decay of B 

meson may be approximated by the free b-quark decay. We expect the correction to this 

approximation is 0(A<jcn/wii,). Then neglecting the b —> it transition, the decay width of 

B meson is calculated to be 

1 9 2 ^ 3{mc/mb) (3.26) 

where g is the known function describing the phase space factor. 

However there are ambiguities involved in this method. First , because the width TB 

is proportional to m*, it is very sensitive to m^. If we increase mi from 4.7GeV to 5.2GeV, 

I Vbc | 2 increases 70% . As it is difficult to determine m& accurately, we cannot measure 

| Vbc | accurately. Secondly it is known experimentally that the semileptonic decay of B 

meson is dominated by the processes such as 

B -* Devc and B -> D' e vc. (3.27) 
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It is doubtful whether a model with quarks and gluons describe the decay accurately when 

a few channels dominate the decay processes. 

2) Exclusive 

Decay rates of the semileptonic decays 

B° — D-l+u 

B° _> D'-l+u 

are determined by the KM-matrix element | VU | and the hadronic matrix elements 

(D(v')\VJB(v)) 

(D'(v',e)\AM\B(v)) 

{D'(v',e)\Vtl\B(v)) 

In the limit mj, ,m c —> oo, we can use Isgur-Wise symmetry to characterize all these matrix 

elements by a single Isgur-Wise function £(v • v'). These predictions are enough to extract 

the magnitude of | Vtc | from the data on the exclusive B semileptonic decays. (At present, 

experimental da ta are not good enough for this method to be superior to that extracted 

from the inclusive decay rate.) 

4 Corrections to Isgur-Wise symmetry 

Now we will turn to the correction to the heavy quark limit mi,mc 3> AQCD- There are two 

important corrections which are of the same order of magnitude. One is the QCD correction 

due to the renormalization effect, and the other is the l / m c correction that stems from the 

fact charm quark is actually not very heavy. We will review briefly the effect of these two 

corrections. 

4.a QCD correction 

We will consider the QCD correction in the leading log approximation' '! . 
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Compare the currents V , A11 that appear in the Standard Model Lagrangean and the 

effective Lagrangean: 

^7^(75)6 : appears in the EW decay (4.28) 

£„» 7 | ,(7s)M>^ : appears in the effective theory. (4.29) 

Because the current C T * 1 ( 7 S ) 6 is partially conserved (conserved at high energy), it does not 

require renormalization; it is normalized at high energy. However, to utilize the Isgur-Wise 

symmetry and use the effective Lagrangean Cv, we should consider the current operator 

^»' v^TsJ^v a ^ scale (i < mc to regard b and c quark as heavy. Thus we should scale down 

from the high energy above rrn to the scale below mc. 

Calculating the (3 functions to one loop either by using QCD or effective theory, and 

solving the renormalization group equation, we can sum the leading logarithms'*i«M,8.y,lWiHJ 

Including the QCD correction, the current matr ix elements are modified as 

(D(v') I V„ [ B(y)) = v ^ n » F C 7 ( | i ) & ( * • *'; M)(»V + < ) . (4-30) 

etc. 

where £o("* v 'i/*) l s *be universal Isgur-Wise function defined at scale fj,. It is also normalized 

at threshold: 

£O(1;M) = 1- (4.31) 

C(/i) is the renormalization factor dependent on the renormalization scale \i and also on 

v • v'. Refer to [4,7,12] for the detailed form of this factor and other matr ix elements. 

It is important to note that QCD correction will not reduce any predictive power for 

current matr ix elements. They are still characterized by a single unknown function £0 whose 

normalization at threshold is determined. This is because QCD correction preserves the 

Isgur-Wise symmetry. 
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4.b l/mc correction 

Because AQCD/TTIC ~ 0.2 is not so small, and of the same order of magnitude as QCD 

correction, we should also consider l/me correction. This is done by retaining the l/mc 

terms in the effective L a g r a n g e a n t 1 3 - 1 4 - 1 5 ' 1 6 ' 1 7 - 1 8 ! . 

For this purpose, we retain the antiparticle component in the spinor, make the per-

turbative expansion of the Lagrangean by treating it as small, and also use the equation of 

motion. This gives the effective Lagrangean up to 0 ( l / m c ) as 

Cv = ih^v-DhM + ihUvDhP + C'v (4.32) 

£'« = oZ-WWW ~ J-W^G^W- (4-33) 
We treat C'v as perturbation. We impose the matching condition at scale fj, = mc and 

include l/mc correction below c quark mass. The currents also get l/mc corrections. 

Since this correction explicitly violates the Isgur-Wise symmetry, we are obliged to 

include more form factors to parametrize the current matrix elements. In fact, including 

l / m e terms in £„ , Vi,A1' will require the introduction of four more unknown form factors 

together with one unknown dimensionful constant. The current matr ix elements become' ' 

{D(v')\V^\B{v)) = ^^EC(ii) 

X [(& + —{Xi- 2{v .v'-l)X2 + 6x3}){v -v';fi){v+ v \ mc 

x—{(v - v' + 1 )£ + - hv • v' - 2)A(0}(v' - v ) M , (4.34) 

etc. 

where £ + , Xi> X21 Xz a r e ^ e n e w unknown form factors, and 

A = TUB — mi, = ma — mc (4.35) 

is the unknown constant. 

We see here that much of the predictive power of the heavy quark effective theory is 

lost. Practically it is difficult to fit all these functions and constant experimentally. 



However, it can be shown that all 0 ( l / m c ) corrections vanish at the threshold v* = v'11. 

(Luke's Theorem'- 1 ' •• l 9 l) This theorem states that the 0(l/mc) renormalization of effective 

currents vanishes at threshold, and hence the vanishing of all l/mc correction can be shown 

using the Ademollo-Gatto theorem. It assures that at threshold region the leading correction 

will be 0 ( 1 /ml) and thus of the order of 5% . 

5 Other Applications 

It is also possible to apply Isgur-Wise symmetry to the baryon semileptonic decays' ' " ' l . 

For example, the current matr ix element related to the process A& —> A c ei/ e is given by 

{A e(B', *') I c r " i | \b(v, s)) = C(/i)ij(« • v') u(v', a')ru(v, s) (5.36) 

where rj is the new universal form factor. C(/i) is the same factor as in (4.30), which includes 

the QCD renormalization effect. We neglected the 0 ( l / m c ) correction in (5.36), while it is 

shown that Luke's theorem also holds in this case. 

Although it involeves more ambiguities, we may use heavy quark symmetry together 

with the light flavor 517(3) symmetry to determine | V̂ « |. As an example, we can relate 

B —• p matr ix element to D —* p matrix element' >: 

= J^-C{mc) (p{k, e) | Jy*( l - 7 5 ) c | D(v)}. (5.37) 
y mp 

We should note that this relation is only applicable when the final s tate momentum k is 

small compared to AQCD- Otherwise the spectator light quark acquires a large momentum 

transfer and no longer remains as a spectator. 

We may even apply this symmetry to the non-leptonic decay such as B, —» D, + D, 

if we assume the "factorization" hypothes is ' "1 . However, it is controversial how profound 

this hypothesis has its basis. 
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6 Conclusion 

(1) The system with a heavy quark and the light degrees of freedom exhibits a new symmetry 

in the heavy mass limit, which can be applied to predict certain hadron matrix elements 

model independently. 

(2) l / m c correction is generally considerably large (~ 20%), which reduce the predictive 

power. 

(3) According to Luke's theorem, the current matrix elements can be predicted to a good 

accuracy (~ 5%) in certain kinematical region (at threshold). 
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ABSTRACT 

An issue of some interest in the general theory of CP violation in B meson decay is the 
relative admixture of even and odd final CP eigenstates in B •* i|r/JK*. For example, 
dominance of one sign of CP in this decay would increase the available modes for measuring 
the CP violation in the respective B meson decays in a beauty factory by a factor ~2.5 and, 
hence, would decrease the luminosity requirements for such a factory from the CP violation 
perspective. Here, we therefore study this relative admixture in several dynamical models 
of the respective decay. We are encouraged by our findings. 
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1. INTRODUCTION 
Currently, there is considerable interest" in exploring the phenomenon of CP violation 

in the B meson system. For, the respective CP violating asymmetries are expected to be 
large and, hence, present a unique window on the possible dynamical origins of the 
phenomenon itself, for example. Further, the decay mode B •* i|r/JK, has already been 
observed and, based on the observed BR, one may guesstimate the required number of B's 
in a B factory if one wants to probe CP violation in this mode via the standard asymmetries. 
The result of this exercise is well-known to be ~108 B's. 

Such a number of B's, if it is to be obtained in a reasonable (~3 year period) would 
then necessitate luminosities ~3 x 1033/cm2 sec, well-beyond those achieved at any previous 
colliding beam device. Accordingly, it is imperative to explore other possible B physics 
avenues which may help to reduce the required luminosity to probe CP violation in the B 
system. Thus, in this paper, we explore the possible use potential of the B -+ >|r/JK^ decay 
insofar as its manifestation of the respective CP violating asymmetries in B decay. Indeed, 
elementary arguments2* would suggest that its BR is ~3 times that for B -»*/JK, and 
measurements3' in B + -» »|r/JK*+ are consistent with this expectation. Hence, it is indeed 
appropriate to explore such a mode as B -* i|r/JK* as a potential additional mode in which 
to study CP violation in B decays. 

Specifically, the primary issue can be summarized as follows4'. In the B -»i|r/JlQ, there 
are three possible orbital angular momentum quantum numbers, L = 0, 1 and 2. The CP 
eigenvalue of the final state is (-1)L(-1)2(1) = (-1)L. Thus, the even values of L have 
positive (even) CP and the odd values of L have negative (odd) CP. Hence, the expected 
CP violating asymmetries are opposite in sign for the even and odd L cases. Thus, the 
important question is what is the relative amount of even or odd L in the decay B -* i|r/JK*: 
if either type of L dominates, the mode can be used as another avenue to CP violation in 
B decay without further qualification. If, on the other hand, the ratio of L even to L odd 
contributions in the respective final states is near 1, a detailed moments analysis of the 
various subsequent decay distributions5' will be necessary to isolate the respective CP 
violating asymmetries. Such analysis is discussed in detail in Ref. 5. Hence, in what follows, 
we wish to explore the expected ratio of CP odd to CP even final states in 
B -» \Jr/JK* in dynamical models of this decay. 
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The models with which we shall work are the model of Wirbel, Stech and Bauer 
(BSW)2, the model of Isgur et al. (ISGW)6, the methods of Lepage and Brodsky7* and the 
recent heavy quark limit methods of Isgui, Wise and Bjorken8'. These models and methods 
are, of course, not a complete list of all published approaches to the decay under 
consideration. Rather, they represent a reasonable span in the types of assumptions which 
are involved in the various approaches so that we can get a quantitative estimate for the 
effect of those various assumptions on any conclusions we may wish to draw by considering 
these four examples. 

Our work is organized as follows in this paper. In the next Section, we present the 
expectation of B -* i|r/JK* in the BSW model and, at the same time, we set our notational 
conventions. In Sec. Ill, we consider the method of Lepage and Brodsky in our present 
context. In Sec. IV, we consider the predictions of the ISGW model for our decay. In Sec. 
V, we discuss this decay from the standpoint of the recent heavy quark mass limits methods 
of Wise, Isgur and Bjorken. Section VI contains some summary remarks. 

2. B - */JK; IN THE BSW MODEL 

The prediction on the BSW model for the process B -»i|r/JK* insofar as the ratio of CP 
odd to CP even final states is presented in this section. We begin by setting our notational 
and kinematical conventions. 

Specifically, the process of interest to us is illustrated in Fig. 1. We follow then the 
theory of BSW, working, as they do, in the point-like limit for the W-propagator, for 
m\/Ml, is indeed small compared to 1. Taking into account the standard QCD corrections, 
BSW identify, then, the effective interaction Lagrangian 

ft (i) 
+« 2s /Y | 1(l - Y s ^ ' c V a - Y5)c + **.] 

where a, and a 2 are determined by the standard QCD short-distance corrections, Gp is the 
Fermi constant, h.c. denotes hermitian conjugation and d •, b ' and s' are the usual CKM 
rotated mixtures of the d, s, b mass eigenstates. The values of a, and a2 are well-known if 
one takes them from the perturbative QCD theory (in conjunction with the partial 
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differential equations of QCD); here we leave a, and a 2 as parameters; for, we will not need 
their values in what follows. 

To proceed BSW then invoke the current field identity (and the general neglect of final 

state interactions between i|r/J and K+) to arrive at the amplitude 

if* 
M(fi - HlJKl) = -^a 2(2*) 48(Pi - Pw - F r ; ) (JCI ^ V » | B k'JjFyjm^ 

/ (2£ t / /2n) 3 )^ < 2> 

where we have now introduced the further notations 

< 0 |F(0)Y(1c(0) 1 * / / ) = e w ^ l j t n w / (2£ t / /2*) 3 ) , / 2 (3) 

and 

%'* = a'y/i - yy < 4 > 

The complete prediction for the process in Fig. 1 then requires a systematic analysis of the 
transition matrix element (K* |JM

( , V )(0)| B ). For this, in general, a model is necessary at 
the present state of our knowledge of the strong interaction. 

Indeed, a model independent decomposition of the respective transition matrix element 
is afforded by writing (following BSW and suppressing trivial kinematical factors) 

*.. < K:V:'°\O)\B > = —L^^pp^ 
^ B K * 

+ile*K.JL*B

 + m^iq2) - e*K.q(PE + P^A^q2)!^ + mx.) (5) 

—^-Qmrfq^q 2)} * ^.qlq^Vm^A^q2) 
q 

to for some invariant functions V, A; of q = m^j where q = PB - PK«. The strategy is 
make a pole approximation to the V and A i 5 of the form 

P(q2) = P0/0 ~ qW) , (6) 

for masses and residues (m, P0) which are, in the BSW model, determined from a relativistic 
harmonic oscillator potential model with a gaussian transverse momentum distribution 
characterized by a scale o> ~ .35 GeV. In this way, then one may arrive at a prediction for 
the ratio 
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r s T(CP = odd)/(T(CP = even) + T(CP = odd)) (7) 

for the process in Fig. 1, where we now define r(CP = s) to be the total width 
of B -+ +/JK* into final states with CP = s,s = even, odd. 

Indeed, specializing to the specific results for the V and A ; of the BSW model, we first 
observe that the respective ifr/J - K* helicity amplitudes are 

-2mlP2A2(q2)l(m^.m^/m5 + ms.))) 

* (mg +mi.)Al(q2)] 

where P = (Pjf» - P^j )/2 in the B rest frame. Standard methods may now be used to 
conclude that 

r = 2(4mJ/(mi + m^)2)P2\V\2 / [ | + *' *'J(mE + m ^ 

-2m\P2 AJ(mR. m^png + mR.)) | 2 (10) 

+2(4mj/(mi + m^)2)P2\V\2 * 2{mR. * m , ) 2 ^ 2 ] 

On substituting in (10) for the A; and V from the BSW relativistic harmonic oscillator 
model, we find 

r - .091 <n> 
This is encouraging. We note also that r(00)/r(All) - .57; the latter result means that the 
original idea of Kayser4) to focus on r(00) in the K* decay is not completely excluded. We 
understand however that such an isolation of r(00) is difficult. (r(00) is the rate associated 
withM(O.O).) 

Nonetheless, it is necessary to recall that the BSW framework is a model. The question 
naturally arises as to the sensitivity of (11) to the details of the model. Here, we address 
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this question of considering other models. Thus, we turn next to the methods of Lepage and 
Brodsky for the analysis of T . 

3. LEPAGE-BRODSKY APPROACH TO B -*KJ* t /J 
In this section, we present the prediction of the methods of Lepage and Brodsky7' for 

the process B-+ K£* ijr/j insofar as the quantity r is concerned. We emphasize that these 
methods are relativistically invariant and represent perturbative QCD corrections to the 
spectator model of the respective transition; in fact, this accounts for the response of the 
would be spectator the decay of the b quark. We begin by recalling the elements of the 
Lepage-Brodsky theory. 

Specifically the method of Lepage and Brodsky is explicitly illustrated by Fig. 1 if we use 
for example their distribution amplitudes for the incoming and outgoing hadrons and follow 
their calculational methods. The transition will be handled in the framework of the effective 
Lagrangian in (1); this means that we continue to take the point-like limit of the W 
propagator in Fig. 1. We will always do this. Hence, we can interpret the prediction of the 
Lepage-Brodsky theory for our process in Fig. 1 in terms of its implications for V, A, and 
Aj in (5). On doing this here, we simply adapt our results in the Lepage-Brodsky theory 
for the D -* K* transition in Ref. 9 to B -* K*; thus we find in this way the distribution 
amplitudes 

• * • f r i O ^ ^ r J ^ - - 3 4 ^ ! • 2.69y1

2) 
It 

fK. ~ .175 GeV 
<J>fl(x 2̂) = </j^/l2)80r2 - xB) 

XB = (md - (**/(«* + «^X*» + md - m^)/mB - .036 ( i 2 ) 

where fB is the B meson decay constant (its precise value is not important for present 
purposes, but, for definiteness, we note that potential model estimates would suggest/B -
.136 GeV). In arriving at;cB, the masses mu = mi - .33 GeV, mb - 5.1 GeV andmB = 
5.28 GeV have been used. On repeating the steps in our analysis of D -+ K* in Ref. 9 with 
the results (12) for the B-+ K* transition, we get the predictions (the superscript on Aj and 
V denote the K* polarization) 
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^ i ± ( l l ) = < > W K + **-»^l 1

(|| ) 

A2 = (mB + m^m^F^ (13) 

where the functions 1 '̂, H = ±,« are the generalizations to B-» K* of the corresponding 
functions in D -• K* in Ref. 9 and will be presented in detail elsewhereI0). Here the gA v 

are the usual axial vector and vector form factors which we treat with the standard pole 
approximation from the BSW model for example. In this way, we get the predictions 

r«.083 (14) 
and 

r(00)/r(ALL) - .834 (15) 

Again, the value which we find for r is encouraging and we see further that r(00) is 
substantially enhanced in the Lepage-Brodsky theory. We turn next to the potential model 
of Isgur et al. 

4. MODEL OF ISGUR ET AL. 

Here, we consider the Cornell-type potential model of Isgur et al.6) with the idea of 
illustrating what one expects in a non-relativistic potential model for our ratio r. Again, we 
make contact with the model by focussing on its predictions for the form-factors Aj and V 
in (5). 

Specifically following the methods in Ref. 6 we may identify the form factors A; and V 
as 

Ax = -2mBFJ(jnB + mK.) , 

(m„ + mr.) mA PB - P r . ml P,.. 

G*r-> m» Pi + P*. 4 u - « * Pj, . 

and 

where 

-(mB + mK.) 1 i md tfB 
V o F* lZT ~ ^ T T~ -^T J- (16) mM 2»- * r « p 2 

BK' 
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m2 r - t 
F3(r) = (« j r K)(p f l p j r /PL-> 1 / 2 exp [- ( '_ ) (-S-T-)] (17) 

with 

u_ = (1/m, - l/Mj)"1, K = .7, mB = mb + m ,̂ m r . = ms + ntj, 

P, = .41, p z . = .34, p 2 ^. = | ( p | + P 2.), Mi = 5.12 GeV, 

ms = .SSGeV, md = .33 GeV. (18) 

Here, t = m ĵ and tm = (mB - m K . ) 2 . In this way, we get 

r = r(CP = odd)/r(ALL) = .516 (19) 
and 

r(00)/r(ALL) - .064 (20) 
Thus, not unexpectedly, the non-relativistic model disagrees with the relativistically 

invariant methods of BSW and Lepage and Brodsky in the ratio of r(CP = odd) tor (all). 
Indeed, the dominance of the CP even modes means that the D-wave and relativistic 
corrections to the S-wave are indeed important: the non-relativistic model will naively tend 
to omit both of these effects. Here we have corrected for the kinematical aspects of the 
relativistic corrections via the manifestly covariant representation in (5). The dynamical 
aspect of these corrections then is still significant. In another way of looking at this matter 
we may say that even when we use a model which suppresses the kind of large values of t 
as we clearly have in B-»/JK*, we still find thatr(CP = odd)/r(ALL) -.52. Hence, there 
is a strong possibility that the further relativistic effects, which may enchance the S and D 
waves for example, but, due to the invariance of e (±) to boosts along PK,, which should have 
a reduced effect on the P-wave, do indeed suppress r(CP = odd) compared to r(CP = 
even). 

To look more deeply into the expected value of r, we now turn to the more model 
independent methods of Isgur and Wise and Bjorken. This we do in the next section. 

5. WISGUR-Bj THEORY 
The basic idea of this approach to B decay is to work in the limit of infinite heavy quark 
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masses. Here, this would mean infinite values of m,, and m8 for fixed velocities vb and \ . 
Already one has to ask an immediate question: How far is m8 from infinity? 

The situation is not entirely hopeless if one expands our amplitude in the constituent 
quark masses; for in this case, the dominant corrections of size AQCD /m,, ~ .100 MeV/500 
MeV = 20% are expected. Thus, we may expect that WISGUR-Bj theory might work at 
the 20% level in the amplitudes for B -• i|r /JK*. Let us keep this expectation in mind. It 
means that we cannot hope to prove anything in precise detail for our particular B decay 
but that 20% amplitude statements may be possible. We will now proceed with the analysis 
of the WISGUR-Bj theory prediction for our ratio r. 

First we note that from the standpoint of the Lepage-Brodsky theory, the diagrams in 
Fig. 2 allow us derive the result of Bjorken for our decay. Specifically, in the WISGUR-Bj 
limit so long as vb and~v8 are such that the gluon 4-momentum transfer in Fig. 2, PG , 
satisfies 

-P 2 < 1/r2 (2» 
rG Si V'hadron 

where r h a d r o n ~ 1 fm is the typical hadron size, that particular gluon is already included in 
the Lepage-Brodsky distribution amplitudes, as we show in Fig. 3, due to the presence of 
the collinear projection operator PQ as we illustrate in Fig. 3. Such small momentum 
transfer glue is all collected by PQ to form the respective Lepage-Brodsky distribution 
amplitude <^. (xt .Xj.Q) at scale Q ~ {mB, m ,̂ } in our transition. Thus, from the Lepage-
Brodsky equation for the distribution amplitudes ̂  and ̂ » we see that, in the WISGUR-
Bj limit, the matrix element M^ in (5) becomes, when |PQ | < lAhadron . 

#„ = { d2x f d^bd - *, - x2)6(l - y, - y2)*K.mB(x) 
(22) 

4 . (^ r . + mK.) y (? - mB) 
tr [ (Y^ v - Y..YA) ] 

v^2 ft 
which is precisely the result Bjorken (and Georgi)8) for such matrix elements. The 
advantage of (22) is that it already includes QCD corrections in < ,̂ and <pg. The issue of 
whether or not Pj satisfies (21) is of course delicate. Specifically, we have 

(.1973)2GeV2 > - pj - 2 x,y2PB PK, = .687 y2 GeV2 
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or 
y2 1-057 (23) 

From (12) it seems that such values of y2 are not favored. In fact when PG violates (23), 
the gluon propagator in fig. 2 has the behavior 1/PG so that the region y2 < .057 would 
correspond to ~20% of the total contribution of the y integration in (12) for both *n» a n { j 

^RO*. Thus we expect that (22) may have sizable (bound-state) QCD corrections. 
Indeed, when we compute the values of Aj and V which follow from (22) we get 

(mK. + mj (g g . + mK.) 
v = ~ 8Vi A i = ~~T~.~—m#A » nig + w f . 

and 

so that we find 

and 

Aa =-(m B +m K . )g A /2 (24) 

r = r(CP = odd)/r(ALL) - .196 (25) 

r(00)/r(ALL) - .398 (26) 

Thus, the comparison of (25) and (26) with (14) and (15) is consistent with the existence of 
sizeable QCD corrections to the WISGUR-Bj theory for the B •* K* transition. This is 
consistent with general expectations. 

Nonetheless, it is reassuring that, in spite of the relatively large QCD-binding 
corrections, the results (25) and (26) still indicate that r(CP=odd) is a small fraction of 
r(ALL). Thus, they support the use of B-» i|r/JK°* as a mode for B-Factory exploitation 
in CP violation experimentation. 

6. CONCLUSIONS 

In this presentation we have explored dynamical models of the process B-> +/JK* from 
the standpoint of CP violation experiments at a B-Factory type e + e" colliding beam advice. 
We have been encouraged by what we have found, in general. 

Specifically, we have considered four different views of the dynamics of such B-> i|r/JI^* 
decays: the model of Wirbel, Stech and Bauer; the model of Isgur et al; the methods of 
Lepage and Brodsky; and, the recent approach of Wise, Isgur and Bjorken (WISGUR-Bj 
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theory). As we expected the relativistic nature of the K* in the transition causes the Isgur 
et al. model to deviate substantially from the other 3 approaches in its prediction for r(CP 
= odd)/r (ALL) s r for the decay in question. The other 3 approaches all give r < 2 
whereas the non-relativistic Isgur et al. model gives r - .5. Thus, we feel we have found 
strong support for the use of B-> i|r/JK?* decays as an additional mode for exploration of 
CP violation in B-factory type colliding beam devices. Such modes may apparently be used 
to reduce the luminosity requirement for such machines by a factor of ~ 2.5 relative to 
estimates based on the use of the mode B-* i|r/JKj alone1 n . This then is the primary 
conclusion of our theoretical analysis. 

Recently12* we have learned that the Argus Collaboration has measured the polarization 
of the i|r /J in the decays B-» i)r /JK*. What they find is completely consistent with our result 
that r (CP = even) dominates the decay. This then gives experimental support to the main 
conclusion of our work. 
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Figure Captions 

Fig. 1. The process B -* iJr/JK* to lowest order in the SU^2)L X U, electro- weak 
theory. PA is the 4-momentum of A, A = B,ijr/J,K*, and EA a P^. 

Fig. 2. Lepage Brodsky approach to B-+ t|r/JK*. G is a QCD gluon of four 
momentum P G . 

Fig. 3. Lepage-Brodsky equation for the K* distribution amplitude. PQ is the 
collinear projection operator for scale Q. 
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Development of double sided silicon strip 
detectors 
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Furo-cho, Chikusa-ku, Nagoya 464-01, Japan 

Abstract 
We have fabricated AC coupled double sided silicon strip detectors 

which employ two different structures, i.e. P-isolation strip and MOS 
gate in order to isolate N side strips from each other. Both of them 
show good performance. 

1 Test chips and basic performance 
The chip size of the fabricated detectors is l[cm]xl[cm] and the thickness 
is 300[/um]. The effective area of the detector is 6.4[mm]x6.4[mm]. The 
strip pitch is of two types, one is 100[pm] on both sides and the other is 
25[^m] on the P side and 50[/xm] on the N side. DC coupling devices were 
also fabricated in order to measure their DC characteristics. 

For these devices, measurements of the basic performance, i.e. AC and 
DC characteristics, a beam test and a damage test have been carried out. 
The typical value of dark current is about 20[nA/Device] at a reverse bias 
voltage of 70[V]. This value shows that the double side process has been 
going well. The dielectric materials, i.e. 2000A thickness SiC-2 layer used 
in the coupling capacitance of the AC coupled device endure up to 120[V]. 
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It shows that there is enough margin for the real use, because the full 
depletion voltage is 65[V]. 

On the P side and N side, strips are biased through a bias electrode 
surrounding the strip zone. The schematic view is shown in Fig.l. On 
the P side, strips are biased by punch through current passing through 
the 10[jum] gap between the bias electrode and the strips. This gap causes 
14[V] voltage drop from the bias electrode at full depletion. On the N side, 
a surface accumulation channel is used as a bias resistance to the strips. 
The width of the n channel is 10^m and the length is 500jum. This "bottle 
neck" structure controls the bias resistance on the N side. The typical value 
of the resistance is 3[Mft], which is large enough to suppress the thermal 
noise. 

On the N side, in order to isolate strips from each other, we have em
ployed two different structures, i.e. P isolation strips and MOS gate struc
ture in this test. In the full depletion condition, the typical resistance 
between strips is 50[Mfi], which is also large enough to isolate the strips 
from each other. Inter-strip capacitance of a P isolation 100[jrai] strip pitch 
device is 0.52pF on the P side and 0.77pF on the N side at a bias voltage 
of 80[V]. The coupling capacitance is 9pF. 

Some of the results are shown in Fig.2 and 3. 

2 Beam test 
The tested device is a 100[pm] strip pitch, AC coupled device with P iso
lation strip. The result of the beam test using a 5[GeV/c] electron beam 
shows a good pulse height distribution and correlation (Fig.4 and 5). The 
size of hits on the N side shows that a single hit is dominant (Table 1). 

3 Radiation damage test 
In order to check the radiation hardness of the devices, a radiation damage 
test using 50[MeV] a particles has been carried out for P isolation strip 
devices. The dose value was measured with a He gas ionization chamber 
at a level of within 10%. To see variation of characteristics caused by 
the irradiation, exposure and measurement were repeated several times 
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until the isolation between N strips was degraded completely. During the 
exposure, devices were reversely biased at 70[V] and put in the dark. We 
have exposed three samples (Table 2) up to 200[KRad]. 

The results are shown in Fig.6,7 and 8. In the case of device A, after 
irradiation, the voltage drop on the P side was increased from 12[V] to 
28[V]. This voltage drop decreases the effective bias voltage. And the inter-
strip resistance on the N side was suddenly decreased at a critical dose, less 
than 200[KRad]. This sudden decrease was also observed at ~50[KRad] 
and ~100[KRad] in the case of device B and C, respectively. This sudden 
decrease is considered to be caused by a positive charge built up in the Si0 2 

layer on the P isolation strip. If the amount of the built up charge becames 
larger than the dopant density of the P isolation strip, the surface of the 
P isolation strip is inverted to N type semiconductor, then the isolation 
breaks. In order to make the devices more harder against irradiation, we 
are planning to raise the dopant density of the P isolation strip. 

4 Future plan 
Based on the experience and the data described above, new fabrication and 
tests have been going on: 
1.) larger size detector with double-layer aluminum electrodes, 
2.) detector with another biasing and strip isolation scheme on the N side. 
3.) radiation damage test. 
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Cluster size P-side N-side 
1 75% 92% 
2 20% 8% 
3 4% 0% 

>4 1% 0% 

Table 1: The size of hits. 

device strip / read-out pitch[//m] passivation process 
A. 100 / 100 on both sides WET 
B. P side 25/50, N side 50/50 WET 
C. P side 25/50, N side 50/50 DRY 

Table 2: irradiated devices. 
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a.) bias voltage dependence. 
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DSSD pulse height correlation 
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a.) DRY processed device. 
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Figure 7. The variation of inter strip resistance by dose. 
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a.) DRY processed device. 
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SILICON MICRO VERTEX DETECTOR FOR 
THE KEK B-FACTORY 

KEK B-Factory Micro Vertex Detector Group 
presented by 

Toru Tsuboyama 
National Laboratory for High Energy Physics, 

Tsukuba-shi, Ibaraki-ken, 305 Japan 

Abstract: The present status of the micro vertex detector 
design for the KEK B-factory is presented. The topics 
included are the physics goal, the conceptual design, 
selection of detection device, mechanics, and beam pipe. 
The schedule of the R & D and construction of the detector is 
also proposed. 

1. Introduction 
The long life time of the B meson, CT=300 urn, is a useful tool for 

studying the B meson. In an asymmetric B-Factory, this characteristic 
is fully utilized to reconstruct the final state. The requirement for the 
micro vertex detector (MVD) is the vertex resolution of the order of 
50nm, which corresponds to a 10 urn detector resolution. This 
resolution can be easily achieved by the present semiconductor 
technology, and a double sided micro strip detector (DSSD) is one of 
the most promising candidates. In order to realize the above 
resolution, a precise and stable support structure is required. 

2. Physics Goal 
The aim of the MVD is to measure the decay-vertex positions of B 
mesons. In an asymmetric collider, Ee+=3.5 GeV and Ee-=8 GeV, a B 
"B~ pair is produced via the Upsilon resonance and runs along the z-
direction with a mean velocity of p«0.4. The B-meson flight path is 
expected to be 150 urn. In the so-called the gold plated event, one of 
the B° decays into a CP eigen state: BO-^Ks, and the other decays as 
a BO or B°. The sensitivity to the CP violation for this decay mode is 
shown in Fig. 1 as a function of the resolution of the distance-
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measurement between two B-decay vertices, oz- From the figure, we 
set the physics goal at o z < 80 \ar\. 

3. Detection device 
In order to accomplish the physics goal, a 2 < 80 ixm, the detection 

device has to satisfy the following requirements. 
(1). The spatial resolution should be better than 10 jim in the r-<j> and z-
direction. This is a result of a Monte Carlo (MC) study which we will 
explain later. We find that the vertex resolution is dominated by the 
multiple Coulomb scattering (MCS) and that a 10 urn position 
resolution is enough for our application. 
(2). The readout spacing is less than 50 |xm and the readout speed, 
faster than 500 nsec. These requirements come from the occupancy of 
the detector. The luminosity, 1034 cm-2sec-i, will yield the event rate of 
about 500 Hz, mainly from Bhabha scattering [1]. If the readout period 
is 500 nsec, the probability of event-overlap is almost negligible. Since 
the interaction region is designed so that the direct and first-reflection 
of the synchrotron-radiation photon does not hit the beam pipe, the 
background from the synchrotron radiation can be ignored. On the 
other hand, the rate and energy spectrum of stray electrons are 
dependent on the conditions of vacuum, mask and accelerator. In the 
current design, the mask functions to eliminate the stray electrons up 
to 2 GeV, and the rate of stray electrons to enter the fiducial region is 
about 8 kHz [2]. This rate is also fairly low compared with the readout 
period. 
Several semiconductor detectors are available: the DSSD type; the 

CCD type and the pixel device. The characteristics of these detectors 
are summarized in Table 1. 

Table 1. Characteristics of detection devices 
Device CCD Pixel device DSSD 

Technology Established Not established Established 
Readout Slow Fast Fast 

2-dimensional Yes Yes Yes 
Operating 

temperature 
Liquid N2 Room Room 

Pixel size 20 urn 20 urn 50 j im 
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The CCD has an enough spatial resolution, but the readout speed is 
relatively slow. Another disadvantage is that it works at liquid-N2 
temperature because the thickness of the depleted layer is only a few 
10 urn. 
The bulk of pixel devices is fully depleted. In addition, its detector 
capacitance is much smaller than that of DSSDs. Therefore, the pixel 
device is an ideal detector. However, since each pixel has a readout 
channel, the number of readout electronics becomes enormous. In 
addition, frontend electronics and readout system for pixel detectors 
are still under development. 
The single sided silicon micro-strip detector (SSD) has been used in 
the particle physics for about 10 years and the usage of DSSDs in LEP 
has started recently. The detector is almost fully depleted, therefore, 
the charge in the silicon which is generated by charged particles is 
collected efficiently. As a result, the detector can operate at the room 
temperature. Therefore, at present, the most promising candidate for 
the B-factory is the DSSD. 

One of important parameters for a SSD is the position resolution for 
inclined tracks. When a particle enters a silicon at shallow angle, the 
charge would spread along the length of d*cot(6), where d is the 
thickness of detector and 9 is the entrance angle of the particle. In this 
case, deterioration of the resolution can occur and it might cause a 
serious loss of spatial resolution and reconstruction efficiency of 
charged tracks. Because of the same reason, the two-track separation 
becomes worse at a shallow angle. This effect will be discussed in 
Section 8. 
A Nagoya group has measured the position resolution of a 300 |nm 
thickness SSD at several incident angles [3]. They also coded a 
program which simulates the response of a SSD and estimated the 
position resolution down to 15 °. The result is shown in Fig. 2. The 
experiment and the MC estimation agree well at 30 ° and 60 °. Another 
group in KEK made a similar beam test. They measured the position 
resolution for an electron beam between 15 ° and 90 ° systematically. 
They also changed the beam momentum in order to obtain the 
information of the effect from Coulomb multiple scattering. Their 
analyses are in progress. 
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4. Number of detector layers 
The number of detector layers is an important issue for the design of a 
MVD. When the number of layers is small, the effect of MCS is small. As 
a result, this gives the best resolution. On the other hand, when the 
number of layers is large, the redundancy of the information becomes 
large. The efficiency for the tracking and vertex reconstruction is 
improved accordingly. Therefore, a realistic MC study is required, 
which takes the effect from noises, dead strips and detector miss-
alignment into consideration. 

5. The design of the interaction region (IR) 
The available space for the vertex detector is shown in Fig. 3. The 

inner boundary is the beam pipe. In order to avoid the synchrotron-
radiation photon to hit the beam pipe, the shape is designed to be of a 
racetrack type. For a semiconductor detector, the beam pipe is a 
source of physical back ground, electrical noise as well as a thermal 
noise source. Therefore, the design of the beam pipe is not an 
independent issue. The outer boundary is the inner wall of the 
precision drift chamber (PDC). It is designed to be 8 cm radius. 

6. Conceptual design 
A conceptual design of the MVD is determined in order to evaluate the 
performance by the MC. The mean radii of the layers are 2.2, 5.0 and 
7.0 cm. The amount of materials is shown in Table 2. The radii of the 
beam pipe and the first layer are average values. This design is also 
shown in Fig. 3. 

Table 2. The conceptual design of the MVD. 
Material Thickness 

(mm) 
Radiation 
Length 

(%) 

Radius 
(mm) 

Length 
(mm) 

Beam Pipe Be 1.0 0.28 22 175 
Layer 1 Si 0.3 0.32 28 200 
Layer 2 Si 0.3 0.32 50 250 
Layer 3 Si 0.3 0.32 70 350 
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7. Evaluation of the conceptual design 
The performance of the detector shown above is estimated by a MC 
program. In the MC, the detector responses are given as functions of 
momentum and particle species. The spatial resolution, o, versus the 
incident angle, 0, is an important characteristic for a DSSD. In the MC, 
a is given by 

a = 5.0 + 0.28*(90-9) urn, (8 in degrees). 
This curve is also shown in Fig. 3. The vertex-distance resolution is 
evaluated. The calculation is made for several detector configurations. 
The results are shown in Table 3. 

Table 3. The performance of the conceptual design. 
Case Layer 1 Layer 2 Layer 3 Result (|im) 
(1) V Absent V 59 
(2) V Absent V 75 
(3) V V V 74 
(4) V V Absent 90 
(5) V (No data) V V 120 

The inner layer is placed as close to the beam pipe as possible, and 
the radius of the outer layer is 7 cm, which gives the longest lever arm. 
For other conditions, we estimated several cases. (1) The detector 
resolution is set to zero and only the MCS is on. This case gives the 
best resolution, a z = 59 |xm. (2) If the resolution is finite and the 
function we mentioned previously is used, the resolution gets worse, a z 

= 75 jim. (3) In three layer cases, we are afraid that the vertex 
resolution gets worse because of the increase of MCS. However the 
MC calculation shows that the vertex resolution is the same as (2), o 2 = 
74 urn. Though the radius of the second layer is arbitrarily determined, 
the total performance is not sensitive to the radius of the second layer. 
This can be interpreted that the increase of the MCS is canceled by the 
increase of the measured point. In case (4), the outer layer is not used. 
In this case, the resolution gets worse, which means that the lever arm 
of 2 cm is not enough for the vertex measurement. The case (5) is the 
worst one where the inner layer does not work and only the middle and 
outer detectors are used. In this case, we still have the resolution of 
120 urn. 
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8. Detector configuration 
In the forward region, the main source of the error in the track 
extrapolation is the MCS in the beam pipe and the first layer of MVD. As 
a result, if we change the detector configuration to such as the 
example in Fig. 4, the vertex resolution does not improve much. On the 
other hand, the disadvantages of these configurations are the dead 
region between the cylindrical part and the forward part and complexity 
in the mechanics, alignment and construction. In order to avoid the 
dead region, we have to introduce additional materials for the support 
structure, readout system and cooling system. On the other hand, this 
configuration avoids the deterioration of two-track separation for small-
angle tracks, which is discussed in Section 3. 
In the present design, the forward part is not adopted because the MC 
showed that the performance of the current conceptual design is 
enough to achieve the vertex resolution of az = 80 urn. 
It is therefore important to confirm experimentally the spatial resolution 
which is shown in the previous section. In the MC study, the effect of 
charge spread must be introduced in order to simulate not only the 
spatial resolution but also the two-track separation. 
9. The selection of the DSSD type 
The SSD has been established and used in both the fixed target and 
collider experiments for ten years. The usage of DSSDs has started in 
LEP experiments. The R & D by the Nagoya group collaborating with 
Hamamatsu Photonics is reported in this workshop [4]. There exist 
several variations in strip-biasing method, separation of strips on the 
ohmic side. In the current technology, the detector is cut out from 
wafers of 10" diameter and 300 urn thickness. This constrains the size 
of detectors. 
Readout scheme: In order to reduce the amount of materials in the 
fiducial volume, the readout electronics is installed at the end of the 
detector. The readout of r-<|> strips is trivial, though the signal from the 
z-strips should be lead to the end of the detector by using an additional 
layer on the silicon device. As we mentioned before, the strip spacing 
should be less than 50 urn in order to achieve the 10 urn resolution in 
both r-<|> and z direction. Because the detector is of the shape of long 
rectangular, the number of readout channel in the z-direction is three 
or four times larger than in the r-§ direction. Therefore, we need some 
trick to readout all strips. Two solutions exist: (1) to broaden the 

IN7 



readout spacing; (2) multiple strips are readout by a readout line by an 
additional metal layer (Fig. 5). We prefer the method (2). Before the 
final decision, we must evaluate both solutions. 

10. Readout electronics 
In fixed target experiments, data from a SSD is processed by 
electronics similar to that for MWPC or drift chambers. For the MVDs in 
collider experiments, several types of low power dissipation and high 
density VLSIs which work synchronously with the beam collision are 
invented. In the case of a B-factory, data come almost continuously 
and only a limited space is available for the MVD. Our choice is a 
CMOS VLSI chip with 50 urn readout spacing based on the following 
issues. 
(1) In the present DSSD design, strips are developed with 25 u.m 
spacing, however, every second strip is readout by the CMOS chip. 
The charges which are induced in the floating strips are shared by the 
inter-strip capacitance to the adjacent strips. The resolution of 10 urn is 
achievable by charge division. If we use a bipolar LSI and discriminator 
readout, the readout spacing must be smaller than 25 urn. However, in 
the current technology, bipolar amplifiers with 25 u.m spacing are not 
available. 
(2) Signal to noise ratio must be better than 10 for the detector 

capacitance of 20-30 pF. The noise figure at a given detector 
capacitance is important because in the current design, the detector 
size is 18 cm at maximum and about 20 pF of the detector capacitance 
is expected. When a minimum ionizing particle traverses a 300 urn Si, it 
leaves 22 k electron-hole pairs. Therefore, the noise of the amplifier 
should be less than 2 k electrons (ENC). 
(3) The readout system must be dead-time less. Because the collision 
occurs almost continuously, the readout system should be pipe-lined. 
For this purpose, an analog memory is designed using switched 
capacity array. 
(4) The power dissipation is as low as 1 mW/channel. In our design, the 
readout chips are installed on both ends of long rectangular detectors. 
The readout spacing of 50 jxm results in total of 80 k readout channels. 
If the power dissipation is 1 mW/channel the heat dissipation in the 
readout LSI is 80 W in total. 
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A CMOS VLSI design on these concepts is in progress by H. Ikeda in 
collaborating with Seiko Instruments [5]. 

11. Assembly 
So far, the assembly of detectors (gluing and bonding) has been done 
by well-trained operators. When the number of detectors is large, 
some automatic method must be introduced. Let us summarize the 
assembly technologies available at present. 
(1) Wire bonding: Thin Al wire is welded with a supersonic vibration. A 
connection spacing of 50 (im can be done reliably with 20 u.mo wires. 
This technology is flexible and easy when the number of connections is 
small. The disadvantage is that the 20 umo Al wire is fragile and 
requires a careful handling. 
(2) TAB bonding. This is a kind of wire bonding. The difference is that 
the wires are developed on a flexible insulator film. Therefore, 
connection is possible longer distances than (1). 
(3) Micro bump bonding, flip chip bonding [6]. These methods connect 
the bonding pads directly with some conductive materials. As a result, 
the handling of detector becomes safety. The reliability of the 
connection is also excellent mechanically and electrically. 

12. Mechanics 
The detector pieces are developed on 4" silicon wafers. Therefore, 
several detectors should be connected to obtain the enough length. 
After they are connected, the readout electronics will be mounted, and 
then, installed to the support structure. 

In order to achieve a stable operation, the support structure has to 
satisfy the following conditions. 
(1) The structure must be constructed as precise as 10 jam, and be 
measured at the installation stage, less than 2 urn. 
(2) Stability. Once installed, the detector should be stable for a long
time operation and against short-term interfere. Unless the stability is 
ensured, the data from the detector is meaningless. 
(3) Monitor. In order to certify the stability and to correct the data, the 
monitoring system is important. Various monitors of position and 
rotation as well as temperature are indispensable. 
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13. Beam pipe cooling 
The heat dissipation in the beam pipe due to the image current of the 
beam and higher order mode loss has been discussed by K. Akai [7]. It 
amounts to 200-300 W. The thermal expansion coefficient of silicon is 
2.8-7.3*10-6/°C. If the temperature of a 30 cm-long detector rises by 10 
°C, the detector will expand by 8.4~21.9 urn. In order to achieve the 
stability of 10 urn, the variation of temperature should be kept within a 
few degrees. In order to cool the beam pipe, several methods have 
been proposed. In the Cornell design [8], the beam pipe is cooled with 
water which flows in small gaps in the beam pipe, in the SLAC proposal 
[9], the beam pipe is cooled with He gas flow. The former method is 
more efficient than the latter, however, the amount of materials is 
larger. In the KEK B-factory, the selection of cooling method will be 
made after examining the amount of material and cooling efficiency. It 
should be studied not only by calculations but also by realistic models. 

14. Present design 
Based on these discussions, a realistic MVD design is presented here. 
It is shown in Fig. 6. In the figure the detector type A, B and C have 3,4 
and 5 readout VLSI chips respectively. Since the readout spacing is 50 
u.m and 128 channels will be read by a chip, their width in the r-0 plane 
is 19.2, 25.6 and 32.0 millimeters. The length of detector in the z-
direction, L, is determined by the angular acceptance (17° < q < 150°). 
L is expressed by the following formula, 

L=r •(cot(17°)-cot(150°)) = r«5.0, 
where r is the length between the collision point and the detector in the 
R|> plane. In the case of our MVD, the radius in each layer is maximum 
at the left side: 40; 52; and 70 millimeters Therefore, the detector 
length for layer 1, 2 and 3 is 200, 260 and 350 millimeters respectively. 
Each detector element consists of four detector pieces. A multi-layer 
ceramic plate is glued on each end of a detector. Readout electronics 
(frontend chips, a control chip, by-pass capacitances and connectors) 
is mounted on this board. The connections among detectors, ceramic 
plates and LSIs are made by flip-chip technology, and, conventional 
wire bonding is not used. The width of the ceramic plate is the same as 
that of the detector width. The length is 39.2 millimeters. In order to 
improve the rigidity, a thin CFRP plate will be glued on the connection 
chips. The structure of a detector element is shown in Fig. 7. The total 
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detector length is shown in Table 4. The dimensions of each detector 
piece are listed in Table 5. The diagonal of the type-A detector in the 
third layer is 93 millimeters. This size is marginal if we use 4" wafer. 

Table 4. T he tota length s of the detector elements. Table 4. T 
Layer Detector 

length 
(mm) 

Ceramic 
plate (mm) 

Total 
length 
(mm) 

Table 4. T 

1 200 39.2*2 278.4 

Table 4. T 

2 260 39.2*2 338.4 

Table 4. T 

3 350 39.2*2 428.4 

Table 5. T he dimensions of the detectoi r pieces. 
Layer Type A (mm2) Type B (mm2) Type C (mm2) 

1 32.0*50.0 25.6*50.0 19.2*50.0 
2 32.0*65.0 25.6*65.0 19.2*65.0 
3 32.0*87.5 25.6*87.5 19.2*87.5 

Usually, a MVD is installed onto the beam pipe. However, we will install 
the MVD inside the precision drift chamber (PDC). Thus, the relative 
position between the MVD and the PDC is stable. Another advantage is 
that we can avoid the electric noises from the beam pipe, mechanical 
stress, vibration and heat. On the other hand, the procedure of the 
installation becomes more difficult. 

15. Schedule 
This year, all the R & Ds are starting including the detector device, 
assembly, beam pipe, mockup and readout electronics. In 1992 and 
1993, a full size detector will be constructed with conventional readout 
LSIs and be evaluated. In 1994, we will start the construction of the 
REAL vertex detector. In the present time table, the asymmetric B-
factory at KEK will start the first collision in 1996 spring. The vertex 
detector will be installed and calibrated by then. The summary of the 
schedule is shown in Table 6. 
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Table 6. The schedule of the MVP group. 
1991 Intense R&Ds 

Finish evaluations of the detector 
Radiation damage test at Photon Factory (KEK) 
Beam test at Accumulator Ring (KEK) 

Assembly/bonding 
Beam pipe cooling 
Mockup and evaluation with realistic material, 
support and cooling 

1992 Prototype and production of real size detectors with 
conventional chip like MX3. 

1993 Construction and evaluation of a full size MVD with the 
above elements. 

1994 Prototype and Production of the real size detector with 
readout chips for the B-Factory. 

1995 Construction and test of the REAL MVD. 
1996 Start of the B-Factory 

16. Conclusion 
1. From the physics point of view, requirement on the vertex resolution 
is proposed, a z < 80 urn, where a2 is the measurement error of two B-
decay vertex positions. 
2. Within the present IR design, the above requirement can be 
achieved by three-cylindrical layers of DSSDs. 
3. The readout density of 50 urn on both sides is enough for our 
purpose. 
4. The evaluation of detector types is in progress: biasing method; 
separation between strips on the ohmic side; radiation hardness and 
double metal. 
5. The R & D for the readout chips is in progress which allows a dead-
time-less data acquisition system. 
6. The R & Ds for assembly, structures and cooling are starting. 
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Figure Captions 
Fig. 1. Sensitivity for the CP violation as a function of o 2, the resolution 
of Az. The curves correspond to sevsral values of CP phase. 
Fig. 2. The spatial resolution of a SSD as a function of the incident 
angle. The solid curve represents the result of the device simulation, 
the plot is the measured data. The resolution function used by the MC 
is shown by the dashed curve. 
Fig. 3. The conceptual design of the MVD. The inner boundary is the 
beam pipe. The outer boundary is the inner wall of the PDC. 
Fig. 4. An example of a MVD with perpendicular detectors in the 
forward region. 
Fig. 5. Double metal layer readout. Several strips are connected to a 
readout line. 
Fig. 6. A realistic MVD design for the KEK B-Factory. 
Fig. 7. A schematic view of the detector element. 
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Fig. 3 
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Fig. 7 
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Performance of the Mark II Silicon Strip Vertex Detector 
at the Stanford Linear Collider"1 

A. Breakstone 

University oj Hawaii, Honolulu. USA 

Abstract. We describe the silicon strip vertex detector built for the Mark II detector for use at the 
Stanford Linear Collider. We summarize the performance of this detector during the 1990 running 
of the Mark II experiment, pointing out some of the lessons to be learned when designing a silicon 
detector for a B-factory. 

Introduction 

The silicon strip vertex detector (SSVD) for 
the Mark II experiment was the first detector of 
its type to be built and used in a colliding beam 
environment. The key development which made 
this possible was the design and manufacture of 
the Microplex chip.'1' This VLSI circuit multi
plexes the input from 128 silicon strip diodes, 
storing the charge, and putting the analog data 
onto serial output lines. In addition to the Micro
plex chip, the SSVD group did a great deal of 
R&D to design the hybrid circuits adjacent to the 
detectors and the mechanical structures to hold 
the detectors stably to the desired tolerances 
using a minimal amount of material. We also 
realized that precise alignment is crucial to 
exploiting the 5 u.m resolution of silicon strip 
detectors, thus developed techniques using 
optical and x-rayt2' measurements. Of course, 
the purpose of building the SSVD was to use it, 
in conjunction with the other Mark II tracking 
detectors, the drift chamber vertex detector 
(DCVD)'3' and the central drift chamber 
(CDC),'4l to measure particle trajectories to suf
ficient precision to study the physics of Z° 
decays to particles containing bottom and 
charmed quarks. Sadly, the performance of the 
Stanford Linear Collider (SLC) was not 
sufficiently good to collect the amount of data 
needed to do the relevant physics studies. 
Nevertheless, the Mark II collaboration did 
collect enough data to study the performance of 
the SSVD in some detail. This allows us to better 

design a silicon detector, either of strip or pixel 
geometry, for a B-factory. 

Description of the SSVD 

The SSVD consists of three layers of 
twelve non-overlapping modules shown in fig. 1. 
It was confined to a very small annular region 
from 26 to 44 mm in radius. Its properties are 
summarized in the table below. The acceptance 
of the SSVD was designed to match that of the 
CDC, full azimuthal coverage with at least two 
layers plus a polar angle coverage down to 40° 
(cos 9 = 0.77). The width and length of the 
detectors increased with increasing radius to 
keep the acceptance roughly equal for each 
layer. The SSVD strips ran axially along the 
beam direction as did the wires of the DCVD, 
thus the only z information came from the CDC, 
with an accuracy extrapolated to the SSVD of 
approximately 2 mm. The SSVD, along with the 
other tracking detectors, was in a 0.45 T 
solenoidal field. 

The modules were constructed as shown 
in fig. 2. The 47.5 u.m pitch of the Microplex chip 
required adjacent strips to be read out from 
opposite sides of the detector, but to avoid 
possible ground loops, we had all signals 
connected to only one end. The detectors were 
manufactured by Hamamatsu from 100 mm 
diameter wafers of approximately 300 um 
thickness. We tested each detector extensively 
before using it to produce a module, measuring 

* Work supported by the Department of Energy contract number DE-AC03-83ER40103. 
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Vertex Drift Chamber 
(Inner Wall) 

Fig. 1. Layout of the silicon strip vertex detector. 

its thickness, planarity, accuracy of its saw cuts, 
depletion voltage, leakage current, and interstrip 
resistance. Similarly we tested Microplex chips, 
hybrids, fanouts, and cables both separately and 
as assemblies before proceeding with the whole 
module assembly. This was necessary because 
the gluing and wirebonding steps are basically 
irreversible. Each module was fitted with two 
spring fixtures, glued over the fanout region, to 
hold the module in the support structure. In total 
we produced 42 modules, of which we used 36 for 
the SSVD. The amount of material in the active 
area is approximately 0.005 radiation lengths, of 
which two-thirds is due to the silicon 
detector. 

The mechanical support structure is shown 
in fig. 3. It comes in two halves which are 
separately attached to the beam pipe with a three-
point mounting system. Each half consists of two 
aluminum endplates with slots for the 
detectors. These ep.dplates were manufactured 
using electro-discharge machining to an accuracy 
of better than 25 um. The inner and outer shells 
are made of beryllium of thickness 0.39 mm 
(0.0011 radiation lengths). Attached to the inner 
shell are anodized aluminum pieces for the beam 
pipe mounting structure. Attached to the outer 
shell are anodized aluminum pieces which hold 
the sensors for the capacitive displacement 
measuring system.'51 

Detector Property Layer 1 Layer 2 Layer 3 Units 

Layer Radius 30 34 38 mm 

Strip Pitch 25 29 33 Urn 

Strip Width 8 8 8 Urn 

Number of Strips 512 512 512 

Detector Size 13.8x74.8 15.8x85.1 17.9x93.5 mm 2 

Sensitive Area 12.9x72.0 14.9x82.0 17.0x90.0 mm 2 

Thickness 310 310 310 urn 
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Fig. 2. Exploded view of a detector module, showing A: the silicon strip detector, B: Microplex readout 
chips, C: spring mounting fixtures, D: the thin cable, E: stainless steel supports, and hybrid circuits H1 
and H2. 

Fig. 3. Sketch of one of the hemi-cylindrical support structures mounted on the central section of the 
beam pipe with a few modules inserted into the slotted end pieces. The flat cables are secured by a 
cable clamp attached to the beam pipe. The outer beryllium shell with its mounts for the sensors for the 
capacitive displacement measuring system is also shown. 
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After the modules were produced and 
tested, the assembly proceeded by sliding the 
modules into the support structure one layer at a 
time, measuring their positions with a precision 
microscope to an accuracy of approximately 2 
urn. As the layers were put in, a cable clamp was 
added to prevent motions of the cables from 
altering the positions of the modules in the support 
structure. Once the assembly was complete, the 
outer shell was attached, and the completed 
SSVD was aligned using an x-ray beam.'2' These 
alignment procedures established the internal 
alignment (the alignment of one module with 
respect to the others) by fitting five degrees of 
freedom per module plus two parameters to 
describe bowing and twisting of the modules. 
Then the two halves were mounted on the beam 
pipe, ready to insert into the DCVD. At this point 
the October 17,1989 earthquake occurred, during 
which the SSVD and beam pipe assembly was 
shaken off a temporary mount and fell a few cm 
onto a table. Although there was no damage to the 
SSVD, this may have caused some 
misalignment of modules. After this, the beam 
pipe with SSVD attached was placed inside the 
DCVD and the entire assembly placed inside the 
Mark II detector at the SLC interaction region. The 
installation was completed in December, 1989. 

Data Taking 

During January, 1990, there was a brief, 
two-week run of the SLC to verify that the machine 
would work after misalignments caused by the 
October earthquake had been fixed. During this 
run we collected 37 Z° decays, of which 34 were 
hadronic decays. Our main data-taking period 
commenced in July, 1990, continuing until 
November, at which time the Mark II experiment 
ended and installation of the SLD detector began. 
During this time we collected an additional 257 Z° 
decays (235 hadronic), giving a total of 294 
decays, of which 269 were hadronic. 

While the Mark II experiment logged cosmic 
ray data when beams were not present at the 
interaction point, the SSVD was not included in 
the cosmic ray trigger, nor was the SSVD read out 
for cosmic ray triggers. The reason for this is that 
the combination of the small size of the SSVD and 
the low duty cycle of the Microplex chip 

(approximately 0.001) would have led to a cosmic 
ray trigger rate of only a few per day. This was 
deemed unworthy of the effon, considering we 
were expecting to collect thousands of Z° decays 
during this run. In retrospect this was an unwise 
choice since penetrating muons from cosmic rays 
would have provided an excellent way to align the 
SSVD, particularly the two halves. Had we had 
sufficient statistics, Z° -> e+e" and Z° -> u +u\ 
would have provided an equally good 
alignment, however. 

Performance of the SSVD 

In general the performance of the SSVD 
over the 11 month run was very good. The main 
problem was with the cables. During the 
installation one cable developed an open circuit 
on one of the lines which provided the detector 
voltage, thus rendering that module unusable. 
About halfway through the run another cable was 
damaged during the opening and closing of the 
Mark II endcap doors, which caused a short circuit 
which rendered an additional module unusable for 
the rest of the run. On a few occasions, pedestal 
shifts were observed in conjunction with 
significant beam losses. Although not precisely 
known, the radiation exposure of the SSVD during 
these episodes was most likely less than 10 Rads. 
The mechanism for causing these pedestal shifts 
is unknown. Other than these occasions, the 
SSVD operation was very stable, with roughly 200 
bad channels out of a total of over 18,000. 
Leakage currents were monitored throughout the 
run and were observed to increase by less than 1 
uA over the course of the run. The overall 
radiation dose in the vicinity of the SSVD was 
measured to be approximately 100 Rads using 
thermoluminescent dosimeters. The gains on 
each channel were stable to better than 5% over 
the run. 

A typical Z° hadronic decay event in the 
vertex detectors is shown in fig. 4. Backgrounds 
from synchrotron radiation and shower debris 
from off-energy beam particles cause 
occupancies of typically 20% in the DCVD and 1% 
in the SSVD. In the event shown most of the hits 
in the SSVD are associated with tracks. 

The first step in the analysis is to find 
clusters in the SSVD. A cluster is defined as a set 
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Fig. 4. Display of a reconstructed Z° hadronic 
decay in the Mark II vertex detector system 
with details showing the digitizations in (a) 
the DCVD and the SSVD, and (b) a small 
section of the SSVD. Due to the ambiguity in 
the direction of the drifting charge, all hits in 
the DCVD, marked as dots, are plotted twice. 
For the SSVD, the pulse heights per strip are 
indicated in the form of a histogram. The re
constructed tracks are indicated by the shad
ed lines. 

of adjacent strips with each strip's pulse height 
greater than 1.5 times the rms noise with at least 
one strip with a pulse height greater than 5 times 
the rms noise. With this definition, the cluster 
finding efficiency as determined by the data is 
99.9%. Fig. 5 shows the number of strips per 
cluster for clusters associated with tracks in Z° 
decays and for clusters found in background 
events taken from random beam crossings. For 

background events there are on average more 
strips per cluster since background particles 
intercept the SSVD at larger angles than those 
from Z° decays. Similarly for the pulse height 
distribution of clusters, also given in fig. 5, the 
distribution for background events is much wider 
and is clearly cut off at the low pulse height end by 
the above-given cluster definition. For clusters 
due to tracks, the most probable value of the pulse 
height is approximately 17 times the rms single 
channel noise. 

These clusters are matched onto a track 
found in the drift chambers by first fitting the track 
in the outer chambers, extrapolating it into the 
SSVD, looking for clusters within 1 mm of the 
extrapolation, then refitting the track with all 
combinations of clusters, choosing the 
combination which yields the lowest reduced x2-
In order for this to work properly, the SSVD must 
be aligned with respect to the outer chambers. 
The alignment was separated into two parts: the 
internal SSVD alignment and the global alignment 
of each half of the SSVD with respect to the drift 
chambers. 

In principle the optical and x-ray alignments 
should have provided the internal SSVD 
alignment; however, we found that apparently the 
modules had moved by tens of microns between 
the time that the optical and x-ray alignments were 
done and the data taking began. Thus we had to 
use tracks from Z° decays to establish both the 
internal and global alignments, using the x-ray 
alignment as a starting point. Due to the small 
data sample, we were limited to a precision of 10 
to 15 |im in doing the internal alignment, but were 
able to determine that to this level the modules did 
not move with respect to each other over the 11-
month run. After this internal alignment was 
done, we derived a measure of the intrinsic 
position resolution of the silicon detectors from the 
distribution of residuals obtained from the 
difference between the interpolation into the 
second layer of a track going through the first and 
third layers and the cluster centroid in the second 
layer (fig. 6). A Gaussian fit to this distribution 
yields a standard deviation of 8.7 urn, 
corresponding to an average position resolution 
per layer of 7.1 urn. Taking into account that this is 
an average over layers with varying pitches, 
tracks of non-normal incidence, and 

•im 



100 
0.4 

I I i | i | i 

(b) 

1 

0.2 - -

</> - -

of
 C

lus
te

 
o 

I— ' | _ 

of
 C

lus
te

 
o 

I I I ' I ' I 

(d) 
i 

Fr
ac

tio
n 

o 

" r ^ 
_ 

r\ M i i i Y 1 — H — a . . . _ i _ 
12 100 200 300 400 0 4 8 

Pulse Height Strips/Cluster 
Fig. 5. Distribution of the pulse heights of clusters and the number of strips per cluster (a) and 
(b) for clusters associated with tracks and (c) and (d) for clusters due to backgrounds. 

measurement errors due to backgrounds, this is 
consistent (as determined by Monte Carlo 
simulation) with a resolution of 4.5 urn for 
normally-incident tracks on layer 1, which has a 
pitch of 25 urn. 

The capacitive displacement measuring 
system found global SSVD motions of around 20 
urn on a diurnal basis as well as long-term drifts 
on this order.'6J The motion was due to overall 
beam pipe motion due to temperature 
variations. Again due to limited statistics, the 
global alignment of the SSVD was only marginally 
sensitive to this observed motion. In addition to 
the global SSVD motion, at the SLC the 
interaction point moves with time, typically 25 urn 
from event to event, since the events are usually 
hours apart. These effects, combined with 
systematic errors from tracking in the drift 
chambers, lead to a larger impact parameter 
resolution than desired, on average 32 urn for 
tracks with transverse momentum greater than 
3.5 GeV/c. 

100 

40 0 
Residual A 

Conclusions 

The Mark II SSVD was the first silicon strip 

Fig. 6. Distribution of residuals for tracks with 
momenta greater than 1 GeV/c. The curve is 
a Gaussian with a = 8.7 urn. 
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detector with VLSI readout to be used in a 
colliding beam experiment. Generally its 
performance was quite good. The SSVD was very 
easy to operate and was very stable with time. 
The weakest spot in the design was the cable 
design. Limited space led to less overlaps and 
less space between layers than desired. The low 
number of Z° events collected limited the 
reduction of systematic errors as well as the 
physics potential of the device. Nevertheless, a 
crude measurement of the branching fraction of 
Z° -> bb is being done. The experience our group 
has gained in building and operating this detector 
will be of great help in designing a silicon detector 
for a B-factory. 

Acknowledgments 

This paper is based on the work of a number 
of physicists who built the SSVD. The list of 
collaborators on this project follows: from the 
Santa Cruz Institute for Particle Physics, G. 
Gratta, L. Labarga, A. Litke, A. Schwarz, M. 
Turala, and C. Zaccardelli; from the University of 

Hawaii, myself, C. Kenney, and S. Parker; from 
Johns Hopkins University, B. Barnett, P. Dauncey, 
D. Drewer, and J. Matthews; and from SLAC, C. 
Adolphsen, R. Jacobsen, and V. Luth. 

References 

[1] J. T. Walker ef al., Nucl. Instr. and Meth. 226 
(1984)56. 

[2] C. Adolphsen ef a/.,Nucl. Instr. and Meth. A288 
(1990)257. 

[3] D. Durrett et al., SLAC-PUB-5259 (1990). 

[4] G. Abrams et al., Nucl. Instr. and Meth. A2S1 
(1989) 55. 

[5] A. Breakstone ef al., Nucl. Instr. and Meth. 
A281 (1989)453. 

[6] A. Breakstone, University of Hawaii Preprint 
UH-511-718-90 (1990). to be published in Nucl. 
Instr. and Meth. 

:2o.ri 



WORKSHOP ON PHYSICS AND DETECTORS 
AT KEK ASYMMETRIC B-FACTORY 

KEK,Tsukuba-City, Japan 
April 15-18 1991 

VERTEX STUDIES AND MEASUREMENT OF THE B LIFETIME 
WITH THE L3 DETECTOR AT LEP 

J. C. Sens 

CERN, Geneva, Switserland 

National Institute for Nuclear and High Energy Physics, 
Amsterdam and 

the University of Utrecht, the Netherlands 

Abstract 
Pattern recognition, track fitting and vertex finding in the L3 detector at LEP at 
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1. Introduction 

One of the first tasks of a B-factory will be to measure the B lifetime, i.e. the 
spatial distribution of the Lorentz-boosted B° and B° decaying semi-leptonically 
into fi+X and/or e + Xand fi~X and/or e~X respectively. Such a measurement 
constitutes a comprehensive test of the relative alignment of machine and detector, 
of the ability of the detector to locate the primary and secondary vertices, of the 
resolution in transverse and longitudinal momentum of the tracks, of the lepton 
identification characteristics of the detector, and of the ability of the machine to 
keep beam-gas scattering and synchrotron radiation under control. 

It is therefore of interest to examine the experiments in which the B lifetime has 
been measured at PEP(MARK II and DELCO), at PETRA (JADE and TASSO) 
and, recently and with preliminary results, at LEP (ALEPH and L3). 

The following is a condensed and abbreviated summary of a contribution pre
sented at the B-factory workshop at KEK. The subject is vertex studies with the 
L3 detector at LEP and a measurement of the B lifetime. 

2. The L3 detector at LEP 

The L3 detector consists of a "Time Expansion Chamber"(TEC), surrounded 
by an EM calorimeter consisting of BGO crystals, a prop, chamber/uranium 
hadron calorimeter and muon chambers. 

TEC is subdivided into an inner and an outer chamber, the latter with an 
outer diameter of approx 95 cm. The inner chamber is divided into 12 sectors, 
the outer into 24 sectors in cj>. All wires are parallel to the direction of the 0.5 T 
magnetic field and to the beampipe. Each inner sector has 8 anode wires, each 
outer sector has 54 wires. 

Left/right ambiguities are resolved with the help of the azimuthal inner /outer 
wire offsets and planes of "grid" wires placed parallel to the anode wires at approx 
1.5 mm distance. 

The driftvelocity is calibrated by means of plastic scintllator fibers (PSF) 
placed parallel to the beam pipe on the outer wall of TEC. 
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The polar angle is obtained from charge division on two of the inner- and 

eleven of the outer-sector wires in each sector, and from the signals of a 4 plane 

prop. chamber( the" z chamber") with pad readout placed outside the PSF. 

The single wire resolution is 58 fim on average. Fig.l shows the different 

components of TEC , the z-chamber and the plastic scintillation fibers. 

[VERTE'X CHAMBER! *• j £ f 

3. Pattern recognition and track fitting 

The magnetic field is accurately constant and parallel to the beam pipe, hence 

the tracks are described by helices, with axis along the beam pipe. In the pat tern 

recognition we look for circles in the x,y plane and straight lines in the s-z plane 

where s is the arc-length along the x,y projection. Track candidates are first found 

in the x,y plane, the much less accurate z information is added later. 

The tracking begins with a search, in the x,y plane, for doublets, i.e. hits on 

neighbouring wires with a curvature, measured with the origin as the third point, 

within acceptable limits. We thus inject the condition that acceptable doublets 

must point roughly to the interaction region. The search is made "inwards", 

starting with the outermost wire of the outer chamber. 

Once we have a list of valid doublets, we combine them to segments using 

a minimum spanning tree method ' . This is based on the notion that each 

portion of a true, circular track contains the same information as the whole track. 
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We apply this notion by performing an "adjacency test" on the doublets, i.e. by 

requiring that the curvature computed for doublets which have one hit in common 

( ' triplets"), is within acceptable limits. Triplets belonging to one and the same 

track all have approximately the same curvature C and the same <f>o, i.e. <j> at 

the origin. The collection of hits belonging to a track therefore form a cluster in 

the C-(j>Q plane. For wires without ambiguity resolution there are 4 doublets per 

pair of hits, only one of which is the true doublet; hence the search for an event 

amounts to finding clusters in the C-4>o plane on top of a background of unwanted 

triplets, only part of which is rejected by the curvature requirements. 

Translated to coordinate space the search is for an array of connected doublets, 

connecting a "root" to a "leaf". All doublets are treated in turn as potential roots. 

Starting from an arbitrary doublet as the root the adjacency test is performed on 

all doublets with which the root can form a valid triplet. Doublets passing the 

adjacencty test are called branches of this root. Then the next doublet becomes 

the root and the process is repeated. At ihe end each doublet has attached to it 

a list of branches; we order them by increasing curvature. 

We then return to the first doublet and build 

the tree, by selecting the lowest curvature branch 

from the list of branches of this doublet. We con

tinue this proces until we run out of branches, 

i.e. until we hit a leaf. In building the tree 

we thus use "lowest curvature" as the criterium. 

An exception is the selection of the last doublet, 

the leaf, where we will settle for its "next best" 

branch, if that appears to lead to a longer overall 

tree. The net result is that the longest path is 

kept, with most, but not necessarily all, branches 

having the minimum curvature. These longest 

trees are called segments. The doublets which 

were used up in making a segment are labeled as 

"used", and are then no longer available as roots 

or branches. 
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The proces is then repeated with the next available unused doublet as root. 

The fact that only as-yet-unused doublets are available for the next tree intro

duces an unavoidable, but mostly harmless, "order-dependence" into the search. 

At the end, all the longest trees have become segments. The minimum length 

required for a tree to qualify as a segment is three adjacent doublets 

Fig.2 illustrates how a segment is constructed out of valid doublets. 

The nest step is to examine the collection of branches obtained. Segments 

without any ambiguity resolving wires among their hits are generally reje;.'„ed. 

A fit is made to each remaining segment. They are then ordered by x 2 - The 

hits on the segment with the lowest x2 a n d with small residuals are marked as 

"used". The remaining segments are then checked for overlap vs proximity, for 

kinks (resulting from decays or interactions), so that they may be broken up. At 

the end of this procedure we have "supersegments". 

The supersegments are then checked for similarity in curvature (so that they 

may be combined) and for the possibility of attaching as yet unused hits to 

them. After several iterations and refits the supersegments then become "track 

candidates". 

The track fitting reduces the track candidates in x,y to three parameters, i.e. 

the curvature, the distance of closest approach to a chosen reference point, the 

<j> at the point of closest approach, and an error matrix. For the reference point 

we choose the outermost measured hit of the track. Since this point differs from 

track to track we move the reference point at the end of the fitting to a common 

point for all tracks. The track parameters are then corrected and made to refer 

to the new reference point. This reference point is in principle arbitrary, but 

most often we choose it to be near or at the origin of the event. We call it the " 

provisional primary vertex". 

The actual circle fitting routine will not be described in detail and can be 

found in 2 After the fit, hits with residuals exceeding a preset value are rejected, 

and the fit is repeated. If too few hits survive, the track candidate is rejected. 

Otherwise the track candidate becomes a "track". 

* The Hiinlysis progrrtiii lias I'voivnl willi liiiw, lull tin* basic logical s t ruc tu re is as desa i lxx l 
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In the s,z plane no independent search for patterns is made. Instead, we let 

the x,y plane decide which clusters in the C-<£° plane are track candidates; for 

those, a straight line fit is made to the curve z — s(dz/ds) + zo, giving the slope 

dz/ds and the intercept ZQ of the s-z curve. The slope is constant all along the 

curve, hence no reference point is required. The intercept is the z coordinate at 

the point of closest approach in the x,y plane. As mentioned above, the input 

to the fit are the z coordinates as measured by the charge division wires, the z 

chamber data, and, occasionally, the z coordinate of the collision point. 

The point of closest approach can be regarded as the starting x,y of the 

track. To fix the starting direction as well, we give the DCA, the distance be

tween the starting point and the reference point, a sign for which we adopt the 

following convention: the sign of the curvature = the sign of the particle charge; 

if the ref. point is inside the circle, then sign(DCA) = sign (curvature), other

wise sign(DCA) = - sign(curvature). The net result of this convention is that 

irrespective of the particle charge: 

_ B, x 0.002997 
Curvature 

and that the magnitude of the distance between the centre of the circle and the 

reference point is given by \R - DCA\ irrespective of whether the ref. point is 

insioe or outside the circle, and irrespective of the particle charge. 

The approach outlined above' has been highly succesful in finding hits and 

tracks in the complex events at the Z° peak at LEP. The performance can be 

summarized with the following results obtained in Monte Carlo studies made 

prior to the turning on of LEP: 

• For 100 % efficient wires the hit finding efficiency is 95 % . 

• For 80 % efficient wires it is 80 % 

• The percentage of "bad" hits is less than 2 % , irresp. of wire efficiency. 

• The percentage of mirror hits is less than 2 % , irresp. of wire efficiency. 

• For 100 % efficient wires the track finding efficiency is ) %. 
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• For 80 % efficient wires it is 97 %. 

The actual efficiencies are close to these numbers if corrections are applied 

for various hardware problems which have occurred since the beginning of the 

data taking. 

4. Selection of bb events 

The principle "instrumental" difference between B-physics at an asymmetric 

B factory and at PEP and LEP energies is the fact that at the higher energies 

the b quark is contained in a jet of other particles originating at the primary 

vertex. At LEP, this disadvantage is partly offset by the fact that at the Z° the 

cross section for 66 production is approximately 7 nb, a factor of 6-7 higher than 

at the T (45 ) . To identify the b quark in the jet, it has become customary to 

rely on the semileptonic decay modes and to enrich the b content of the samples 

by selecting high pt leptons. At LEP, all current work on the B lifetime is based 

on B enriched q -*lepton samples. 

In L3 The primary qq sample used for the analysis consists of 115 k hadronic 

Z° decays, corresponding to an integrated Luminosity of 5.5 p 6 _ 1 . Since the 

branching ratio's for semileptonic decays are roughly 10 % for both the e and 

the fi mode and the efficiencies for detecting an electron and a muon (requiring 

a matched track in the TEC and muon chambers) is roughly 20 %, we expect 

about 4k semileptonic events. A p and a pj cut brings this sample down to about 

700 muon and 700 electron events, and raises the fraction of b —*lepton events 

in the sample from 38 to 78 % for muons and from 67 to 84 % for electrons, at 

the expense of all the other processes generating leptons, see table 1 

* 'I'lic MIIIMIHTS are preliminary.t lir a n a l y s t is in progress 
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Table 1: MC estimates of the fractions of leptons in the data 

CATEGORY MUONS MUONS ELECTRONS ELECTRONS 

PT >0 PT > 1-5 PT>0 PT > 1.5 

b - 1 38.1 77.9 66.8 84.3 

b ->c ->1 12.0 4.7 6.5 2.5 

b -*T -*l 2.1 1.5 2.1 1.7 

b -»c ->1 1.9 0.6 0.3 0.1 

c -»1 17.5 4.7 3.9 1.2 

background 28.4 10.6 20.4 10.2 

There are now two ways in which the lifetime can be obtained from the spatial 

distribution of these 1.4 k b enriched sernileptonic decays: measuring the distri

bution of decay lengths, and measuring the distribution of impact parameters of 

the lepton, both with respect to the primary vertex of the event. 

5. The primary vertex in bb events 

5.1 THE "EVENT VERTEX" 

As noted above, the fitting process in x,y reduces the tracks to three param

eters (curvature, DCA and <j>) and a common reference point, the "provisional 

primary vertex", near the origin for all tracks in the event. For reasons of econ

omy we then drop the hits, and retain only the parameters and the error matrix; 

as a result all further manipulations are made analytically , not by refitting the 

hits . Once all tracks in the event have been reconstructed, we use a selected 

fraction ( high pt, large number of hits etc.) of them to compute the true primary 

vertex. At the end of this process we move the reference point for all tracks in 

the event to the true primary vertex, and calculate the corrections to DCA and 

<j> ( the curvature need not be corrected since it does not depend on the reference 

point). For these corrections we use a linear approximation, hence the displace

ments must be small. The advantage of choosing the true primary vertex as the 
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reference point is tha t the DCA distribution will be accurately centered on the 

vertex and have, on average, no <6 dependence. 

The true primary vertex, or "event vertex", is obtained by minimizing the 

weighted sum of the squares of the DCA's and of the z intercepts of the tracks 

in the event. From this sum must be excluded the tracks coming from secondary 

vertices. Such tracks generally, but not always, have large DCA's with respect 

to the provisional vertex. There is thus some ambiguity as to which tracks to 

include in the sum. 

Once we have this sum, the quantity to be minimized is 

X

2(Af) = ^2(wdrf(A?) + wZizl(Af)) 

By requiring 

<5v2 (5v 2 6Y2 

* 0 - r ^ - = 0 — — = 0 6&rx <5Ar y 6&rz 

we obtain a system of three linear equations of the form: 

CAf=b 

with solution: 

A F = C r 1 6 = Eb 

where A f is the vector connecting the old and the new ref. point and E is the 

error matrix for the event vertex. 

5.2 T H E " F I L L V E R T E X " 

In events with less than three tracks, such as Bhabha's and muon pairs, or 

events with unstable particles only, such as TT events and 100 % (!) enriched 

bb samples, the event vertex can not be reconstructed. We then have to resort 

to some time-averaged vertex, obtained from qq events taken nearby in time. 

Assuming the LEP beams to be stable for the duration of the time between 
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refills of the ring, we extend the sum to all tracks of the fill, and, at the end of 

the fill, proceed in the same manner as above to get the "fill vertex". Obviously, 

if there is evidence that the beams move during a fill, the fill can be partitioned 

into smaller pieces, with a sub-fill vertex for each. 

F/LL -l/Mr/cgs Bi/is/r- i/f/cr/crs 19/03/91 17 19 
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Once the fill vertices have been determined, we need a second pass through 

the data to correct the reference points, i.e. remove the common provisional 

vertex and install the appropriate fill vertex for each event, and compute the 

revised DCA and (fo's. At the end of this process we then have tracks represented 

by parameters which refer to the fill vertex, "originating" at the point on the 

track closest to the fill vertex in the x,y plane. 
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An important difference between an event vertex and a fill vertex is that the 

latter is an average quantity. For a given event the true vertex can therefore 

deviate from the fill vertex by an amount equal to the half-size of the collision 

area, characterized by a 1 s.d. az ss 200pira horizontally and a 1 s.d ay w 10/tm 

vertically. For the fill vertex this uncertainty must thus be added in quadrature 

to the appropriate errors in the matrix E. 

The bb sample of L3 covers approximately 200 fills. Using high quality tracks 

in the qq events we have calculated the fill vertices for these fills. For bb events 

with a sufficient number of good tracks we have also calculated the " event 

vertex". In fig 3 we compare the x, y and z coordinates of the fill vertices with 

those of the event vertices. Taking into account the "quantized" nature of the 

averages in x and y of the fill vertices and the fact that the distribution of event 

vertices in a fill reflects the size of the bunch, there is excellent global agreement 

between the two distributions. It is seen that the LEP beamT at the location of 

L3 were off-axis by an amount varying between approx. -1.0 to -1.8 mm in the 

horizontal plane, and , for most fills, by approx. + 0.4 mm in the vertical plane. 

5.3 D E C A Y L E N G T H AND I M P A C ~ P A R A M E T E R 

The DCA and 4>Q of the tracks as defined with respect to either the event 

vertex or the fill vertex can now be used to decide which tracks are possibly 

originating from b decay. The bb events at LEP do not have many useful tracks 

originating at the primary vertex; most of them are contained in two back-to-

back jets , hence their intersection is ill-defined. In the analysis we have therefore 

used the fill vertices, not the event vertices, as the primary vertices of the events. 

Noting that these fill vertices are averages over bunches with a 1 s.d. spread 

ax — 200/j.m and ay — 10//m we require candidate secondary tracks to satisfy 

the condition: 

DCA1 > c l

D C A + - j - — * » 2 . 

where ODCA is the error resulting from the track- reconstruction and extrapola

tion and <$>DCA ' s the angle of the DCA vector in the x,y plane. 
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The data in table 1 indicate that in the enriched b sample the most likely 
track to satisfy this condition is the lepton. Having selected the leptons this way, 
we then obtain the lifetime, either by determining the "decay length", i.e. the 
distance between the fill vertex and the intersection of the jet axis of the decaying 
b quark and the lepton, or from the DCA of the lepton. 

The mean decay length < L > is related to the lifetime TB by 

< L > = (pB/mfi) c ,"B with projection Lxy = L sin6 

The DCA of the lepton is often called the impact parameter 4 ( for the sign 
convention, see below) and is related to the projected decay length L x y by 

\S\ = \L\sinx!> 

with projection: 

\Sxy\ = |£>CJ4| = \L\sinOsinip = \Lxy\sinrl; = \6\sin0 

Here 0 is the polar angle of the B momemtum, ip the angle between the lepton 
and the direction of the B meson ( i.e. the jet axis). 

For /?B —> 1 and /?/ —> 1 and a detector with full acceptance in angles and 
momenta it can be shown that the mean impact parameter is independent of the 
B momentum 

< 6 > = -CT 
2 

For slow B's and less than full acceptance the impact parameter will be a function 
of the B momentum and the lepton cm. momentum. 

* proof: 

sini/<' . . . l3Bclsin>l> 

for fig — 1 and j3f — 1 : 

Lcosv>* + U I + cosy:' 2 
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Fig 4a shows a kinematic calculation of the spatial impact parameter (in fim) 

6 vs B momentum( GeV) for an assumed lifetime of 1.3 psec, for muons with cm. 

momentum = 1 . 6 GeV (about at the centre of the muon phase space) without 

any cuts, fig 4b shows the same for the cuts as applied in L3, i.e. a min. muon 

lab momentum of 4 GeV and a min. pt - 1.5 GeV relative to the direction of 

the B meson. For comparison, fig 4c shows the decay length. 

Interestingly, the effect of the cuts is 

to reduce the B- momentum dependence 

of 6, albeit at the expense of a reduction 

of some hundred fim in average impact 

parameter. As is evident from fig 4c, a de- ..,.,. | 5 <r£_ ) 

cay length measurement has to cope with , , I 

a steep momentum dependence , but the i / 

gain is a factor of about eight in length at ' ! , , , . > , . , . • . , . , 
• • . ' , ' < ) ' • ; • p 

PB — 35 GeV,the average B momentum <8 

in the L3 data :.,,, . 

In the measurement of the impact pa- -A' ' 
1 / 

rameter we rely on the intersection of the 

lepton with a "nearby" jet: if the lepton 

intersects the axis of this jet with an an

gle < 90° we allocate a positive sign to 

the \DCA\ of the lepton, 8 = \DCA\, oth

erwise <5 = -\DCA\. The negative values 

are the result of the errors in the recon

struction of the lepton track, and/or er

rors in the determination of the jet axis 

(the jet axis is obtained from the L3 f,Gj t< 

calorimeters, without the use of TEC), 

/>«(' 1 / 
? 4 C 

• / , i • , 1 . , _,. X i - i . 
10 ? 0 30 4 0 

SO 
j . J 

h 

+ A full Monte Carlo calculat ion, unh id ing all 
o ther sources of lentous reduce* (he impact 
paramete rs below those of I he simple esti
mate in fig I, hut does not alter the t n n . l 



and/or errors in the assignment of the lep- •" 

ton to the "correct" jet. 

The latter point is illustrated in fig 

5. Fig 5a shows the Monte-Carlo B- " 

momentum distribution generated at the 

Z° peak. It suggests the presence of both 

two-jet events (with B-momenta around , 

30-40 GeV) and three-jet events. Due to 

the p and pt cuts on the lepton momen- " 

turn, B momenta below about 10 GeV re-

main unobservable and hence the sample 

contains mostly two-jet events. This is 

confirmed in fig 5b which shows a Monte 

Carlo distribution of the angle between 

the decay length vector and the axis of ' 6 

the b-jet. Most events have a small open- " 

ing angle, but there is a residual around a 

75 - 100° due to 3-jet events. 

h£j ifi-

h. ..in.. J 
JT/Y * ^ ' « 

h a 

w fi 

6. Measurement and analysis of the impact parameter distribution 

Thus far preliminary results on the lifetime have been obtained by the 

ALEPH, DELPHI and L3 collaborations at LEP, by measuring the impact pa

rameter distribution in semi leptonic b-decay. 

Table 2 shows the numbers of events and the relevant features of the ALEPH 

and L3 analyses, and fig 6 shows the measured impact parameter distributions. 

The two distributions are strikingly similar. 

To extract the lifetime from the data in fig 6, we need to know the error in 

6xy and the contributions of the different sources of leptons. For the error we 

have 

. II. .11 . I IQ l . l 
175 150 175 £7.' 1 

°l = <^ DC A + aMS + "beam + alsin''4> + olcOS2(/> 
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where o&fS is the multiple scattering error due to the beam pipe. The average 

value of the total error is ax — 216/nm, comparable in size to the average impact 

parameter = 170 /xm of table 2. 

Table 2 Semi-leptonic B-decay 

ALEPH L3 

DATA Int. Lum 7.7 pb~l 5.5 pb~l 

H A D R . Z 0 DECAYS 170 K 115K 

SELECTION mom cut on lepton - 4 GeV 

Pt cut on lepton 2 G e V 6> pr > 1.0 (e) GeV 

6> pr > 1.5 [fj) GeV 

SAMPLE b - W 7 3 % 82.1 % {n) 

COMPOSITION 84.4 % (e) 

# semileptonic events 2973 1386 

b^e 1215 673 

b —» n 1758 713 

TRACKS < DC A > 0.4 ± 1.9fj.m -

AND s.d DCA(from 2 track separ.) 140/jro 144/xm 

PRIM. VERTEX s.d beam spot centroid: 

from <p dependence of < DC A > 30/xm -

from fill to fill fluctuations 

r.m.s.Beam size : 

- 46/xm 

hor. ( from vert, tracks) 200/j.m 196 ± 5/j.m 

vert. ( from hor. tracks) 10//771 24 ± 25>xm 

1 s.d.mult, scatt. beampipe 30nm{> 5 GeV) 83/p fim 

IMPACT PAR. <<$> 142 ± liim 170 ± 20/xm 

As to the different sources of leptons we can distinguish five sources: 

1. b->l 
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2. 6 —* c —> / and 6 —* T -+ / 

3. prompt c —> / 

4. decay background 

5. misidentified leptons 

We briefly mention the way these sources are handled * . Details are omitted 

since they are specific to 66 physics at the Z° and not directly relevant to a B 

lifetime measurement at other storage rings. 

Each source x is present with a fraction fx and contributes an impact param

eter distribution Px. The observed distribution is then described by the weighted 

sum of the distributions Px: 

X 

The fractions fx are determined from MC events and checked to be in agree

ment with the observed p and pt distribution of the leptons. 

The impact parameter distr. due to mis-identified leptons ( source 5 above) 

is obtained from MC and checked against events in which no lepton was found. 

The MC distr. is then parametrized as a Gaussian + exponential tails. 

The impact parameter distr. due to source # 4 above is obtained from a MC 

sample of decaying pions and Kaons, and described by a Gaussian + tails. 

For the sources #1 ,2 and 3 the impact parameter distribution is written as a 

convolution of an " underlying" impact parameter distribution and a resolution 

function. This procedure permits a check with data on the resolution function 

and thus a partial check on the observed distr. The underlying distr. is generated 

with MC events and parametrized as the sum of four exponentials ( for source 

# 1 ) or two exponentials (for sources # 2 and # 3) 
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The full distribution observed is then described by: 

P=fiF1(6,cTB)®R{6,o6) + 

f2F2{6,cTB)®R(6,a6) + 

hFz(6,crc) ® R(6,os) + 

f4Ft(6) + hF5(6) 

with the B-lifetime as the only remaining unknown. 

The resolution function R(6, c\j) is obtained from the impact parameter dis
tribution of tracks which are known to have originated at the primary vertex. 
Such a distribution is obtained from Bhabha's and also from hadron events with
out leptons, by selecting events with small polar angle, such that the projection 
of the decay distance of any secondaries onto the x,y plane is reduced. These 
distributions are Gaussians, with a width in good agreement with the width 
computed from the various sources (beam centroid etc) listed before. 

Fig 7 shows the current state of the impact parameter work at the three LEP 
experiments, with the contributions of each of the sources listed above. ALEPH 
has the largest number of events, L3 has the best rejection of unwanted leptons. 

The distribution above is then fitted to the curves of fig 7 by means of the 
likelihood function L = i~Iî "> where i extends over all events. For discussions 
of the systematic errors the forthcoming publications of ALEPH and L3 must be 
consulted. 

The current results of these analyses are: 
ALEPH : 1.29 ± 0.06(stat) ± O.l(syst) psec. 
L3 : 1.32 ± 0.08(stat) ± 0.09(syst) psec. 

These results may be compared with the 1990 Particle Data Group average: 
PDG 1.18 ±0.11 psec. 
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7. Final comments 

The ALEPH and L3 experiments at LEP have measured the B lifetime with 

comparable statistical and systematic errors, using data corresponding to in

tegrated luminosities of 5.5 and 7.7 p b ^ 1 respectively. The lifetime has been 

deduced from the distribution of distances of closest approach (DCA) of high pt 

lepton tracks in selected qq events, and Monte Carlo estimates of the different 

sources of leptons contributing to this distribution. 

These measurements constitute a first step on the road to the detection of 

specific final states, and eventually, given sufficient luminosity, to the study of 

CP violation at B factories. The major problems with the current data are the 

fact that the error on the DCA of the lepton tracks (140,resp 144 \im in ALEPH 

and L3) is comparable to the average deviation of DCA from zero (142 resp 170 

fim) and the fact that the DCA is measured with respect to the centroid of a 

200 by 10 fim wide distribution of primary vertices. 

Attempts are underway to reduce the systematic error by measuring, instead 

of the DCA of the lepton, the distance between the fill vertex (or, better still, 

the event vertex) and the B decay point. The problem here is that the high total 

energy of the LEP events results in jets with small opening angles, and hence 

in large longitudinal errors on the secondary vertex and in ambiguities in the 

assignment of tracks to vertices. This problem is aggravated by the absence of 

good measurements of the z coordinates. Furthermore, the strong dependence on 

the B momentum (see fig 4) complicates the interpretation of the decay length 

distribution. 

The current state of this approach is summarized in fig 8, which shows (from 

top to bottom, all scales in mm) the DCA distribution of the muons in the B-

enriched sample of L3, the lepton decay length distribution (intersecting with 

the b-jet, small DCA's rejected, same sign convention as applied to the impact 

parameter above), the projected impact parameter distribution of the muons 

(similar to fig 6) and the impact parameter distribution of leptons originating 

at a secondary vertex with at least two other reconstructed tracks (small DCA 
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tracks excluded). The latter distribution is as yet not in acceptable agreement 
with the MC simulations. 
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Development of CMOS Front-end 
Electronics for Silicon Strip Detector* 

HIROKAZU IKEDA 

National Laboratory for High Energy Phynicn 
1-1 Oho, Tsukuba, [baraki-ken, 305 Japan 

ABSTRACT 

Design studies on a front-end CMOS amplifier for a silicon strip detector of the 
KEK B-factory experiment were discussed in terms of circuit configuration, noise 
characteristics, and TEG fabrication. 

* Presented at the Workshop on Physics and Detectors for KEK Asymmetric B-factory, April 
15-18, 1991, KEK 
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1. Introduction 

1.1. C H A R A C T E R I S T I C S O F C M O S E L E C T R O N I C S 

On behalf of superior characteristics of CMOS integrated circuits, i.e. low 
power consumption, high density integration, and high speed capability, CMOS 
integrated circuits have been investigated in terms of its process technology and its 
circuit technology. The CMOS circuit is applied not only for fully digital circuits, 
such as memories and CPU's, but also for analog/digital mixed circuit, such as a 
digital-to-analog converter and an analog-to-digital converter. A switched capaci
tor based analog processing circuit is an unique application of the CMOS circuit. 
In the area of the high energy physics experiment, the application of the CMOS 
circuits has just started to explore its capability. The readout VLSI for a silicon 
strip detector was begun with a pioneering work of Microplex . The microplex 
was implemented in an nMOS technology. Unsatisfactory nature of the nMOS 
microplex has been overcome with a modern CMOS technology. A CMOS imple
mentation of the microplex chip was developed in Rutherford Appleton Lab 2 . In 
order to increase noise filtering power, a higher order correlated sampling scheme 
was taken for the CAMEX chip *. The most sophisticated version of a silicon strip 
detector was developed in LBL 5 , which had a capability of sparce data scan. The 
CMOS technology has also been applied for an analog memory V L S I l 6 j m . The ana
log memory is a multi-stage sample and hold circuit. We combine both of these 
technologies, the CMOS charge amplifier and the analog memory, to implement an 
analog acquisition front-end circuit for a silicon strip detector of the KEK B-factory 
experiment. 

1.2. P R I N C I P L E FOR DATA R E A D O U T 

In order to use beam luminosity efficiently, a less dead-time scheme for readout 
has been studied for the KEK B-factory experiment. We have chosen an extended 
scheme of the double correlated sampling scheme. The scheme in shown in Figure 1. 
The output of the preamplifier is sampled for each time interval r . Iu the traditional 
way, RESET is issued for each sampling sequence. In the srheme we have chosen, 
the base line of the output of the charge amplifier is free to pile-up until a final 
TRIGGER decision is made. During the interval without TRIGGER, sampling 
cells are used in a cyclic fashion. When the TRIGGER is valid, the data sampling is 
terminated for a while for data conversion to be followed by RESET. A comparator 
is provided for each channel. The hit information for each channel and for each 
sampling slot is also stored in a shift register to be used for a sparcilied data readout. 
The spacification mechanism includes a function to search adjacent neighbours for 
sub-threshold signals. 
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2. Circuit Design 

It is worthwhile to note that the noise filtering power of the double correlated 
sampling is very poor unless supplemented with other mechanism. A solution laken 
here is to adjust the rise time of the preamplifier. 

2 . 1 . D O U B L E C O R R E L A T E D SAMPLING AND N O I S E EVALUATION 

It is very common to discuss about electronic noise with two noise components, 
a series noise component (v%) and a parallel noise component (ij;). The parallel 
noise is characterized as: 

«j = 2«/„ (2.1) 

where q is the electronic charge, and Ij the detector's leakage current. The series 
noise is characterized as: 

, 2 AkT 
v2

s = ^Ke— (2.2) 

where Ke is the excess noise factor, k the Boltzmanri constant, T the absolute 
temperature in Kelvin, and gm the trans conductance of th^ input transistor. Ke 

depends on a specific process, and is located in between 1 and 2. Once we know 
an impulse response h(t) of the analog chain, we can estimate the equivalent noise 
charge as: 

enc 2 = ii

pjhi(t)dt/2 + vj(Cd + CF erf j (ti(l)fdtl* (2.3) 

The double correlated sampling scheme is characterized by two time constants, rise 
time of the preamplifier (to) and sampling interval ( T ) . The output pulse shape of 
the preamplifier will be: 

/ ( 0 = l - « p ( - t / « o ) ( 2 A ) 

where A is a normalization constant: 

A = l - exp(-T/t0) (2.5) 

The normalization condition i s / ( r ) — 1. In the double correlated sampling scheme, 
we measure the pulse amplitude at two points, t\ and (2 ( '1 < ^2), which are 
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separated by T. While t\ is less than zero, the signal we measure is: 

to) •/(*.) l-"*-'*»°> (2 . 6 ) 

When ti goes beyond zero, it is: 

f{t2)-f(ti) = exp({T-t2yto) (2.7) 

Replacing <2 by t, we obtain an expression for k(t). Figure 2 schematically shows 
the input pulse shape f(t) aJid the effective impulse response h(t) for the double 
correlated sampling. We can evaluate the equation (2.3) with this h(t). The first 
integral is: 

F 1 = r + 2t0(exp(-r/t0) - 1) - (i0/2)(exp(-2r/to) - 1) + 

The second integral is: 
^2 = — ; ;—rr (2.9) 

With an assumption that r is much larger than the amplifier's ri w time of to, Fl 
is approximated as r + to/2, and F2 is l/<o. The series noise is controlled by the 
amplifier's rise time, while the parallel noise is controlled by the sampling interval. 
Figure 3 and Figure 4 show the input equivalent noise charge in terms of the 
detector's capacitance C<j. The first figure shows a dependence ou the amplifier's 
rise time, where Kt = 1.0, gm — 1.5mS, T=300K, / j = 10MJ4, and r = oOOw-sec 
are assumed. The second figure is a dependence on the sampling interval of the 
double correlated sampling, where Ke - 1.0, gm l.5mS, T - 300A', / j - llinA, 
and to = lOOnsec are assumed. With timing conditions of r = 500n.?ec and to = 
lOOnse.c we obtain input equivalent noise charge of 1000 electrons for a detector 
capacitance of 20pF. 

2.2. C I R C U I T C O N F I G U R A T I O N 

Circuit Schematic The schematic of the amplifier is shown in Figure 5. The input 
transistor is a common source FET which is arranged in a single ended fashion. 
The drain of the input transistor is connected to the source of a cascode transistor. 
The drain of the cascode transistor shares its node" with Ihe cascode load, the 
gate of the source follower, and the capacitor Cc which determines the frequency 
bandwidth of the amplifier. The feed back capacitor (Cf) is located between the 
gate of the input transistor and the source of the output source follower. The switch 
located in parallel with Cf is to discharge Cf and to restore the DO condition of 
the amplifier. The switch is also implemented in the CMOS configuration. 
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Miller Capacitance A role of the cascode stage is to set the Miller capacitance in 
a tolerable range. The Miller capacitance associated with the input transistor is: 

CM COD9-- (2.10) 
9ml 

where CGD l a the overlap capacitance between the gate and the drain, gm\ the 
trans-conductance of the input transistor, gm2 the trans-conductance of the cascode 
transistor. Because gm\ is taken to be very large, i.e. lrnS or more, to suppress 
the electronic noise, the ratio gm\ and gm2 happens to be large to increase the 
Miller capacitance. In our fabrication process, Coo l s 8.0 fF/mni for pMOS, and 
0.3 fF/mm for nMOS; it is still tolerable to choose the g„, ratio more than 100. 

Cascoded Load Another role of the cascode stage is to provide a high impedance 
load or a constant current source. The load impedance and/or output impedance 
of the cascode circuit are written as: 

r D = rd i + rdl + rdlrd2gm2 (2.11) 

With rjj and r^ of 1 Mil and gmi of O.lmS, rp is easy to achieve 100 MSJ . 

Capacitance Matching From equations (2.2) and (2.3), the series noise contribu
tion is proportional to: 

(Cd + CFET)2

 = C^CJ/CF^ + y/Crrr/C)' (2.12) 
^FET 

because gm is written as: 

gm itC„^(VGs - Vr) (2.13) 

where ft is the carrier mobility, Cox the gate capacitance of t lie input FFT per unit 
area, W the gate width, L the gate length, \'cs the gate-to-source voltage, and 
Vf the threshold voltage. It is apparent that the series noise is optimized when 
Cd = CFET- Unfortunately our design does not sit on the capautance matching 
condition. Typical value of Cd of the silicon strip detector for th< KEK R factory 
experiment is 20pF, while the CFET is : 

CFET = C0XWL (2.1-1) 

where Cox is about l.33fF/(im2 . W=250 fim and L=1.2 fim : that yields C'FI:T — 
0.4pF. The capacitance matching condition can be achieved only with a very large 
FET which we cannot choose to use due to geometrical conditions of the integrated 
circuit mask design. 
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Strong/Weak Inversion Operation The strong inversion conditio!i is characterized 
as: 

kT 
ID>0(—)2 (-'->•">) 

where /? is a product of W/L and the process gain factor kp. arid Ip the drain 
current of the input FET. The trans-conductance in the strong inversion condition 
is written as: 

g,„ = yflWD (2.16) 

In the weak inversion operation gm behaves like a bipolar transistor: 

With a process gain factor kp = lO/iA/V2 and ID = AOfiA, the transistor operation 
will be in the strong inversion condition for W / L - 250/1.2, while the operation is 
near in the weak inversion for W/L=750/1.2. In practice the 0,,,'s estimated with 
(2.16) and (2.17) give almost the same value, i.e. gm 1.5mS. In order to increase 
gm further, Ij must be iucreased together with j3. 

2.3 . C I R C U I T C H A R A C T E R I S T I C S 

Rise Time Adjustment The rise time (to) of the amplifier for an impulse response 
is a key factor to determine the noise frequency bandwidth. Figure 6 shows am
plifier's impulse response in terms of C c . Choosing a proper Cc, we can obtain a 
design value of to - lOOnsec. 

Gain/phase The open loop gain of the amplifier is: 

< " ' V ) = g m . , T D

r (2.18) 

In the low frequency limit, it gives: 

G(0) = gmrD (2.19) 

On the simulation basis, we obtain a low frequency gain of 100 dB. Assuming 
gm = ImS, r/) is about 100 Mfi , which meets with the discussion on the equation 
(2.11). Because a short channel FET shows inferior pinch-off characteristics, we 

— 233 — 



have chosen L=3.6 fim for the cascode transistors. In the high frequency limit. 
G(u>) is simplified as: 

G(u) = -igmt(u>Cc) (2.20) 

The unity gain frequency funiiy is: 

which yields /umty - : 160MHz for gm — ImS and Cc - \pF. A phase margin at 
the unity gain frequency is a measure of stability of the amplifier. Our design has 
a phase margin of 60°, which is quite safe for a practical operation. 

Input Impedance The input impedance is: 

With an approximation of very large r/>, Zi„ is approximately written as: 

Zin ~ ~ (2.23) 
9m Lf 

which yields Zin 5H2 for gm - ImS, Cj - Q.'2)>F. and (\ \pi'. The 
time constant associated with the input node is C^Z,,, ~ WQns'c, which is .still 
compatible with the rise time of the amplifier. 

Output Impedance Because the output of the amplifier is buffered with a source 
follower, the output loading condition approximately does not affect the frequency 
bandwidth of the amplifier. 

3. TEG Design 

The objectives for this TEG ( Test Element Group ) design are to reconfirm 
proper operation of the double correlated sampling scheme aud Lo examine its noise 
filtering characteristics in terms of gm, to- and the detector capacitance ('j. With 
this TEG design, we can get an information about h\. which will be fed bark for 
the further design work. The 1/f noise is also a point to be studied, whose power 
spectrum density is expressed as: 

B?//=tO&7 {3A) 

where Ki/j depends on the specific fabrication process which we have chosen. The 
1/f noise is reduced by the choice of large gate capacitance for the input transistor. 
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'Sable 1. TEG Fabrication of CMOS Charge Amplilier 

Process 1.2 fim double metal, double poly 
N-well CMOS Uchuology 

Input Transistor nMOS and pMC'S 
Ce 

0.4pF, 0.8pF. and 1.6pF 
9m 0.45mS, 0.6mS. and O.StnS 
Rise time of the amplifier ~100nsec 
Sampling interval O.o ~ 1.0/<.s 
Equivalent noise charge 500 electrons at 10pl-' 

and 1000 electrons at 20pF 

The outline of the TEG fabrication of the CMOS amplifier is listed in Table 
1. The fabrication technology is 1.2 pm double metal, double poly \-well CMOS 
technology of SEIKO Instruments Inc. We have 18 amplifier circuits in this TEG 
design; 3 levels on Cc, and 3 levels on gm both for pMOS input and nMOS input 
amplifiers. The rise time of the amplifier is about 100 nsec; that is in fact con 
trolled by Cc. The gm range is chosen from 0.45mS to 0.9mS to investigate the gm 

dependent nature of noise behavior. A study about radiation susceptibility is also 
planned both for transistor basis and circuit basis. 

Table 2. TEG Fabrication of CMOS Analog Memory 

Process 1.2 //ra double metal, double poly 
X-well CMOS Uchnology 

^ ^ Number of Storage Cell 128 
Cff 0.4pF, 0.8pF, and l.bpF 
Maximum Sampling Frequency 80MHz 
Readout Frequency 1 MHz ~ 1 MIL: 
Input Voltage range 1.0V ~ 4.0V 
Overall Resolution lObit equivalent 

Test circuits of the analog memory are also fabricated in this TEG design. 
The outline of the analog memory is listed in Table 2. The recording depth of 
the analog memory is 128 with holding capacitors of 0.4pF, O.SpF, or 1.6pF. The 
holding capacitor Cu is related with the trade-ofT between the sampling speed 
and the measurement accuracy. The usable frequency range is about 80 MHz 
with overall measurement accuracy of 10 bit equivalent. The input, signal range 
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is restricted as IV to 4 V due to limited span of V$s to \'l)D voltage and the 
transistor's threshold voltage 17-. 

4. Summary 

Prototype version of CMOS front-end circuits have been designed for readout 
of a silicon strip detector. An extension of the double correlated sampling scheme 
is our design basis in conjunction with an analog memory technique. The electronic 
noise was estimated in this scheme. A TEG fabrication run is in progress based 
on the design considerations discussed in this presentation. Basic properties of the 
SEIKO CMOS process will be obtained with this TEG design to be fed back for 
the final design. A full scale prototype will be fabricated in this year. A design for 
the final product will be also studied in this year in terms of architectural basis. 
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FIGURE CAPTIONS 

1) Analog Acquisition Scheme 

2) Output Pulse Shape and Effective Impulse Response 
In (A) ij is earlier than the signal's arrival. In (H) /i is later than ihe signal's 
arrival. (C) shows the effective impulse response. 

3) Rise Time Dependence of the Input Equivalent Noise Charge 
Three curves are for (o=50nsec, <o=100nsec:, and {u = IOOnsoc. 

4) Sampling Interval Dependence of the Input Equivalent Noise Charge 
The curves are for r=500risec. r=1000nsec, and r=1500n,sec. 

5) Schematic of the CMOS Amplifier 
The node B is the input node, the node C the output node, the node D the 
bias node of the cascode stage, and the node F the high impedance node to 
determine the gain of the amplifier. 

6) Impulse Response of the CMOS Amplifier 
The horizontal scale is the time base in ps. The vertical scale is the output 
voltage in mV. The input charge is 25000 electrons with the detector capac
itance of 6pF. A load capacitance C/,=2pF is attached at the output node. 
The slowest, curve is for Cc -5.0pF, and the fastest for Cc l.OpF. 
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3 Sampling points are 
eventually acquired 

Rise time = 100 nsec 

Response of the amplifier 
and sampling points 

O O-

m m 
Sampling interval =500 nsec 

j — -j ( Response of the comparator ) 

RESET is issued only at 
the end of the data acquisition 
sequence 

Sampled data are retained Data conversion 
in the analog memory and acquisition 

f 
I 

Spurious Hit Real Hit TRIGGER RESET 

Fig 1. Analog Acquisition Scheme 
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(A) t1 < 0 

tl t2 

Rise time = tO 

(B) t1 >0 

t2 

(C) Effective Impulse Response 

Normalized 

Fig2. Output Pulse Shape and Effective 
Impulse Response 

239 -



-i 1 1 r i r n 1 1 i 1 1 1 1 r 

o 
K 
E -

1250 — 

1000 

750 

500 

250 

DASH: t 0 = 5 0 n s e c 
SOLID: t 0 = 1 0 0 n s e c 
DOTDASII: t Q = 1 5 0 n s e c 

/ 
y 

y 
y 

y 
y 

y 
y 

y 

y 

y 
y 

j 1 i i I i i i i 1 i 1 1 i 1 1 1 1 u L-J 
5 10 15 
DETECTOR CAPACITANCE IN pF 

20 

Fig3. Rise Time Dependence of the Input 
Equivalent Noise Charge 



1000 ~i i i i I i i i i i i 1 1 1 1 1 1 1 r 

§ 
E-i 

800 

600 

400 

200 \— 

DASH: T=500nsec 
SOLID: T=1000nsec 
DOTDASH: T=1500nsec 

J — u j — i 1 1_ _i i i_ J 1 1 U 
5 10 15 
DETECTOR CAPACITANCE IN pF 

20 

Fig4. Sampling Interval Dependence of 
the Input Equivalent Noise Charge 



- c r c 

5 V H H 

r l^ E T l 

1 P F 
\ 

* — * — • -

i 5 P F 

ETl 

Hr NET! 

ETi 

* r l^ i jETl 
c - - 2 . 0 P P 

Hgt ETl 

1 
f -L 2 PF 

Fig5. Schematic of the CMOS Amplifier 



Transient response 

Fig6. Impulse Response of the CMOS Amplifier 
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ABSTRACT 

Effectiveness of having inner precision drift chamber in the detector system 
for the KEK asymmetric B-factory is discussed, focusing on the capabilities of 
extrapolating tracks in the central drift chamber to the hits in the silicon vertex 
detecter, and fast track triggering to reduce backgrounds. Importance of having z 
coordinate information is emphasized. 
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1. Introduction 

1.1. BASIC R E Q U I R E M E N T S 

There are many good reasons of having an inner precision drift chamber (PDC) 

between the silicon vertex detector (SVD) and the central drift chamber (CDC), in the 

radial region between 8 cm and 20 cm, and polar angle between 17° and 150° with 

respect to the higher energy beam direction. Main purposes of the PDC will be; 

1. detecting low yp tracks, for example, decayed 7r's from 13° —* D*+li>, D*+ —> 

D°w+, 
2. having high efficiency for V° vertexing, 

3. associating hits on the silicon vertex detector with a track in the central tracker 

both in r<f> and z, and 

4. providing track trigger both in r<j> and rz plane. 

In any case, we need to have good spatial resolution in both r<f> and z coordinates 

(for items 1 - 3). Especially the importance of z measurement should be emphasized, 

since most of the interested tracks go forward and make small polar angle. A criterion is 

to have an accuracy of 100 ~ 150 fim for both A r 0 and Az. Also at the same time, we 

must have a fast response for the triggering (item 4). Obviously amount of the materials 

should be kept as low as possible not to deteriorate the performance of outside detectors, 

eg. CDC, RICH and calorimeters. 

In this paper, I will concentrate on the items 3 and 4, and like to discuss the impact 

of having PDC. 

1.2. C O N S I D E R A T I O N ON P E R F O R M A N C E 

The requirements given above are self-conflicting ones for a drift chamber. For 

example, to have a good z measurement, one must put many stereo readout planes, or 

insert several layers of cathode strip plane for image readout of avalanche point. The 

former reduces the number of axial wire planes and results in poorer tracking capability 

in the r<f> plane in the limited space, and the latter will increase the amount of material 

in the cathode planes. Requirement of fast trigger capability demands the use of fast 

gas, which will reduce spatial resolution in general. Hence, the design of the PDC should 

somehow be made by compromising those requirements. 
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In fact, rcj> measurement in the accuracy of Ar<j> = 100 ~ 150/1 m has been done 

by several types of drift chambers with 1 atmospheric pressure. Also many e + e ~ col

lider experiments have already shown the capability of tracking trigger in r<f> plane. 

In our case, asymmetric collision boosts interested tracks along z (beam) axis. Fast 

z information will be crucially important for reducing background trigger rate coming 

from off-intersection region. Hence, real issue for the PDC design is how to incorporate 

the required performance on spatial measurement and fast trigger information on the z 

coordinate with all the other requirements. 

2. Design of the PDC 

2 . 1 . G E O M E T R I C A L P A R A M E T E R S 

In designing the PDC, we considered the following points; 

1. avoiding construction difficulty, 

2. avoiding maintenance problem, 

3. good r<f> resolution, 

4. easy r<f> trigger (fast response), 

5. simple z trigger signal available, 

6. reasonably good z resolution, and 

7. as similar architecture and R/D items with CDC as possible. 

For 1 and 2 we do not like 0S — 45° (or even 9, = 90°) stereo wires utilising beryllium 

vanes to support them [1] . For 4, TPC drops from our candidate, and for 5 and 6 straw 

tube is out. The point 7 is subsidiary, but is desirable in practice. 

Our choise to the PDC is a small cell type multi-wire cylindrical drift chamber with 

inner and outer cylinders of 1mm thick carbon fiber which support wire tension. Inside 

of the inner and the outer cylinders, cathode strips of 90° with respect to anode wire 

are placed for image readout of z coordinate. To measure another two z coordinates, an 

extra cylinder with cathode strip planes on both sides is inserted in the volume. The 

thickness of the inserted cylinder will be about 0.5mm with the same material as the 

inner and the outer cylinders. Thus we can provide four z coordinate measurements 

associated to a track which goes through the PDC. 
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Schematic view of the configuration is given in fig.l. Also geometrical parameters are 

summarized in table 1. In this design, a rectangular cell structure is chosen to minimize 

the cross talk between anodes, and to simplify the calibration for dE/dx measurement. 

Total number of anode sense wires and field wires are 840 and 2220, respectively. Pitch 

of the cathode strip will be about 6mm, which is about the same as the gap width 

between the anode and the cathode. Each strip will be divided into four in azimuth. 

Total number of cathode strip readout is 1652. 

cm 

J i I i L_ 
0 5 10 15 2 0 

cm 

Fig. l Wire configuration of Hie PDC. • and 4- indicate the anode sense wire and the field 
wire, respectively. 
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Table 1 Geometrical parameters of the PDC. 

radius 
(mm) 

wire spacing 
(mm) 

-Z 
(mm) 

+z 
(mm) 

No. of 
readouts 

inner cylinder 84.0 - 85.0 
cathode plane 85.5 -148.1 279.7 72 x 4 cathode strips 
wire 1 (a,f)* 
wire 2 (()** 
wire 3 (a,f) 

91.5 
96.5 
101.5 

4.79 
5.05 
5.31 

-158.5 
-167.1 
-175.8 

299.3 
315.6 
332.0 

60 anode wires 

60 anode wires 
cathode plane 107.5 -186.2 351.6 90 x 4 cathode strips 
inserted cyl. 108.0 - 108.5 

cathode plane 109.0 -188.8 356.5 9 1 x 4 cathode strips 
wire 1 (a,f) 
wire 2 (f) 
wire 3 (a,f) 

wire 13 (a,f) 
wire 14 (f) 
wire 15 (a,f) 

115.0 
120.0 
125.0 

175.0 
180.0 
185.0 

4.01 
4.19 
4.36 

6.11 
6.28 
6.46 

-199.2 
-207.8 
-216.5 

-303.1 
-311.8 
-320.4 

376.1 
392.5 
408.9 

572.4 
588.8 
605.1 

90 anode wires 

90 anode wires 

90 anode wires 

90 anode wires 
cathode plane 191.0 -330.8 624.7 160 x 4 cathode strips 

1 outer cylinder 191.5- 192.5 

Note: *(a,f) anode and field wires, **(f) field wires only 

2.2. E X P E C T E D C H A M B E R P E R F O R M A N C E 

A spatial resolution Ar<f> = 100 ~ 150/mi will be achieved by this wire configuration 

without much hutsle. Cood points of using cathode readout are i) we will have a 3-D 

measurement of a point with no parallax, and ii) fast and direct z trigger information 

will be easily obtained. Ft is possible to have Ac ~ 150//m for a pointlike avalanche, 

however, if a track makes shallow angle with anode wire, the avalanche will be spread 

along the anode and Az will be increased [2] . We expect to have Az between 150/im 

and 500/xm as a function of polar angle of the track. This property should be studied 

carefully. 

Simulation of the chamber performance was carried out for the wire configuration 

mentioned above, temporarily assuming gas mixture of C//4/C2//6 = 85/15 and applied 

high voltage of 3.0 kV. Due to magnetic field applied (1 T) , electron drift path spirals 

around wires, and equi-drift time line shows "very slow arrival" area (figs.2 and 3). 
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Also boundary cells show large asymmetry, hence additional field wires close to cathode 

cylinder may be needed, x-t relation shows that more than 90% or drift region arc usable 

for tracking and fast triggering device (fig-4). However, boundary region needs careful 

calibration. 

Fig.2 Electron drift path close lo the middle cathode wall in the I'DC with (a) no magnetic 
field and (b) magnetic field of 1 7'. 

Fig.3 Equi-drifl. time line in Uie same area as fig.2, wil.h (a) no magnetic field and (b) 
magnetic field of 1 ']'. 
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Fig.4 x-t relation for a cell in the central 
region of the PDC. This indicates about 90% 
of the drift region is usable. 

Fig.5 Estimated resolution as a function of 
the number of electrons needed to trigger the 
TDC for various drift distances (1 mm, 3 mm, 
and 4 mm.) 

Spatial resolution was estimated by Monte Carlo method, where data of drift velocity, 

dispersion and averaged number of secondary ion pairs wereg.ven by Sauli's compilation 

[3] . As is shown in fig.5, it is possible to have a spatial resolution of Ar<f> = 100 ~ 150/rni 

in the most of the region if the front-end electronics is sensitive to a few electrons arriving 

to the anode. Assuming measurement errors of Ar<)> = lOO/xm in every measured point, 

momentum resolution of the PDC is estimated to be 

Apr 
PT 

= A y/(0.254p r) 2 + (0.035) 2 

for the tracks with the polar angle 0 = 90°. 



3. Extrapolation to the SVD 

One of the key point of having the PDC is to associate a hit on the SVD to a track 
in the CDC. In other words, it is to link high precision vertex measurement in the SVD 
with high precision momentum measurement in the CDC. 

3.1. REQUIREMENTS 

First, track density on the SVD should be studied to settle our criterion. We took 
LUND Monte Carlo on T(45), and assumed 'standard' decay. Distances between each 
intersection point of generated track and SVD cylinder are examined. Fig.6 shows the 
number of track pairs found in the distance around each hit point in r<f> and z. Within the 
distance of 500/im on the outermost SVD cylinder, typically we can find ~ 0.1 and 0.2 
track pairs per event in r<j> and z, respectively, where the averaged charged multiplicity 
is roughly 12. If z readout of the SVD is azimuthally subdivided, the probability of 
having close hit in the projectied z coordinate will be reduced accordingly. The number 
(~ 0.1 pairs/event) looks practically tolerable. Although it would be necessary to go 
though detailed event by event pattern recognition process to assure the number is 
really acceptable for physics analysis, here we just define that extrapolation resolution 
of 500(im as our primary criterion for the extrapolation by the PDC. 

1 g 1 L, ' 1 0.0 <—=- ' ' ' 1 
0 500 1000 1500 2000 0 500 L000 1500 2000 

T6$ ( M m ) <5z (fim) 

Fig.6 Estimated track density on the SVD. Number of track pairs per event which will be 
found within the distance of (a) r<j> and (b) z are plotted. 



3.2. E X T R A P O L A T I O N R E S O L U T I O N 

Extrapolation resolution (Tr(j, and az are estimated by Monte Carlo method, assum

ing the PDC resolution Ar<j> and Az as 100/xm and 500/zm, respectively, and multiple 

Coulomb scattering on the inner and middle wall. Fig.7 shows the results for // at 1 

GeV/c. For r<f> coordinate, the criterion is fulfilled comfortably. On the other hand, 

az < 500//m is satisfied on the outermost SVD, but is marginal for the others. 

There are different natures in ot$ and az. In most of the detection region (<? > 20°), 

arfy is not dominated by the multiple scattering (fig.8) but by the uncertainty of the 

momentum measurement of the PDC (-^-\PDC), i-e- the uncertainty of the curvature 

in the helix extrapolation. This can be improved by the constrained fit with the measured 

momentun in the CDC for the linked tracks (fig.9). On the other hand, z on the SVD 

is basically obtained by a linear extrapolation, hence -^-\poc does not matter, but 

multiple scattering on the wall dominates the forward angle region due to effectively 

thicker material and longer extrapolation (fig.8). Actually, in the region of 0 > 40° we 

can expect much better spatial resolution than 500/im in z by cathode strip readout 

(hopefully Az ~ 200/xm), hence we can expect better az (~ 250/mt). In the forward 

region, Az is more or less the same as 500//m or worse, but this region is dominated by 

multiple scattering and improvement of Az does not help the situation, anyway. 

3 .3 . E X T R A P O L A T I O N BY TIIK C D C ALONE 

What if only the CDC is used for extrapolating the CDC track to the SVD without 

having the PDC ? For oy^, good tracking resolution is expected in the region of larger 

polar angle. However, multiple scattering swamps the resolution simply because of longer 

extrapolation distance. Fig.10 just show the contribution of multiple scattering on the 

inner wall of the CDC to the extrapolation resolution, without any tracking resolution 

in the CDC itself. Fven though the effect of the multiple scattering is smaller than the 

az by the PDC, the CDC alone can not make a good extrapolation to the SVD because 

there are no precision measurement of z coordinate in the CDC. 

In summary, ar<j, and az satisfy our criterion (< 500//m) in the most cases. The 

PDC track extrapolation to the SVD will make a good association of the SVD hit to a 

CDC track under the expected circumstances, far better than the CDC alone does. 

— 252 --



BOO 

ar4> e--depend 2 nee 
BOO 

: w • 1 • • 1 ' • ' 1 . . . . . . . . 
X SVD1 r « 3 c m 

-
• X <• SVD2 r « 5 c m . 

6 0 0 

X 

O SVD3 r - 7 c m 

4 0 0 

2 0 0 

o 
o 

D 
Q 

. 1 . 

X 

o 

a 

X 
0 

O
 

—
 

X 
X 

a D 

40 60 
8 (deg) 

! 

crz S -dependence 

(b) x 

, , I 

I ' I • ' • • I • • ' 

x SVD1 r=3cm 
° SVD2 r-5cm ~ 
a SVD3 r - 7 c m 

40 60 
fl (deg) 
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Fig.8 Contribution of the multiple Coulomb scattering in the extrapolation resolution of 
the PDC track to the SVD in (a) rtf> and (b) z coordinates. The effect is minimal in r<j>, 
suggesting that the major contribution in r/j> is the ambiguity in momentum determination. 
Contraly, resolution in z is mostly dominated by the multiple scattering in the forward polar 
angle region. 
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Fig.lO Estimated extrapolation resolution by the CDC alone, where only the effect of 
multiple scattering on the CDC inner wall is encountered. This already shows that the 
extrapolation is far worse than having the PDC. 
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4. Triggering 

Triggering has a two-fold concept. First, we should accept genuine physics event 

with high efficiency. Tracks in the real events are originated in the interaction region 

and satisfy some kinematical constraints, so that we should he sensitive to those tracks. 

Second, we should reject background events (tracks) mostly coming from ofr-inter;iction 

point such as beam gas events or wall events generated by lost electrons (positrons). 

In this case, our system should not accept those events. We should satisfy those two 

requirements. 

4 . 1 . !{</> Tiuc.GKW. 

In the rcj) plane, it is relatively easy to trigger large p/ ' tracks because of its straight-

ness. Straight line makes a strong and simple correlation in the hits. In the realistic 

case, exsistence of the magnetic field and finite p/ ' make tin; hit correlation complicated. 

The problem is how low we should be sensitive in p/ 1 to trigger physics signal efficiently. 

Kig.l 1 shows the estimation by LUND 6.3 Monte Carlo for the detection efficiency of 

the physics signal with several different UB final states on the T(4.V). Here, we require 

at least 2 tracks have minimum p/ ' value (py- > p / ' „ J l n ) and are separated more than 

90° in <j>. The figure shows that p / ' m i n = 0.2 (JeV/c gives the detection efficiency of 

0.94 ~ 0.99, which looks reasonably good for our purpose. 

To obtain the fast rcf> trigger from the chamber signal, 1*1)0 cells are grouped to 

form 30 "sectors" (fig. 12). Those are to count the tracks with p/ ' > pyvnin- Har.h sector 

consists of 6 logic layers, and a mask pattern (lookup table) defines a 'track' taking 

correlation (combination) between the flits in each layer. Kig.l3 shows the efficiency 

of finding a track with p/' > p/ ' m in f ° r several prmin values. Pattern A is aimed to 

count a track with pr,nin — 0.2 CeV/c, and is good for accepting such a track with high 

efficiency. 

How is the physics signal triggered by this lookup table ? Kig. M shows the angular 

correlation of 'hit ' sectors as defined above for the 'standard' decay final states in LUND 

6.3 on T( /l.9). Maximum opening angle between two 'hit ' sectors (i.e. tracks) are plotted 

by the number of sectors. The number of events with A<f>ij > 90°(> 7.5 sectors) is 

consistent (~ 98%) with the previous estimation in the generated momentum space. 
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F i g . l l Ratio of the LUND 6.3 events which satisfy the requirement of at least two tracks 
have pr > PTmin and are sepatrated more than 90° in <j> for several BB final states on 
T(4S). 
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Fig-12 The PDC cells are grouped to the sectors to provide fast trigger logic. There are 
30 sectors in total, and each sector consists of 6 logical layers to define 'a track'. 
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Fig.13 Efficiency vs pr for various logic 
patterns, 'A' for prmin = 0.2GeV/c, 'B ' for 
PTmin = 0.3GeV/c, and ' C for pr,mn = 
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Fig.14 Hit sector correlations for inclusive 
decay of B~B on T(4S) by LUND 6.3. The 
maximum angle between two tracks is plotted 
in the unit of sector numbers. 
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Fig.15 Efficiency for the tracks of pr = 0.3 GeV/c originated in the various points. 6/6 
requires all the 6 logical layers in a sector are on, 5/6 allows one logic layer is off, 4/6 allows 
two layers are off, and so on. 



4.2 . B A C K G R O U N D R E D U C T I O N IN T H E r<f> P L A N E 

So far, we have seen that the trigger scheme can accept ~ 98% of averaged physics 

events. Another task of the triggering is to reduce non-physics signal coming from off-

interaction region. I'^ig.15 shows the efficiency of the tracks with py = 0.3 CeV/c which 

is originated in the various points, where 6/6 requires all the 6 logic layers are on, 5/6 

allows 1 layer is off (i.e. allows finite efficiency in the cell hit for reality) and 4/6 allows 

2 layers off. Obviously, the efficiency is 1.0 for r = 0 which is meant to be, and decreases 

as r increases. The efficiency for the tracks from r = 3.5 cm, which is the realistic source 

of the wall event, is about 0.4 (i.e. reduction rate is 0.6) for the 5/6 logic. 

4 . 3 . Z T R I G G E R 

Z trigger will be powerful in reducing the tracks originated at off-intersection point, 

such as beam gas events. The trigger will essentially be a straight line trigger with cath

ode strips. The current model is to make a "tower" trigger sensitive to the tracks corning 

from the intersection point (fig. 16). In this case, we assume that the z information in the 

innermost cathode strip layer of the CDC is usable in conjunction with four z coordinate 

information from the cathode strips of the PDC. This turns out to be quite powerful in 

reducing background tracks coming from z ^ 0 region (fig.17). Allowing one logic is off 

out of five z logic layers, triggering efficiencies for the tracks of pr = 0.3 GeV/c from 

r = 0 and r = 3cm are shown as functions of z coordinate of their origin. The efficiency 

is 1.0 around r — 0 and z = 0, obviously, but it sharply drops around z ~ ±5cm for 

both r = 0 and r — 3cm. Beyond z = ±I0cm the efficiency totally falls out even for 

r = 3cm. This means that we will be safe if we do not place background sources (such 

as beam masks) within ±10 cm of the intersection point. 
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5. Summary 

Present study has shown that there are many good points of having the PDC between 
the SVD and the CDC. 

1. The PDC improves association of the SVD hits to the CDC tracks substantially. 
For 1 GeV/c //-on with a polar angle of 30°, extrapolation resolution to SVD-3 
(r = 7 cm) are ~ 120/tm and ~ 450/im for r<f> and z, respectively. Those are 
compared with the resolution by the CDC alone, which are ~ 400//m for r<f> and 
~ 1 mm for z. 

2. The PDC provides efficient tracking trigger. The PDC trigger shows high effi
ciency in detecting genuine physics events, and also in reducing background tracks 
originated from off-interaction region. 

For both 1 and 2 above, ^-coordinate measurement plays an essential role, especially 

for the triggering. 

Although there are many interesting points remained to be addressed concerning to 
the advantages of having the PDC, we like to conclude that we will have the PDC in 
our detector and should go on the serious R/D work for it. 
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C e n t r a l Dr i f t C h a m b e r for K E K A s y m m e t r i c B F a c t o r y 

K. Abe 

National Laboratory for High Energy Physics 

Tsukuba, Ibaraki, Japan 305 

1. Bas ic D e s i g n S t r a t e g y 

Our basic strategy for the Central Drift Chamber (CDC) design is, i) it covers 

tracks in the 9 region of 17° and 150°, ii) it provides the momentum resolution 

(SPt/Ptf ~ (0.5%) 2 (l+pf), and the dE/dx resolution of about 6%, iii) it has 

a small cell configuration and uses a low-Z gass such as a Helium-based gas, iv) 

its cell structure consists of superlayers of axial wires and one layer of stereo 

wires between superlayers, providing aT^ ~ 150/i and ax ~ 5mm. In addition, 

we plan to install a z-pad layer at least on the inner wall, mostly for a z-trigger, 

and possibly on the outer wall also if it is required for a track matching between 

CDC and RICH. We think that we can achieve az ~ C.5mm if we use one layer 

of a z-pad. 

The smallest inner radius that we can have is constrained by the separation-

bend permanent magnets and the QCD cryostats. Presently, we set the inner 

radius and outer radius at 30 cm and 90 cm, respectively. The CDC location 

with respect to the beam line elements are shown in Fig. 1. We continue our 

effort to have a smaller inner radius in order to increase the lever-arm in the 

CDC particularly for the forward-going tracks. 

2 . Cel l C o n f i g u r a t i o n 

A proposed cell configuration is shown in Fig. 2. Its parameters are summa

rized in Table 1. All cells have nearly square shapes. The radial size of all cells, 

both axial and stereo, is fixed at 1.4 cm. The number of cells per layer within 
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the same super-layer is kept the same in order to retain a symmetry of the wire 

patterns within each super-layer. Thus, the <j> width increases as the radial po

sition of the layers increases within each super-layer. However this variation is 

kept to less than 15 % for the entire chamber in order to minimize the cell-to-cell 

variation of the dE /dx measurement. The angles of the stereo layers are chosen 

so that their radial distances in the middle do not deviate from those at the edge 

of the wires by more than ± l m m . This minimizes the dE/dx variation. 

3 . A m o u n t of Materials Inside the Gas Volume 

Amount of materials inside the gas volume are listed in Table 2. It is clear 

that for reducing the multiple-Coulomb scattering we should use the Aluminum 

field wire and a Helium-based gas. The CH4/C2He(85 : 15) mixture is comparable 

to Helium-based gas in terms of the amount of materials. However, this mixture 

has a fast drift velocity( about 7 cm//jsec) and its Lorentz angle might become 

too large. 

4. Drift Veloci t ies of Hel ium-based G a s 

A mixture consisting of He/C2H6 50:50 has a desirable drift velocity. It has 

a fast rise to the saturation at about 4 cm/^isec. We plan to make measurements 

for more varieties of mixtures very shortly. 

5. A l u m i n u m Field Wire 

There has been a worry about using Aluminum field-wires mainly because 

it tends to loose the wire tension during an extended time period ("creep"). 

However AMY used 22,994 Aluminum field-wires in its Central Drift. Chamber 

successfully. They used 160/J diameter, gold-plated wires. They are typically 

93 to 180 cm long, and were strung with 150 g tension. A special solder (KR 
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18 manufactured by Nihon Almit Co. Tokyo) was used for attaching the wires 

to the feedthrough pins. The chamber has been operating for more than four 

years and no wire either broke or slipped. There is no way of knowing if the wire 

tension is lost in any wire. However they do not observe any deterioration of the 

chamber performance. 

A measurement of the wire tension for an extended time period was carried 

outed using 120/J bare Aluminum wires. We Strang them with the initial tensions 

of 100 g, 150 g, and 200 g. Results are plotted in Fig. 3 and Fig. 4. We observe 

about 1% level creep in 150 g and 200 g tensions in 30 days. No creep is visible 

in 100 g tension test. Similar results reported by different groups are compared 

in Table 3 in terms of the wire tension per unit area. As can be seen in this table, 

our test covers the entire range that were used by AMY and by CLEO. 

One important issue is whether the gold-plating is absolutely needed or not. 

It adds a significant amount of material. One micron of gold-plating (2 fi total) 

is equivalent to 60/i of Aluminum. The gold-plating is believed to be needed in 

order to stablize chemically active Aluminum surface. However we may avoid 

using it if we are careful during the wire stringing. Once the chamber is filled 

with the operating gas, there is no elements in the gas which react with the 

Aluminum surface. We plan to have a test to settle this issue. 

6. Mechanical Structure and C h a m b e r Materia ls 

Mechanical structure of the chamber is shown in Fig. 5. We have done a 

structural analysis assuming a total of 3 ton tension between the endplates. The 

maximum displacement in any location on the Aluminum endplate is 2.6 mm. 

This may be tolerated with a careful pre-stressing before the wire stringing. With 

15 mm thickness of the Aluminum, the displacement is reduced to 0.8 mm. This 

is comfortably safe. The maximum stress on 10 mm endplate is 2.7 k g / m m 2 , 

which is small enough. 
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Chamber materials are listed in Table 4. A particle emerging with 9 = 

90° goes through the material which totals 5.3% radiation length in CDC. The 

material in the endcap direction is dominated by the endplatc thickness. If we 

use 1 cm endplate, the total amount of material is 1 1 % / cos6*. 

7. Calculat ions of Drift Cell Propert ies 

We have performed a drift field calculation in order to answer several specific 

questions regarding the chamber design. One question is whether we can make 

<f>-width of the drift cell longer than r-width so that we can reduce a total number 

of wires. The other question is optimizing the diameters of the sense-wire and 

field-wire for the gas gain and the drift field. We used He/C',>H(;(!30:50) mixture 

in this study. And the sense-wire high voltage is set in such a way that the gas 

gain of 2 x 10 4 is achieved. 

Fig. C shows the equal drift-time contours for 14 mm square and 14 x 21 mm 

cells. It is unavoidable that the inefficient region between the cell boundaries 

increases for non-square cell. However a quantitative comparison needs a detailed 

simulation using the passing tracks. 

A position dependence of the drift electric field is shown in Fig. 7 for the 

square cell when 20/i and 30/i sense wires are used. For 20 /* case, the field 

becomes as low as 0.84 kV/cm, which may give somewhat too slow drift velocity. 

In the 30/i case the lowest, field is 0.98 kV/cm, which is adequate. However the 

surface field of the 120/i field-wire exceeds 20 kV/cm in the 30// ra.se. We need to 

check that this does not cause the wisker-growing. The corresponding drift-time-

to-distance relations are shown in Fig. S. A deviation from the straight line in 

the region of weaker field become more noticeable in the case of 2Q(t sense wire. 

In Fig. 9 and 10, drift-field-to-distajire and drift-time-to-distance relations a.re 

shown for 21 mm x 14 mm cell size. It emi be seen that the drift-field becomes 

very weak in a certain region for both 20/t and 30/i sense-wires, causing a large 

2<>!"i 
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deviation from the straight line in the drift-time-to-distance relations. It should 

be mentioned, however, that how the tracking analysis is affected by these results 

needs to wait a detailed simulation using the passing tracks. 

8. d E / d x Reso lu t ion 

Fig. 11 shows a calculated separation between K and it dE /dx peaks in terms 

of r.m.s. when a track comes out from the interaction point with 6 = 90° (see 

J. Vavra et al, N.I.M. 203 (1982) 109). As can be seen in the figure, the density 

effect is very large. We plan to verify the density effect calculation of the Helium-

based gas by a beam test. 
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1 Parameters for the CDC wire configuration 
All wires span from 2=-100cm to 4-140cm 

layer radius no. of cells cell size angle 
(cm) (cm) (mrad) 

1 31.7 144 1.38 0. 2 33.1 144 1.44 0. 
3 34.5 144 1.51 0. 
4 35.9 144 1.57 19.6 
5 37.3 176 1.33 0. 
6 38.7 176 1.38 0. 
7 40.1 176 1.43 0. 
8 41.5 176 1.48 -18.5 
9 42.9 208 1.30 0. 
10 44.3 208 1.34 0. 
11 45.7 208 1.38 0. 
12 47.1 208 1.42 23.7 
13 48.5 224 1.36 0. 
14 49.9 224 1.40 0. 
15 51.3 224 1.44 0. 
16 52.7 224 1.48 -24.7 
17 54.1 256 1.33 0. 
18 55.5 256 1.36 0. 
19 56.9 256 1.40 0. 
20 58.3 256 1.43 23.8 
21 59.7 272 1.38 0. 
22 61.1 272 1.41 0. 
23 62.5 272 1.44 0. 
24 63.9 272 1.48 -24.6 
25 65.3 304 1.35 0. 
26 66.7 304 1.38 0. 
27 68.1 304 1.41 0. 
28 69.5 304 1.44 29.9 
29 70.9 320 1.39 0. 
30 72.3 320 1.42 0. 
31 73.7 320 1.45 0. 
32 75.1 320 1.47 -30.7 
33 76.5 352 1.37 0. 
34 77.9 352 1.39 0. 
35 79.3 352 1.42 0. 
36 80.7 352 1.44 30.0 
37 82.1 384 1.34 0. 
38 83.5 384 1.37 0. 
39 84.9 384 1.39 0. 
40 86.3 384 1.41 -29.4 
41 87.7 400 1.38 0. 



Table 2 Amount of materials inside the gas volume 

Materials Radiation Length 

(fraction) 

Wires 

Tungsten wires (20//) 2.9 x 1 0 - 4 

Aluminum wires (120fx) 1.2 x 1 0 - 3 

Cu-Be wires (75fi) 3.0 x 1 0 - 3 

Gas 

He/C 2 H 6 (50:50) 0.94 x 10~ 3 

He/CO 2 / iC 4 Hi 0 (70:15:15) 1.1 x 10~ 3 

CH 4 /C 2 H 6 (85 :15) 1.1 x 10~ 3 

Ar/C 2 H 6 (50:50) 1.6 x l O - 3 

C3H8 2.7 x 1 0 - 3 

Table 3 Comparison of Aluminum wire tension measurements 
in terms of tension per unit area. 

Test Wire Diameter Tension Tension 

AMY 160 n 150 g 7.46Kg/mm 2 

CLEO 110 pi 170 g 17.9Kg/mm 2 

This Test 120 fj. 100 g 8.84Kg/mm 2 

120 11 150 g 13.3Kg/mm 2 

1 2 0 ^ 200 g 17.7Kg/mm 2 

2(i8 



Table 4 Structural materials of CDC 

Structure thickness(mm) Material r.l.(cm) r.l. fraction(%) 

Inner wall 2.0 C 18.8 1.1 

Outer wall 5.0 C 18.8 2.6 

Cathode strip base 2.0 Mylar 28.7 0.7 

Cathode strip 0.1 Cu 1.43 0.7 

Gas 600.0 H e / C 2 H 6 60,000 0.1 

Sense wires 2 x 1 0 - 3 W 0.35 0.05 

Field wires 5 x 1 0 - 3 Al 8.9 0.07 

Total 5.3 
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Figure Capt ions 

Fig. 1 CDC location with respect to the beam line elements. 

Fig. 2 CDC wire configuration. 

Fig. 3 Tensions of 120> Aluminum wires as a function of number of days when 
they are strung with 100 g, 150 g, 200 g tensions. 

Fig. 4 Relative wire tensions as a function of number of days. 

Fig. 5 Mechanical structure of CDC. 

Fig. 6 Equal drift-time contours for 14 mm square and 14 x 21 mm cells. 

Fig. 7 Drift-field-to-distance for 14 mm square cell. 

Fig. 8 Drift-time-to-distance relations. 

Fig. 9 Drift-field-to-distance relations for 21 mm x 14 mm cell size when 20^ and 
30/i sense wires are used. 

Fig. 10 Drift-time-to-distance relations for 21 mm x 14 mm cell size when 20/i and 
30^ sense wires are used. 

Fig. 11 Calculated separation between K and TT dE /dx peaks in the CDC when 
H e / C 2 H 6 ( 5 0 : 50) is used. 
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CP VIOLATION IN EXCLUSIVE B DECAYS 
(Review) 

Ken NUMATA 

Department of Physics, Univ. of Tokyo, Hongo, Bunkyo-ku, Tokyo 113, Japan 

Abstract 

We review some decay modes of B° or B°, with which we measure CP violation 

or phases of Cabibbo-Kobayashi-Maskawa (CKM) mattix elements. Foi simplicity, we 

restrict the topics to the cases of Bjj — Bjj system. 
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1 Introduction 

The theoretically established way to measure phases of the CKM matrix elements in B fac

tories is to watch the interference of the amplitudes from B° and B° to a common final state, 

/-
For instance, let's consider ipK, as / . In this case, the asymmetry between B° and B° 

decay rates is directly related to phases in the CKM matrix elements, Vi}, in the following 

equationl1'2-3-4!: 

= r(B(<) -» V-K.) - r(B(Q -> 0K.) 
u ~ r(B(0 - iPK.) + r(B(<) - ^K. ) 

Here B(t) is defined to be a state at time t that was purely B° at the initial time, 0. The state 

B(t) is similarly defined. The frequency Am is the mass difference of the two eigen states of 

the mixing matrix of the Bj} — BJj system. The two criterions to measure the relative phase 

of the CKM matrix elements with such an equation are as follows!5]. 

1. The final state / is a CP eigen state which both B° and B° can decay into. Besides its 

CP eigen value has to be clarified. 

2. Both of the decay processes, B° —* f and B° —» / , are dominated by contributions that 

involve one product of the CKM matrix elements. Even if this condition is not satisfied, 

it is O.K. when re'svant plural products of the CKM matrix elements have one phase 

in common. 

If these two criterions are satisfied, A(t) is expressed as 

A m = r(B(Q-»/)-r(B(t)W) 
"[l> ~ r(B(*) - / ) + r(B(<)->/) 

. , r P T The product of the CKM matrix involved in the decayB5 —> / . A 

= —( —) Im— ; :—;—-,-.., :—: ; r-: ; ; ?£ r Sin Ami, 
The product of the CKM matrix involved in the decayBj —> / 

(1.2) 
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where CP is the CP eigen value of the final state / . 

The second criterion is violated by the Penguin diagrams because they involve three 

distinct products of the CKM matrix elements. So we will explain about final states with 

small effects of the Penguin diagram in Secton 2. In Section 3, we mention final states with 

large contamination of the Penguin diagram. In Section 4, we show the cases in which effects 

of the Penguin diagrams can be eliminated by the isospin analyses. 

In some final modes explained in Section 2, 3, and 4, their CP eigen values are auto

matically determined. In the others, however, the information of angular distributions of the 

decay products is necessary to extract a CP eigen state. These methods are explained in the 

subsections of Section 2 to 4. 

In Section 5, we explain about final states which do not satisfy the criterion 1 or 2. In 

this case, we need more detailed information of the decay time profiles from B° or B° to / or 

its CP conjugate state, / . In Section 6, this review is summarized. 

Before we begin to explain about concrete final modes, let's fix notations. The CKM 

matrix is parametrized in the "Wolfenstein parametrization": 

/ 1 - \' AX3(p - it] + ZTJY) 
\ 

AX2{1 + irjX2) 

1 

-X 1 - f - 'VI 2 A 4 

^ AX3(1 - p - irj) -AX2 i J 

From the experimental result of the total decay rate of b-hadrons, A is known to be of an 

order of unity. Then approximately it can be rewritten as follows: 

u 

c 

t 

/ 
d s 

1 A 

-X 1 

\X3(l-p-ir,) -X2 

From the unitarity of the CKM matrix, we obtain 

X3(p-ir,) 

X2 

1 

vudv;b + vcdv;b + vidvib = x3(P + iv) - x 3 + x3(i -P- ir,) = o. (1.3) 
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(p>v) 

(0,0) V c dV* c b (1,0) 

Figure 1: The Unitarity triangle. The over all factor A3 is omitted. 

Then the three complex numbers, V^V^,, VcdV^„ Kd^tb make the triangle in the complex 

plane, which is called the "Unitarity triangle". Its three angles are called <t>i,<j>2,(j>3 or a,/?,7. 

If you are not accustomed to either of these two conventions, return to Fig.l. 

2 The final states with small Penguin contributions 

2.a ^K s 

At first we explain about the well known mode, ^K,' ' ' '. This state is a CP eigen 

state with CP = — 1. We show the quark diagrams of the tree type and the Penguin type 

in Fig.2. As mentioned in the introduction, the Penguin diagrams contribute through three 

distinct products of the CKM matrix elements. One of them, KbKsi *s * n e same as that 

appears in the tree diagram and does not matter. As for VtbV£, fortunately, it is real in the 

Wolfenstein parametrization and has the same phase as KbKs • Consequently it does not 

give an additional phase. VubVu* has a different phase from that in the tree diagram but the 

effect of this product is suppressed by an order of A2. After all the Penguin diagrams do not 

give an additional phase. 
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3 " • * ! 
c y < c ^ 

3 " • * ! V | K s 

a a u 
Vu, V* t s - - A 2 

Veb V „ - X 2 V c b V* c s ~ A 2 

Vub V*us ~ A 40°-i7?) 
Figure 2: The quark diagrams for ^K s 

2 . b 0K.7T 0 

The effct of the Penguin diagram is the same as that of ipK,. But i/sK,n° includes states with 

both CP = — 1 and +1. We have to separate them with angular analysis of decay products. 

The two methods are proposed. 

(a) The angular distribution of Ks and TT° 

This is proposed by Kayser, Peccei, Kuroda, and Sanda' • \ This method is available 

only to the case in which K5 and ir° come from the strange vector meson, K*, or its CP 

conjugate. In the stage of ipK", three combinations of helicity states of these two vector 

particles are possible (See Fig.3). Let's use CR, charge conjugation times reflection instead 

of CP. R is defined to be the reflection to the plane that includes all decay products, ip, K„ 

and 7T0. The value of CR is equal to that of CP because R is a rotation times inversion P and 

the parent particle B° or B° is spin-zero. Among these three states, the above two are not 

CR eigen states. One of the two states is transformed into the other under CR. On the other 

hand, the state with O-helicity-V' and O-helicity-K* has definite CR, +1. The above two cases 

and the last one are separable because the angular distributions of ir° are | s in 2 # and cos20, 

respectively. Here 6 is an angle between the 7r°'s momentum in the rest frame of K* and the 

K*'s momentum in the rest frame of B° or B°. 



Helicity of f Helicity of K# 0 Distribution 

© * £ - © 4 * © —1 (l/2)sin20 

© Hr © -6"* © —i " (l/2)sin20 

© *— ® —* © —* * cos2e 

Figure 3: The Helicity States of K'tp and the Angular Distributions of Ks7r°. In the first case, 

the >̂'s helicity is + 1 and the K*'s helicity is +1. In the second case, the ^'s helicity is —1 

and the K*'s helicity is —1. In the last case, the ^'s helicity is 0 and the K*'s helicity is 0. 
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fit 

Figure 4: The decay, B° or B° — VK S TT 0 

(b) Angular distribution of charged leptons from ip. 

This analysis was proposed by Lipkint 7 ' 8 ' . We have to explain the technical term 

"transversity" in order to clarify his analysis. Again we appeal to CR, charge conjugation 

times the reflection rather than CP. Suppose that the y axis is perpendicular to the plane 

including all of decay products, ip,K„ and ^° (Fig.4). CR is expressed as follows: 

CR = CPe i ' r ( L > ' + s ' ) 

= C P i n t ( P o r b i l e - L ' ) e - s ' . (2.1) 

Here P is the inversion operator, L means the total orbital angular momentum, and S denotes 

the total spin. The crucial idea is to separate P into two parts. One of them operates on the 

orbital part only (called Po rbit)i and the other measures the intrinsic parity of decay products 

(called Pi nt). The reflection plane is defined in such a way that P o rbu times the rotation of 

the orbital parts, el*h', does not change the final state. Then CR operator becomes a simple 

product of the intrinsic CP and the rotation in the total spin space. Since this rotation is 

written in terms of S y , the spin component that is perpendicular to the decay plane, S y is 

especially called "transversity". In this example, 7r° and K, are spinfess. Consequently S y is 

the y'th component of the ip's spin and it is measured by the angular distribution of leptons 

decaying from ip (Fig.5). Fig.5 is described in the rest frame of i\>. By using the transversity 

discussion, we know that the state with S y = 1 or - 1 has CR eigen value, + 1 . For the state 

with S y = 0, CR = — 1. Since the angular distribution differs in these two cases, we can 

isolate a state with definite CP. 
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y axia 

1 + 

s. + 1 
Mat. (3/8)(l+cos 80) 
CR + 1 

l 4 

1 
(3/8)(l+cos 20) 

+ 1 

1+ 

0 

(3/4)sinze 
- 1 

Figure 5: The angular distributions of leptons from polarized ^. These angular distributions 

are for massless leptons and after the summation of polarizations of leptons. 

2.C D°7T0 

This state itself is not a CP eigen state. Only if D° decays into a CP eigen state, it is possible 

to assign a CP eigen value'9'. 

(a) D° decays into ir+n~ 

The CP of the final state is —1. As is shown in Fig.6, only a tree diagram contributes 

in the first stage from B° to D°?r0. In the second stage, D° —* ir+ir~, not only a tree diagram 

but also Penguin diagrams contribute to the amplitude (Fig.7). Among the three products 

of the CKM matrix elements in the Penguin diagrams, V^V^, is the same as that of a tree 

diagram. VU,V£ is almost real in the Wolfenstein parametrization and has the same phase as 

that of K, d1/j. The remaining Vut>Kb n a s a quite different phase from that of KdKd but t n e 

product VubV̂ b is still smaller than KaKa by a n o r der of A4. 

(b) D° decays into 7r°Ks 

The first step is the same as case (a). And no Penguin diagrams contaminate the tree 

diagram. In the second step, D° -+ 7r°K„ we can draw two types of tree diagrams and they 

have one product of the CKM matrix elements in common (See Fig.8). But no Penguins 
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B° 

C- D° 
u 

7TV 

Vcb V* u d - X 2 

Figure 6; The quark diagram from B° to DV 

u , c 
— 7T 

— 71 — 
U U 

x2x 

Vud V* c d ~ - X 
Vud V c d -~ —X 
v u s v c s ~ x 
Vub V* c b ~ X 5(p 

Figure 7: The quark diagrams from D° to ir+7r~ 
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s 
d K S 
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D° 

u 
V u d V* cs v u d v* cs 

• S 

d 
d 

• — 7T 

d 
1 

Figure 8: The quark diagrams from D° to Ks7r° 

r&<-

C R = C P , N T . ( - ) ^ 

Figure 9: The decay, B° or B -» p°w°Ks 

again ! It is possible to measure the phases of the CKM matrix elements very cleanly. 

2.d D°p° 

D° needs to decay into a CP eigen stated'. The effect of Penguin diagrams is the same as 

that in D°7r°. Let's consider the case in which D° decays into 7r°Ks; 

or H —* V p —» 7r l\,p . (2.2) 

We can appeal to transversity analysis again (See Fig.9). Since ir° and Kg are spinless, 

transversity S y means the spin component of p° that is perpendicular to the decay plane. S y 
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y axis 

7T 7 ^ 7T 

Sy + 1 - 1 0 

Dist. ( l /2 ) s in 8 0 ( l /2 )s in 2 0 cos 20 

CR + 1 + 1 - 1 

Figure 10: The angular distributions of pions from polarized p 

can be determined from the angular distributions of decay products of p° (See Fig.10). The 

angle 9 in Fig. 10 is defined in the rest frame of p°. 

3 The final states with large Penguin contributions 

Now we begin to explain about the modes with large effects of the Penguin diagrams. 

+ n -3.a D +D 

D +D~ is a pure eigen state under CP and its eigen value is +1I8]. Besides the simple tree 

diagram, we can easily draw the Penguin diagrams (See Fig.11). Here three products of 

the CKM matrix elements have a similar order of maginitude and distinct phases. The 

Penguin diagrams' contribution are suppressed only by the strong coupling constant, a,/?r, 

as compared with that of the tree diagram. The measurement of the angle of the Unitarity 

triangle is not clean in this final state. 
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0 - - D + - - D + 

d d d d 
V u b V* u d ~ A3(p-i7?) 

V c b V* c d ~ - X 3 V c b V* c d ~ - X 3 

V t b V* td ~ X 3(l-p+i7?) 
Figure 11: The quark diagrams for the decay, 8° —• D +D~ 

3.b D*+D*~ 

D*+ or D*~ has to decay into two scalar particles through Parity conserving interaction' '. 

The situation of the Penguin diagrams' contaminatuon is the same as that in the mode, 

D +D~. Furthermore D*+D*~ is not a pure CP eigen state. To isolate a component with 

definite CP, we again use the "transversity" discussion. Let's take the case in which D*_ 

decays into D~ic° as an example. We split CR into C and R and estimate C in the stage of 

D* +D* _, P in the final stage of D _ TT 0 D* + . This procedure is allowed because D" decays into 

D~7r° through the strong interaction that conserves parity. C of D*+D*~ system is (—1)L + S, 

whrer L is the relative orbital angular momentum between D*+ and D*~ and S denotes the 

total spin. Since the parent particle is scalar, L must be equal to S. Consequently C is +1. 

R of D*+D*_7T° can be decided from the discussion of transversity (See Fig.12); 

Parity of D*+D_Jr° = PD.+ P D -P ro ( - ) S ' . 

= ( - 1 ) I + S ' . (3.1) 

Here PD-+, PD-> a r | d FV° denote intrinsic parities of D*+, D~, and 7r°, respectively. Since D~ 

and 7T° are scalar particles, S y is equal to the spin component of D*+ that is perpendicular to 

the decay plane. S y can be measured with the angular distribution of the decay products of 

D*+. 
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B ( 

Figure 12: The decay, B° or B° — D* +D-TT° 

C 

d 
d 

7 T ° B 0 -

v c b v * c d - - x 3 

Vib V* t d - A 3 ( l - p+ i?7 ) 
Vcb V* c d - - X 3 

Vub V* u d - X 3(p-i77) 

Figure 13: The quark diagrams for the decay, B —+ ipir0 

3.C ^7T° 

The CP eigen value of this state is purely +1. The Penguin diagrams are suppressed 

only by a factor of as/ir (See Fig.13). Three different products of the CKM matrix ele

ments, VubVy*,), VcbV ĵ, and V|bVtj give different phases and easily contaminates the tree-level 

amplitude'*!. * 

1l acknowledge to Prof. Tamai, who informed me of this mode 
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d 
7T~ 

u 
u 

7T+ 

V u b V*u d ~ X3(p-iT7) 
V u b V*u d ~ \*(p-iv) V c b V* c d ~ - X 3 

V l b V* t d ~ X 3(l-p+i77) 
Figure 14: The quark diagrams for the decay, B° ~> TT-IT 

4 The final states with removable Penguin diagrams' 

contribution 

4 . a 7T7T 

Here not only neutral B but also B* are considered' 1 K Let's look at the two quark diagrams 

in Fig.14 . One is the tree diagram. The other is of Penguin type. As you can easily judge 

from products of the CKM matrix elements, the contribution of the Penguin diagrams is not 

small. The important fact here is that the tree diagram includes amplitudes with AI = i 

and AI = | but that the Penguin diagrams include only those with AI = | . On the other 

hand, Bose symmetry and the conservation of the angular momentum require that the final 

state with two pions has to have / = 2 or 0. Since the initial state B° or B° has / = | , the 

part with AI = | contributes to the amplitude to the TTTT state with 1 — 2 and the part with 

AI = \ contrubutes to that to the 7T7T state with I = 0. Call them A2 and A0, respectively 

(See Fig.15). Note that the contribution of the Penguin diagrams are not included in A2 since 

the Penguin diagram is purely of AI = | . 

Let's call the decay amplitude from B° to TT+TT- M + _ " , that from B° to ir°ir° "A00", 
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Initial s t a t e s Final ix-n s t a t e s 
Amplitude 

k*^^^7^ I = 2 

Ao *—a*. T_n 
1=1/2 a ^ z 1 ° 

Figure 15: The isospin structure of the amplitudes of B + or B° —• rnr 

and that from B+ to ir+7r° M + 0 " : 

B°-+ir+ir-;A+-, 

B° - i rV ; >100, 

B+- >^+ 7r°; /4+°. (4.1) 

Using the Clebsh-Gordan coefficients, the three amplitudes, A+~, A00, and A+0, can be written 

in terms of A2 and AQ as follows: 

A=A+~ = A2- Ao, A00 = 2A2 + A0, A+° = 3A2. (4.2) 
v2 

Then v4+~, A00, and yl + 0 satisfy one simple relation: 

-±=A+~ + ^ 0 0 = A+0. (4.3) 

The same discussion holds for the iso-doublet of B° and B"~. The decay amplitudes for 

this case has the isospin structure that is quite similar to that in B + and B°. As is shown in 

Fig. 16, A2 and A0 are defined as the decay amplitude with AI = | and that with A/ = i 

respectively. The amplitudes, v4+~, A00, and A~° are also defined similarly: 

B° - *+*-;A*-, 

D —•* TT 7T ; A , 

B~ -»7r-7r°;/r 0. (4.4) 
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Initial s ta tes Final 7T7T s ta tes 
Amplitude 

A,, -— 1=2 
B°, B" < ^ * i - 3 / 8 
1=1/2 u = 1 / 2 I - ° 

Figure 16: The isospin structure of the amplitudes of B° or B —* KIT 

We obtain 

-j=A+- = A2- A0, A00 = 2A2 + Ao, A+0 = 3A2. (4.5) 

Again J 4 + - , . A 0 0 , and A~° satisfy the simple relation, 

-j=A+~ + A00 = A~°. (4.6) 

The absolute values of A+~, A00, A+~, and A00 can be extracted from the following decay 

time profiles, 

r (B°(0 -> f) = \ | A' | 2 e - r ' { l + | ^ | 2 + ( 1 - | ^ | 2 ) cos Ami - 2 I m ( e - 2 i * ' ^ ) s i n Ami}, 

r(B°(t) ->f ) = \\A* | 2 e - n { l + | Ys I' - ( 1 - I Jf | 2 ) cosAmi + 2 I m ( e - 2 i ^ ^ ) s i n A m i } . 

(4.8) 

Here the symbol " f " denotes the final state whose decay amplitudes are written as Af or 

Xs. The angle <j>\ is tha phase that appear in B° — B° mixing. 

e-** 1 = ^ (4-9) 

Since B° and B° mix, it is necessary to fit experimental data in order to separate A+~ and 

A+~ or A00 and A00. The absolute values of A+0 and A~° can be simply determined from the 

partial decay rates of B + and B _ . Using these six absolute values of decay amplitudes and 
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A + - / V 2 / / \ A 0 0 

fA 0 

% i 
A + 0 

Figure 17: The two triangular relations between the amplitudes 

appealing to the equations (4.3) and (4.6), we write the two triangles in the complex plane 

(Fig. 17). One of them consists ot three complex number, ArA+~,A°°, and A+0. The other 

consists of rfcA*', A00, and .4""°. In these triangles, the four invarinat amplitude, A2, A0, A2, 

and A0 are also shown. From them we can compute the complex ratios, *f- and ^ . 

Now we come back to the decay time profiles, (4.7) and (4.8). When we extract the 

absolute values of As and A1', it suffices to know the constant terms in the time, t, and the 

coefficients of cosine terms. Now we need to know the coefficients of the sine terms in eqs.(4,7) 

and (4.8) because it includes the information of the CKM matrix elements. 

In the case of ir+ir~, the ratio j$zr is expressed by the four invariant amplitudes, 

A0,A2,A0, and A2 (See eqs.(4.2) and (4.5)), 

A+- &A2-AQ)_A2 1 - f e 

Here 4t a n d & 
are already determined from the triangle discussion. Furthermore A2 and A2 

are written in terms of a phase of the product of the CKM matrix elements because they do 

not inculde the contribution of the Penguin diagrams: 

Then 

At 

= I m f e 2 * ^ ) . (4.12) 
1 At 
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U ^o 
— 7T 

I * S ° 3 
^ 

7T° 
U ^o 
— 7T 

I * S ° 3 ,-1 K s 

U ^o 
— 7T 

I * S ° 3 cl 
v t b v* t s - - x 2 

>—î 7) V c b 
V* c s - A 2 VUb V* u s ~ X 

V u b V* u s - X 4(p-i77) 
Figure 18: The quark diagams for the decay, B —• 7r°Ks 

The ratios 4i and j * are already determined from the triangles. Consequently the angle <f>2 

in the unitary triangle can be determined. 

4 . b 7T 0K 3 

The annoying point of this mode is that Penguin's effect is larger than the tree diagrams 

by A2 (Fig. 18). Even in this case, the isospin analysis is proposed to remove the effects of 

Penguin diagrams' '. I will not explain this analysis in a detail because it is more complex 

than that in irir. 

5 Other final modes 

In this section, we explain about two methods to determine the angles in the unitary triangle 

that does not satisfy the criterion 1. or 2. which were shown in Section 1. 

5.a D°KS and D°KS 

Compare the following three decays' 1. 

B° - D°K, - » l - u X K „ 



0 

DO ° 
B° ^ 

U D° 
-^ c 

a d K s a a 
V* ub V r a ~ A S(p+m) 

b , c 
u 
s 

d d 
V* c b V u s - X 3 

Figure 19: The quark diagrams for the decays, Bj} -» D°KS and B% — D°K, 

Bj - D°KS - l*uXKtt 

B°d — (D°K. or D°K.) — TT+TT-. (5.1) 

As will be explained, B° can decay into both D°KS and D°K,. If D° decays semileptonically, 

it does not interfere with the amplitude through D°K,. If D° decays semileptonically, it does 

not interfere with the amplitude through D°K„ either. If, however, D° decays into 7r+7r~, it 

can interfer with the amplitude from D° to 7r+5r-. NOW let me make two comments. 

1. The amplitude of the decay from B° to D°K, and from B|j to D°KS are not contaminated 

by the penguin diagrams. Besides, their orders of magnitude are similar (Fig.19). 

2. The decay from Bj to w+ir~K, through D° or D° can be considered to be the decay to 
D i - T ^ 0 " + ^°) a n d K s b e c a u s e c p violation in D° - D° system is very small and 

the decay amplitude of D° —> •K+TT~ and D° —• 7r+7r~ are almost equal. 

Now we parametrize the amplitudes of the decays, Bjj -+ D°KS, B^ -> D°K„ and Bj} -» DjK, 

as follows: 

A* = A(B° - D°K.) =| A* | exp(i<5D), (5.2) 

AD = A(B°d - D°K.) =| AD | exp(i^3 + ifo). (5.3) 

A* = A(B°d -» DjK.) = ±(AD + A°). (5.4) 

Here 6u and «5o are the phase shifts due to the strong interaction. As is shown in eq.(5.4), 

AD, A°, and J4 D I make a triangle. By using the CP invariance of the strong interaction, 



the amplitudes of the decays, Bj —* DUK S, B° —• D°K a, and B° —>• DjK s , can be expresses as 

follows: 

A D = A(B°a - D°K.) = | An | exp(i<5D), (5.5) 

X D s A(B° -+ D°KS) = | yl D | e x p ( - i ^ 3 + i<5D), (5.6) 

i D ' = A(B° - D°K.) = ^ = ( i D + A \ (5.7) 

The phase shifts due to the strong interaction are the same as those in the B° decay but the 

sign of the weak interaction phase is opposite. 

The absolute values of the these decay amplitudes can be extracted from the decay time 

profiles of B^ and B°d. 

We can obtain the absolute value of A° and A® from the decay time profile of Bd —* D°KS 

or Bd —• D°KS. (See eqs.(4.7) and (4.8). ) These quantities can also be extracted from the 

decay time profile of Bj} —• D°K, or Bjj -* D°KS. In these cases, we tag D° or D° semilepton-

ically. 

The absolute values, | AD' | and | AD' |, can be determined from the decay time profiles 

of B°d -> TT+TT-K, or B9, - • w+ir-K,. 

Prom these absolute values of the amplitudes, we can draw the two triangles in Fig.20 

and learn the two combinations of weak phase and strong inreraction phase shifts, 

cos(<?$3 + SD - (5C), cos(^ 3 - 5B + SD). 

We return to decay time profiles from B° to D°KS. (See eqs. (4.7) (4.8).) As was already 

explained, the constant term and cosine term in (4.7) and (4.8) are used to extract the absolute 

values of AD and AD. On the other hand, the coefficients of the sine term is expressed by 

weak phases, strong phases and absolute values of two decay amplitudes. Consequently we 

can extract 

sin(2<£i + <t>z - <5D + 5D) 

from the decay time profile of BjJ —• D°K,. 
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AVV2 
ADl/V2 

Figure 20: The two triangular relations among the decay amplitudes of the process, 

B° -> D°KS, B° - D°KS, B°d - D°KS, §S - D°KS, §S - D°KS, and B° - D»KS. 

We also obtain 

sin(2<?Si + fa + <5D - ^D) 

using the decay time profile from Bj to D°K8. After all, the four independent quantities, 

cos(<̂ 3 + (5D - 5B),cos(^ 3 - 6D + <5fj).sin(20i + fa + SD — <5fj),sin(2<̂ i + fa - 5D + 6fi), 

were extracted. These four quantities expressed in terms of the four angles. Then it is possible 

to determine each angle. Actually fa and fa = ir — (4>} + fa) can be easily calculated. 

5.b p+n ,p 7r+etc. 

These are not CP eigen states but their quark contents are CP invariant. So we expect 

that the amplitude from B° to p+w~ and that from B° to p+w~ have a similar order of 

magnitude. Then we can watch their interference through B° — B° mixing'* '. At he same 

time, we consider the decays from B° and B° to p~x+, too. We assume that the amplitude 

is dominated by the contributions that involve one common product of the CKM matrix 

elements (See Fig.21). From CP invariance of the strong interaction, the four amplitudes for 

the four decay processes are parametrized as follows: 

B0-^p+ir-;e-'*WsM, 

B° — p-K-VV'M, 
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B ( 

B° -> p 4 7T-,p-7T + B° -> p + 7T-,p-7T + 

d / ^ d 

b i- u —rt b *- u U —„ D 
B ° _ 

d d 
V* u b Vud=|V* u b V u d | e i ^ VubV1 

u d 

Figure 21: The quark diagrams for the decays, B° —• pir and B° —«• pit 

B°-~p+x-;J*3c'f'M', 

B0^p-ir+;c-'"heif''M', 

where M and M' are real numbers. The phases <!> and 5' denotes the phase shifts due to the 

strong interaction. Again and again we return to the decay time profiles: 

r (B° — p+n~) 

2 l l + A/ 2 ' v " ' M oc — e " r ' { l + T p + (1 + — ) c o s Ami + 2^-sin(2tf, +2fa + 6- 6')s\n Ami.}, 
M 

(5.8) 

r(B° -» /T7r + ) 
M M a 
^T*'™!1 + W + ( 1 + J p ) c o * A m t - 2^ - s in (2^ i + 203 - S+ «')sin Ami} , 

,A/' 
1/" 

(5.9) 

r (B° — P+7T-) 
M 2 A/' 2 A/' 2 M' 

oc - £ - e - r ' { l + ^ T - (1 + - j ^ ) w A m ( - 2 — s i n ( 2 & + 20 3 + fi - <5')sin Am?}, 

(5.10) 

T(JP^p-*+) 
M' Mu . M M' 

e _ r ' { l + — - (1 + — ) c o s A m / + 2 — sin(2(fo + 20 3 - <S + y)s in Ami} 
A/ 2 v M M 

(5.11) 

SOI 



By fitting experimental data to these formulae, 

2TT - 2(0! + 0 3) = 20 2 (5.12) 

can be extracted. 

6 Summary 

I make a table to summarize my talk. The nine modes were explained and in each case the 

way to measure CP eigen value was shown. 

mode CP Penguins' Effect Measured Angle 

V»K. - 1 

small 

4n 

tf>K,7T° Helicity/Transversi ty small 

4n 
D V D° — 7r°K,etc. 

small 

4n DV° D° - ;r°K,etc. 

small 

4n 
D+D- + 1 

Large 

4n 

D ' + D - Transversity Large 

4n 

1p7T° +1 

Large 

4n 

7T7T +1 Removable 02 
*°K S - 1 

Removable 02 

To determine <f>i, the modes>, ipKs and i>K,ir°, will be useful. D°7r° and D°p° also will 

help. Althouh we show other three modes to measure 0], i.e, D+D~,D*+D*~, and i/sir0 , they 

are contaminated by the contributions of the Penguin diagrams. 

To measure 02, we have to observe modes like rnr or ir°Kt but they are also contaminated 

by Penguins. Fortunately the isospin analyses help to purify them. 

Some ideas are proposed in which we use non-CP eigen state to measure angles of the 

unitarity triangle. One of them is to observe D 0K„D°K„ and DiK„. The other is to use 

pir, a.7r, and so on. Both of them need detailed decay time profile. They are more difficult 

than using pure CP eigen modes. 
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I. Generic Ways to Study Nonleptonic Decays and CP-Noninvariance 

In this section, I shall give some general remarks on generic ways of studying nonleptonic 

decays and CP-nonvariance via the Kobayashi-Maskawa (KM) scheme. 

For a review see Ref. [1]. 

La . The Quark-Diagram Scheme 

Nonleptonic weak decays, after taking out the first-order W-boson contribution, are 

essentially controlled by strong interactions. We do not have precise ways of calculating 

them. The explanation for J = 5 dominance, which was observed almost 40 years ago in 

the suppression of A ' + —• jr+7T°, is still under debate. While we are trying to fully solve 

the strong interaction dynamics, it is useful to set up a framework, as model-independent as 

possible, to analyze these decays. This is what the quark diagram scheme is for. Since its 
(2) (3) 

introduction more than 10 years ago, it has proven to be very useful. 

It was shown that all nonleptonic meson decays can be expressed in terms of six quark 

diagram amplitudes: A, the external W-emission diagram; B, the internal W-emission dia

gram; C, the W-exchange diagram; V, the W-annihilation diagram; £, the horizontal W-loop 

diagram; and T, the vertical W-loop diagram. These quark diagrams are specific and well-

defined physical quantities. They arc classified according to the topology of first-order weak 

interactions, but all QCD strong-interaction effects are included. (The reader can find figures 

for these amplitudes in Ref. [1] or Ref. [4]) 

It is important to emphasize that strong interactions do not alter the identity of these 

diagrams. Otherwise this scheme would be useless. The only approximation made is first-

order in the weak interaction and the SU(3) (which of course includes the SU{2)) symmetric 

valance-quark description of the particles. The identities of these quark diagrams have 

a one-to-one correspondence to those amplitudes classified according to SU(3) irreducible 

representations. However, to describe a given decay quark diagram amplitudes are much 

easier to write down than those SU(3) amplitudes. Of course, for decay products involving 

only SU(2) multiplets, one needs only to work with SU{2) irreducible representations, with 

which most physicists are comfortable. But even in that simpler case, the quark-diagram 

scheme works as well and can even bring in some new insight. It was pointed out in Ref. [1] 

that the W-exchange diagram contributes the same way as the W-loop diagram (the Penguin) 
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for the A / = ^ dominance in K —* 2ir and can be equally important. This has proven to be 

the case in lattice QCD calculations. 

The quark-diagram scheme actually serves a purpose similar to the Fermi coupling con

stant GF. When Fermi introduced GF in 1932, what he did was put down explicitly whatever 

was known (i.e., spin and Lorentz covariance) and parameterize by Gp what was unknown. 

We hope that one day we will find out precisely what are in those quark diagrams, though 

they may not be as striking and as clear-cut as the intermediate bosons. 

The quark-diagram scheme has so far served well in many ways: 

(a) It has provided a framework with which to do model-independent data analysis 
(4) and to make predictions from data. 

(b) It also has provided a framework with which to make critical evaluations of model 

calculations. All existing theoretical model calculations are within the same 

general framework of approximations as the quark-diagram scheme (i.e., first order 

in weak interaction and using SU(2) or SU(3) symmetry); yet most model calcu

lations pick only a very special set of Feynman diagrams to calculate. Without a 

general framework it is difficult to make sense of their comparison to data. The 

quark-diagram scheme helps to pinpoint the difficulties of various model calcula

tions and it should help future attempts to improve the calculations. 

(c) The quark diagram scheme also helps to provide a generic framework for analyzing 

CP-noninvariance. It is essential that these quark diagrams have a well-defined 

identity in order to discuss and calculate CP-noninvariance. (I find it surprising 

that many people use the quark-diagram to discuss CP-noninvariance, yet are 

not certain of the true identity of the quark diagrams.) Such a general survey 
(3) was made in 1980. It was pointed out then what the generic CP-noninvariance 

factor is in the KM scheme for decay-amplitude CP-noninvariance. It was also 

pointed out that the partial-decay-rate differences can be large (i.e., 10%) in B 

decays, and that the search for KM CP-noninvariance can be most fruitful in B 

decays. I will elaborate on these further in subsection Lb. and section V. 

Lb. Invariants of the K M Matrix and the Universal Decay-Ampli tude CP-

Nonvariance Factor Xcp 

As it was shown by Kobayashi and Maskawa, the quark-mixing matrix for three gen-
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erations of quarks has four independent parameters, three angles and one phase. A very 

convenient way of parameterizing the KM matrix had been developed in the paper noted by 

Ref. [6] and had been adapted by the particle data book: 

VKM = 

ud u s ub 
Vcd Vcs Vcf) 

Vu Via v t b 

0 1 0 

0 Cy S 

0 - su c 

•z 0 s2e-'4 

0 0 0 

!,e"> 0 c. 

CxCz SrCz 

cx sx 0 

-sx cx 0 

0 0 1 
-id) sze v 

>SxW/ CX^1tSr€ ^x^y XOy&zC 
i<t> l > 

^x^y C%CySgG 

1 

i(* 

Si f s O 

C-xCy Sx^ySgC 

Sx SySzG 1 5x5y5jC 

SxSy $z& Sy SrSzC •> 1 

(I.la) 

(I.l.b) 

Important features of this parameterization is that it takes advantage of all the experimental 

information: each sine is directly related to one type of experiment, 

•Si W \VUS\ * IK-rfl ^ 0-22, determined from strange particle decays, 

sy « \V 11 ss 0.05, from b particle lifetime, 

* , w | V u 6 | « 0 . 0 1 , from (b -» u)l(b - c), 

(where the value of |V A is still under intensive study); and the phase factor appears at the 

smallest matrix element. All these make the matrix easy to use. 

Here a remark on the Wolfenstein parameterization is in order. The parameterization of 

Ref. [6] was inspired by Wolfenstein's parameterization, having all of its virtues as well as 

satisfying all the unitarity constraints. One has to be cautious in using Wolfenstein's original 

parameterization. It can give wrong results in CP-noninvariance. For example, using the 

original Wolfenstein parameterization, e' would not have a contribution from charm quark in 
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the W-loop (Penguin) diagram, and Gilman and Wise would not have made the original 

observation that e' ^ 0 in the KM scheme! (I am glad to see that after my remark at the 

beginning of this conference, people began to pay attention to this fact and correction terms 

were put in for the Wolfenstein parameterization.) 

Of course physics does not depend upon how one makes the parameterization. It is a 

matter of choice whether one wants to avoid unnecessary complications and to see things 

more clearly. 

Now, let us discuss the experimentally observable quantities which are invariant under, 

and independent of, parameterization. Besides the absolute values of each matrix element 

\Vij\, which are related to rates of decays, there is one single universal invariant that captures 

the essence of the KM scheme for CP-noninvariance. In a general survey of decay-amplilude 
(3) 

CP-noninvariance reported in the 1980 VPI conference and later crystalized in the paper 

noted by Rcf. [6], we showed that for three generations of quarks all decay-amplitude CP-

noninvariance is proportional to one single universal invariant parameter: 

x C p = im[viiv;l(Vinv;m)*], (i.2a) 
= /m [V«V*m(VjiV*m)*} , i?j = u,c,t; l?m = d,s, 6, 

= SxSySzSfj, CxCyCz ZZZ SxSySzSfj,. \l.Zvi) 

Based upon this fact, reasons were also discussed generically in Ref. [3] as to why B decays 

are the fruitful place to search for decay-amplitude place CP-noninvariance. This has also 

been substantiated by many explicit calculations. I will elaborate more in section V. 

The universal decay-amplitude CP-noninvariance factor Xcp was later noted by C. Jarl-
(9) skog to be also related to an invariant of the quark mass matrix. 

The geometrical meaning of the sine of the phase </>, s^, was also given in Ref. [6]. It is 

the angle between the two complex numbers V ,V ,*, and (V ,V ,*)* of the triangle formed 

by the unitarity condition of the KM matrix: 

•-ill 

file:///l.Zvi


VudVub+VcdVcb+V«V* = Q' ( L 3 > 

• * « ' - [vudvub(vcd vcbr] w u d \ wub\ wcd\ wcb\), 
« X C p / s x s y s z (1.4) 

Due to the experimental accident \V j | w |V^ S | , it is also the angle between the two complex 

numbers VUSV •* and (VCSV ,*)* of the unitary triangle in the Gauss-Argonne plot formed 

by the three complex numbers in the constraint 

K M V + yCSVcb* + Vt,V;b = 0, (1.5) 

*{vcavchy\ i{\vus\ \vuh\ \vcs\ \vch\), 
S3 Xcp/9xSySz (1.6) 

Actually there are altogether six such unitary conditions: 

Y, VaK.=0, Ijtm = s,d,b; (I.7a) 
i=u,c,t 

J2 V«Vil=Q' i±i = u,c,t; (I.7b) 
l=d,s,b 

Each equation gives one triangle with the area given by half of the products of the absolute 

values of two neighboring complex numbers and the sine of the angle between the two complex 

numbers. However, it takes a proof to show that all six of these triangles have the same area, 

and it was done in the work noted in Ref. [6]. The universal area is precisely the express of 

Eqs.(1.2) for XCp, i.e., 

area = - XCP- (1.8) 

Each unitary triangle has three angles. So, altogether, there are 18 angles (some are acci

dentally equal from the experiment, as in Eqs. (1.4) and (1.6). These angles do not have 

much fundamental importance. The important fact is that all six of these triangles have the 

same area (= \Xcp) and their edges are given by products of the absolute values of the 
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KM matrix element. Therefore all angles can be written as Xcp divided by products of four 

absolute values of the KM matrix element. 

sin & = XCp/\Va\ \Vj,\ \Vim | \Vim\, (I.9a) 

or 

= XCp/\Vil\\Vim\\Vjl\\Vjml (I.9b) 

where I ^ m = d,s,b; i ^ j = w, c, t. 

To conclude this subsection, we see that it is natural to pick | V U S | , \V ,\, | V ' J , and 

XCP as the four independent invariants for the four independent KM parameters. 

I.b.2. Implications of Measuring Partial-Decay-Rate Asymmetr ies in B^ Decays 

and in Neutral B Decays Such as 5 ° , B° -+ J/tf>Ks 

Recently it has become very popular to discuss, and even to design, B factors for mea

suring the partial-decay rate differences of B°B°\ B% —* J/if) Ks, for example, is the most 

popular. Indeed, assuming that the so called "Penguin solution" (what a down-turn of the 

fate of Penguin diagrams) is small (which is yet to be proven experimentally), the decay-rate 

asymmetry is: (See Ref. [10] and Lim's talk at this workshop.) 

{PB A(B0^>J/i/>hs) VK) 

= r fv«v«> Vcs*vcbvcsvcd\ (i.io) 
m\W«VcsVcb'Vcs*Vcdj 

= sin 2<̂ i 

Therefore this decay becomes a measurement of the angle <j>\. 

However, I must stress that without first establishing that the KM scheme is the working 

scheme for CP-noninvariance, such an assertion that a(J/if>Ks) measures (f>\ is meaningless. 

Furthermore a(J/iJ>Ks) ^ 0 does not establish the KM scheme for CP-noninvariance at all. 

It may come entirely from the mass-matrix part (q/p) factors in Eq.(I.lO). 

To establish the KM scheme for CP-noninvariance unambiguously, we must observe 

pure decay-amplitude CP-noninvariance, with no matrix-matrix contribution mixed-in. It 

is essential first to unambiguously observe effects such as e' of K decay, and partial-decay-rate 
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differences of B^ decays. Therefore, for B factory builders, I must stress the importance 

of observing particle decay rate differences in B^ decays. Furthermore, their measurements 

should be the first-generation experiments because of their experimental simplicity. They are 

the minimum-bias kinds of experiments: no tagging and no time-evaluation measurements 

are needed, as compared with measuring those asymmetries in neutral B decays such as 

B", B° -* J/ipKs. 

II. Nonleptonic Decays of D Mesons: from C K M N o n - and Singly- Suppressed 

Decays to the Predictions of Doubly-Suppressed DECAYS 

Here I shall briefly summarize our results from analyzing nonleptonic decays of D mesons, 

using the quark-diagram scheme. I refer the readers to original papers ' for details. 

Il.a. Charm Meson Decays into Vector and Pseudoscalar Bosons, D —* VP 

II.a. 1. C K M Non- and Singly- Suppressed D —• VP Decays 

Our analysis of recent data of charm mesons decaying into a vector meson and a pseu-
(4) doscalar meson D —• VP have established the following: 

• Final-state interaction is definitely important in D —> A'*7r, (as in the D —» PP 

pseudo-pseudo meson decays). 

• D° —> <j>Ka is solely from the H^-exchange diagram, with final-state interactions taken 

into consideration. Its observation and size showed that the W-exchange diagram Q_ 

is significant. 

• D° -+ A'°*ir°, K*~ir+, associated with the measurements of D+ —* <j)ir+, Df —* <J>TT+ 

give the value of the VK-exchange diagram C'. But we found that C ^ £ ' , which 

implies important SU(3) breaking. 

• From D+ -» K°*K+, and D+ -* 4>TT+, A'*°7r+, D+ -»• <t>ir+, we obtained the informa

tion that the W-annihilation diagram T> is important. 

• From D+ -> p+w° =*• P M P ' 

• From Fermilab E691 result D$ -^ TT+W =• |2>| » \T>\ « |D' | . 

• Perturbative QCD calculations always give |.4'| > \B'\ due to the color suppression 

in the internal W-emission diagram B. The experimental fact that |.4'| < |S'| 
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clearly indicates the importance of nonperturbative effects (e.g., soft-gluon exchange). 

The decay rates of some color-mismatched channels, e.g., D° —> wA' 0, $A'°, JT°A*0, and 

Ds —» A'*°A' +, are not suppressed relative to that of color-matched modes. From the 

quark-diagram scheme we can predict that 

Br(D° - * T ° ) = |(0.05) £ ^ 5r(£»+ - ^ r + ) . 

For o'her comments on other QCD calculations , see Ref. [5]. 

The values of the amplitudes and phase shifts are given next. 

From the measured decay rates of D+ —> <f>r+, D+ —» <j>ir+

> A '*°JT + and £>° —» <#A'° we 

obtained the values for various quark-diagram amplitudes 

A' = (2.01 ± 0.33) x 10~ 6 , B' = -(3.12 ± 0.44) x 1 0 - 8 , 
(Ii.i) 

\C!\ = (1.77 ±0.21) x 1 0 - 6 , 

where the primed amplitudes denote the case that the vector meson arises from the decay of 

the charm quark, and the under-barred amplitude refers to the amplitudes of graphs involving 

the creation of ss From the measurements of Df —* A'*°A'+ and D° —» A'*~7r+, A'*°7r° we 

get 

C = -0 .43 x 1 0 - 6 , £ = (1.43 ± 0.46) x 10" 6 , 
(II.2) 

AR.T = (S1/2-S3/2)R.7r = (97±l3)° . 

(4) 

For unprimed amplitudes, three sets of solutions can be derived from the observed 

rates of D+ -> p+K°, D° -+ wA"°, p°K° and p+K~. However, the recent ARGUS result 

Br(D° -* K°K*°) < 3 x 10~ 4 implies C ~ C. This favors the following solution: 

A = (3.50 ± 0.05) x 1 0 - 6 . B = -(1.97 ± 0.12) x 1 0 - 6 , 
(II-3) 

C = -(0.39 ± 0.05) x 1 0 - 6 , ApR = (tf 1 / 2 - 63/2)pR = (0 ± 26)° . 

The other two solutions give values too large for the amplitude C. The small rate for 

Df —> p +7r° indicates T> « V1. The recent. E691 result for negligib! Df —> 7r+u: implies 

\V\ » \T>\ « | C | . Motivated by C ~ £ £ , we will assume that X> ~ D* ~ ^Z> for the 

purpose of giving specific D —> V / 1 rates. 
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II.a.2. C K M Doubly-Suppressed D -^VP Decays 

With the quark-diagram amplitudes and the isospin phase-shift differences given by 

Eqs.(II.l) - (II.3), we are able to compute the branching fractions for all doubly suppressed 

D —+ VP decays except D, —* K* K . The readers are referred to Ref. [13] for explicit 

results. Note that our predictions do take into account the effects of final-state interactions 

obtained from data analyses in the quark diagram scheme, as indicated by the phase shifts 

in Eqs. (II.2) and (II.3). Without final-state interactions, the predicted branching ratio for 

D —v K*°T° will be smaller by a factor of three. Such final-state interaction effects are still 

beyond the capability of most theoretical model calculations. 

It is also worth emphasizing that our analysis demonstrates the non-negligible effects 

from iy-annihilation diagram 2? and the W-exchange diagram, C and C", the so-called 

nonspectator diagrams, as evidenced by Eqs. (II.2) and (II.3)., in contrast to most model 

calculations. For example, in our scheme D+ —• <j>K+ arises solely from the W-

annihilation diagram 22-

I l .b. Charm Meson Decays into Pseudoscalar-Pseudoscalar 

Mesons , D -* PP 

I l . b . l . C K M Non- and Singly- Suppressed D - • PP Decays 

For analyzing the recent data of charm mesons decaying into two pseudoscalar mesons, 
(4) 

we have established the following: 

• Final-state interaction is important in D —* Kir. 

• The W-annihilation diagram 2 is important in D, —* PP. 

• D° —+ K°K° can only come from effects of final-state interaction and/or with SU(3) 

breaking. Its observation by Fermi lab experiments E400, E691 establish such effects. 

• The loop-diagram contributions in D decays only come in the SU(3)-breaking form 

{€ — £) , {T — £) because I4»K« + VvdV*d K ®' ^ ' s established to be small in the 

D° -» K°K° measurement. 

With the new data of D° —* A'°»/', Df —» 7r +7 and Df —» T + V ' , a unique set of solutions 

for the D —* PP quark-diagram amplitudes A, B, C, V, C. and 2 can now be obtained. 

More precisely, the six amplitudes can be determined from the measured decay rates of 
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D+ -> A'°7r+, K°K+, D° -» A ' V A ' V , A'-?r+, A'0*-0, and £>+ -> A'°A'+, *+»? (in units 
of GeV): 

[.4]i>/> ~ 3.4 x 10 - 6 , [/?]/>/» ~ 2.1 x 1 0 - 6 , [C)pP ~ -1.8 x 10" 6 , 

[V]pP ~ -0.5 x 1 0 - 6 , [£]/>P ~ -0.8 x 10 - 6 , [V]PP ~ -0.4 x 1 0 - 6 , (II.4) 

Evidently, the nonspectator contributions, especially the W-exchange diagrams, play an 
essential role in D —• P f decays. 

II.b.2. CKM Doubly-Suppressed D ^ PP Decays 

The quark-diagram amplitude* given by Eq. (II.4), lead us straight toward computing 
(13) 

the branching fractions for quark-mixing doubly-suppressed D —• PP decays. Again, it 
should be stressed that nonspectator diagrams and final-state interactions are included in 
our calculations. Besides the prediction based upon detailed information of Eq. (II.4), we 
have also the following general relations between the doubly-suppressed decays and non-
suppressed D° decays : 

T(D° -* A ' + O = f^) T(D° -> A-7T+); T(D° -> A ' V ) = (£\ T(D° - A ' V ) ; 

r(D° -»K° n ) = (^) r(D° -»K%y, r(D° -»A'%') = (f) r(D° -»A'0;,'), 
(II.5) 

where 
a i « | l£ | ~ IK..I; c, » IVJSI w \Vud\; 

(II.6) 
r) = TJS cos 0 + »?o sin 0, T) = —i)z sin 6 + 70 cos 0; 5 « 20° . 

II.c. Charm Meson Decays into Vector-Vector Mesons, D —> VV 

The quark-diagram scheme description for D decaying into vector-vector mesons is much 
neater than that for D decaying into vector-pseudoscalar meson and that for D decaying 

(13) into pseudoscalar-pseudoscalar mesons. For doubly-suppressed D —+ VV decays, we have 
the following predictions: 

The observation of D+ —• <j>K*+ will establish and measure the W-annihilation diagram 
V. 
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The observation of D° —* <f>K*° will establish and measure the W-exchange diagram C, 
and we predict 

T(D° -> <j>K*°) = (Sl/cA T(D° -* <*7r°); T(D° -+ u>K*°) = L / c , ) r(D° -» w i f 0 ) ; 

(II.7) 

r(D° -v ^-/f*+) = L / c i ) T(D° -> tf*V); r(Z?° - . / / T 0 ) = (*,/<*) T(Z?0 - T°p°); 

(II.8) 

We also predict 

T(D+ - JT+tf*0) = ( « , / c , ) T(D+ -» p + F ° ) . (II.9) 

Using the recent ARGUS measurement Br{D° -> A'*°w) = (2.0±0.5±0.3)%, we predict 
Br(D° -> K*°u) ~ 6 x 10~5. 

III. Nonleptonic Decays of B Mesons 

Ill.a. CKM Non-Suppressed Decays 

Similar studies can be made for the B meson decays, as with the D mesons, using the 
quark diagram scheme. However, at this time, we need more complete data for such an 
analysis. 

Ill .b. Interesting Features in the Rare B Meson Decays 

III.b.1. Unambiguous Ways to Observe \V . | 

Theoretically the neatest way to measure \V A is to observe 5« —• TVT. Unfortunately, 
the branching ratio of such decay is very small (Br(Bu -> TVT) ~ lO" 5), using the current 
estimate on |V ,/V A2 « (s) 2- It is therefore important to find other decay channels which 
are non-zero only when \V A is non-zero. Certainly the observation of charmless semi-
leptonic decay b —* t~VjfXc _ Q inclusively or exclusively will establish \V , | ^ 0. Here, we 
shall list some pure nonleptic decays which are non-zero only if \V , | ^ 0. Such a selection 
is possible based upon the general model-independent quark-diagram scheme 
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Below, we list explicitly the decays which are non-zero only if \V A ̂  0: 

B+ -» F+X c = 0 , s =o : 
F+7T0 x y/2, F+r)S x y/6, F+T)0 x y/3, F+p° etc.: VcsV*b {A); (III.l) 
F+c/>, etc.: VcsV*b (V); (III.2) 

—> i?^c=o,3=-(-i : 

D°K+, £>°A'*+, £>*°A:+, £>*°A*+, etc.: V^V^ (5 +2>); (III.3) 

Bd —* F+Xc=o,s=o • 
F+ir-, F+p~, etc.: VcsV*b {A); (III.4) 

—> £>-Vc=o,a=+i : 
D°A'°, £°A°*, D*°A'°, D*°A'0*, etc.: VC5Vu*6 (5); (III.5) 

B°-> F + X c = 0 > s = _ i : 
F+K-, F+K-, etc.: V c sV* b (A + C); (III.6) 

—> i?A" c =o, J = 0 : 
£>07r° x v/2, £>V x V^, £ % x \ /3 , 0 + T ~ , 

D+/T, Z>0J/tf, etc.: VaV*b (C). (III.7) 

(For simplicity, we use here the same amplitude symbols for final states from different mul
tiplicity. But keep in mind that they are, in general, different.) Notice that all these decays 
have a net one unit of charm and strange quantum number in the final state. Essentially 
they are all from graphs with b —> uW+ and W+ —• cs; therefore, the combination V^gV • * 
always appears in these decays. There are also decays involving K J V V , e.g. B —> D+ir~, 
D°ir°, which are non-zero only if \V A ̂  0; but their branching ratios are suppressed by a 
factor \Vcd/Vcs\2 « 0.05 compared to the ones in Eqs. (III.l) to (III.7). 

In 

there is cancellation among the loop-graph e contributions with coefficient V ,V*,. Thus the 
observation of £?+ —* •K+X0 is clear indication that \V A =£ 0. B+ —* p+p" decays also only 
when \V A ̂  0; but experimentally it is not as neat as f?+ —* 7r+7r° to observe. 

Other decays with V ,V .* factors in general can have other diagrams involving V ,V\. 
For example, the charmless decay B® —• 7r+7r~ are given by the following quark amplitudes 
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and quark mixing factors: 

B°d - *+*~ : VudV*b(A + C + £u_t) + VcdV*b(ec _ t). (III.9) 

We see that even when |V J = 0, B§ —» ;r +7r - may not be zero due to the loop diagram, 
(here £u _ t = £u - £<). 

So the search for |V A is, in general, not likely to be most successful in the charmless 
decays of beauty particles, with the exception of case B$ —» jr +ir°. However, if we can 
establish experimentally that the W-loop diagram contributions, even with their large mixing 
matrix coefficient, are negligible compared to the tree-diagram contributions (in many cases 
with very small mixing matrix coefficients), then the charmless decays such as Bj ~~* " " + 7 r -

can give estimates on \V , \. 

III.b.2. Decays of B Mesons Solely from W-loop diagrams 

Here again the Quark Diagram Scheme is useful. The following decays are from W-loop 
diagrams only: 
fiS-tfV: VU3V:b (£_, )+ V„V3(£_f), B°,-*K°<i>: VudV;b (£._,) + VaV&Sc-t), 

^K*Q<j>: VusVu*b (£u-t) + VC3Vc\(£a-t), - K*4> • VudV;b ( £ _ t ) + VcdV*b(£'c_t\ 
-* K*°K°: VudV:b (£„_, + F*-t) -> K°K°* : VU3Vu*b {£u-t + ^«-i) 

+VcdVX (£c-t + Fc-t), +Vc,Vc*b (Sc-t + K-t), 
^K°ir0: VudV;b (£'u_t + T'u_t) - » * * : V„V& (S-i + K-i) 

+vcdv*b (s'c_t + Fc_t), +K.V3 (£c-t + rc-t), 
-^K°K°: VudV;b {Sn-t + K-t) -+K°*K°: Vu,V:b {£'u_t +F'u_t) 

+vcdvc\ [ec-t + Tc-i), +vc,v;b (£'c_t + rc_t\ 
-*M>- VudV;b (*•„_,) + VaVXFc-t); ->K°K°: Vu,V;b (£„_, +JF„_ t) 

+Vc,Vc*b {£c-t + Fc-t). 
(111.10) 

Note that Bd —> <jxj> comes only from the vertical W-loop diagram T\ arid Bd —> A' 0^, 
K*°<j>, Bg —> A' <#, K <t> comes only from the horizontal loop diagram £. See Ref. [9] for 
model calculation of these decays. 

III .b.3. Sensitive Dependence of B^Bj mixing on the KM Phase. 

The ARGUS' observation of B% «-» B"A mixing initially came as a surprise. Here I would 

— 320 — 



like to tell an interesting story - especially to those of you in the audience who are young 

physicists: 

As we all know, the formula for B°-mixing is 

P(B° - r ) _ P{e+e- -» B°B° -» r f ) _ (Am/f f + ( A r / 2 f ) 2 

r s P ( f l ° - ^ ) P ( e + e - _> 5 0 5 ° _+ £+£-) ( A m / f ) 2 - ( A r / 2 f ) 2 + 2 ' 

The large mixing came about either through A r / 2 f as 1, which was in fact true in the 

K-meson case, i.e., AYK « Tfcs « 2f; or through Am/T » 2, which is the case for B 

mesons. In either instance, the box graph which gives Am, and A r must compete with 

the decay graphs which give T. Thus the particle-antiparticle mixing is more favorable in 

the decays of K, B mesons where the tree graphs are suppressed due to the quark-mixing 

suppression; in contrast, the mixing of the decays of charm mesons and top mesons are less 

favorable where the box graph is suppressed compared with the tree graphs. 

For the B° mesons, it is reasonable to assume that Am comes mainly from the box graph 
1181 

- the so called short-distance contributions - which is dominated by the t-quark term: 

A m „ ^ f e m ? F ( m 2 / m 2 f ) | K | 2 i ( I J L 1 2 ) 

where \V\2 = i ^ V ^ 2 , for 5^-mixing; and \V\2 = \VisVtl\2, for 5 s -mixing; and 

F{x) = 1 - (3/4)(x + x2)/(l - xf - (3 /2)z 2 Inx/(l - x)\ 

which is a smooth and slowly decreasing function. A r comes from the absorptive part 

of the box diagram and therefore the t quark intermediate state cannot contribute. Thus 

AT « Am is expected, and Eq. (III . l l ) simplifies to 

rB « ( A m / f ) 2 / [ ( A m / f ) 2 + 2]. (111.13) 

It is obvious that, as BBfg and m 2 increase, the mixing of rg increases. The reason that 

# s -mix ing in general is bigger than 5^-mixing is that |14>|2 > I^irf12• What was noted in 
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Refs. [1] and [17] is that \Vtli\ is very sensitive to the CP-invariance violating phase. This is 

most easily seen by using the parameterization given in Ref. [6], 

-(*, + SgSie*) cy sy . (III. 14) 

«»[** ~ (*«/«»)e*] sy[l+sx(sz/sy)ei'l'} 1 / 

From the expression (III.14) we see that \Vtd\ — sy[\sx — {sz/sy) cos <f>\2+ \(sz/sy) sin<£|2]2 is 

very sensitive to the sign of cos<£, and it increases as <f> increases from 0° to 180°. As the 

value of IVuj/V^I becomes closer to the value of \VUS\, the dependence of \Vtd\ on <f> becomes 

more dramatic. The dependence of \Vi,\ on 4> is the opposite, i.e., it decreases as <j> increases 

from 0° to 180°. However, since sx(szfsy) < 1, so the dependence of \Vt3\ on <f> is less than 

that of |V ( (j|. Therefore it was noted in Ref. [1] and [17] that i B i can change from 1 0 - 5 to 

1 0 _ 1 as <j> changes from <f> PS 0 to <f> « 180°. The value of top quark mass used was mj w 60 

GeV. We thought that we were brave in using such large top quark mass. Our results of 1983 

were forgotten, however, because there was a time in the mid-1980s when UAl announced 

the observation of a top particle with a mass of about 35 GeV, and the value of \V A / K J J 

had diminished. Both results made B^ «-» B% mixing negligible. It is amusing to reflect that 

we are today talking about top quark mass bigger than 100 GeV! 

In any case, B^ <-+ B% mixing is sensitive to the value of the KM phase and indications 

are that the phase <j> is large. 

IV . C P - N o n i n v a r i a n c e in K Meson Decays 

I V . a . Imp l i ca t i ons of t h e M e a s u r e m e n t of Re(e ' / t ) 

Now, after almost a quarter of a century has passed since the first observation of CP-

noninvariance t in the K\ decays, there is finally a hint of a new type of CP-noninvariance e' 

that has been observed, again in the K\ meson. The significance of NA31's positive results 

of a non-zero e'\ 

Re (jj = i [|77+_/?7oo|2 - 1] = 0.0035 ± 0.007 ± 0.004 ± 0.0012, (IV.l) 

where 

??+_ = A(KL -> x+T~)/A(Ks -» 7 r + O i 
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Wo = A[KL -» 7r% u ) /A(A' s -> * u i r u ) . 

It was originally observed by Gilman and Wise that KM scheme gives t' ^ 0. One can 
(19) 

easily show that J77-1—/?7oo| =fi 1 indicates, necessarily, decay-amplitude CP-noninvariance. 

_ A+-/A+- - p/q , 
t)^ = = = e + t , 

A+-/A+- + p/q 

^00 Moo ~ p/q 0 , 
1)00 = ~A—?f—;—r = e ~ 2 e ' 

Aoo/^00 + P/9 

(IV.2) 

where ' ^ . = A(^j) —• / ( ) , and p = 1 — e, q = 1 + e; e is the CP violating parameter of 

the amplitude of isospin zero of the two pions; and t', of the isospin two. Here both the 

mass-matrix and the decay amplitude CP violations are involved. In the ratios A+-/A+-, 

Aoo/Aoo, the strong-interaction phase cancels. Without decay-amplitude CP violation in 

weak interactions, any phase in A^ M + - and A00M00 can be simultaneously taken away 

by choosing a proper phase convention so that J 4 + _ M H = 1 = /looMoOi thus TJ+-/T)QO = 1. 

The reverse is also true, i.e., if 77-) /»7oo = 1> then A+-/A+- = AooMoo> and \A^ M + - I = 

l^ooMool = 1, (that the second relation must also be true is due to the fact that the A' 0 , 

K to two pions are closed systems and CPT theorem applies, T(K° —* 7r + 7r _ ) + r(A'° —+ 

T T V ) = TK° - • TT+n-) + TiK0 -+ J T V ) . Therefore, if \A+-/A+-\ < 1, then \Aoo/A~oo\ = 

|i4_| /A+-\ > 1. We cannot have a situation \A+-/A^—| = |/4ooMoo| ^ 1- There are decay-

amplitude CP violations if \AjA\ ^ 1, or even when both \A+-/A+-\ — \AOO/AQO\ = 1, but 

no phase convention can be found, such that A+-/ A+- and Aoo/ Aoo are both real. Therefore 

?7H—/TJOO ^ 1, i.e., e' ^ 0, is a necessary and sufficient indication of decay-amplitude CP 

violation. 

Such decay-amplitude CP violating effects can be measured, in a different way 

m NA31, direct 

subsection IV.b.l. 

from NA31, directly in A' 0 , K —* n+it , and 7r°7r° reactions, which I shall discuss in 

IV.b . Important Further CP-Noninvariance Search in the Strange Particles 

I V . b . l . Tagged K ° , K ° -*• 2TT Experiments 
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As indicated in the proof of e' being solely in the decay amplitude, c' / 0 it is a direct 
result of the partial-decay-rate difference in A'0, A'0, i.e., 

A(K° -* it+x-)/A(KD -»7T+7T-) ± 1, 

and (IV.3) 

A(K° -* ir\°)/A(K° -> x V ) ± 1. 

Thus, a natural way to measure decay amplitude CP-noninvariance is to measure the partial 
decay-rate difference of K°,K°; i.e., 

_ r(jr"-nr+o , 

to=¥$2w>-l-*«°M> (IV-4) 

Here the partial decay-rate-difference effects exist only at the instance when A'0, A'0 are 
tagged, since A'0, K° mix maximally. 

Thus, to see such effects directly, tagging and time-evaluation measurements are neces
sary. The CERN LEAR experiment PS195 is designed to make such measurements: 

R+- = T\PP^.+K-K^«+K-«+A =l + 2 R < { e ) > ( I V - 5 a ) 

= T{PP_-,«-K+T?-,«-K+«y) = _ 
r ( P P -v T T + A - A " -» 7r+A-7r°7r°) e V ' V ' 

Such tagged K°,K° partial-decay-rate-difference measurements are a more direct and 
generic way to measure decay amplitude CP-noninvariance (see later discussion on CP-
noninvariance in B and charm mesons). Another important reason for doing such tagged 
A'0, K° measurement is that it provides a different measurement of e'. Note that NA31 
measures Re(e'/e), i.e., the projection of e' on e, while tagged K°,K° experiments measure 
Re(e'). Under CPT invariance, one can show that [phase (e)] « 90° - (S2 - Si) = 90° + 
(-45.3° ± 4.6°) « 45°, which is very close to [phase (»?+_)] = <j>+- = 44.6° ± 1.20°. So e' is 

— 324 — 



expected to be aligned with c. Therefore, from CPT theorem we expect: 

Re(e') « Re(e'/e)- | e | • cos 45° = 0.0035- | e | • cos 45°. (IV.6) 

A measurement of Re(e') different from this predicted value is a clear indication of CPT 
• , . - (21) mvanance violation. 

IV.b.2 . High Prec is ion M e a s u r e m e n t of 0oo,<A+-

Currently the experimental values of 

(f>oo = 54.5° ± 5.3°; <j>+- = 44.6° ± 1.2° (IV.7) 

have a difference larger than allowed by the value of measured Re(e'/e). Therefore more 

accurate measurements of <foo, 4>+- are very important. If the difference of 4>ao, 4>+- stays 

bigger than allowed by the measured value of Re(e'/e), again CPT invariance is violated. 

For a detailed discussion see Ref. [22]. 

IV.b .3 . Decay-Ampl i tude CP-Noninvariance in K ° , K ° -» 2y 

The measurement of e' is a definite indication of decay amplitude CP-noninvariance. 

Unfortunately e' is a CP-noninvariance in the AI = | , i.e., IX7e = 2 part of the K —• 2tf 

amplitude, which is known from experiment to be suppressed in the amplitude by a factor of 

20, compared with AI = ^ part of the K —• 2w. Historically, this suppression was important 

for the observation by Dalitz of the 0(K+ —> ir +7r°), r ( A ' + —» ir+ir+/ir~) puzzle, which 

eventually led to the discovery of parity-invariance violation. However, ironically, the same 

factor now is an important factor in making e' so small. Therefore Cheng and I began 

a search for other K-decay channels where decay-amplitude CP-noninvariance has no such 

suppression which compares to the mass-matrix CP-noninvariance. We found that such a 

possibility existed in K°, K —* 2f from the interference between the 27r intermediate-state 

contribution in Ks —* 2^ and the x, 37r, T), TJ' intermediate-state contributions in Ki —> 2-y. 

For such an interference effect to be appreciable, Ks —* 2y rate needed to be comparable to 
(23) 

Ki —i 2-/. Our theoretical calculation predicted r(A's —> 2f)/r(Ki —* 2f) ss 2.4 and 
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the NA3 measurement indeed gave 

T{KS -> 2 7 ) / r ( A ' L - • 27) = R = 2.4 ± 1.1. (IV.8) 

As indicated in Ref. [7], for such a ratio of comparable A's —> 2f vs KL —> 2f, the decay-

amplitude CP-noninvariance effect can be as big as the mass-matrix CP-noninvariance e. It 

is interesting and important to note that the appropriate reaction to observing such a CP-

noninvariance effect is via the tagged A' 0 , K —• 27 time-dependent decay-rate difference 

measurement. It is impossible to see this effect in separate A't, A's —> 27 decays. For details, 

see Ref. [23]. 

IV.b.4 . Decay-Ampl i tude CP-Noninvariance in K —• 3?r decays 

We should also expect decay-amplitude CP-noninvariance in K* —» 3TT decays; i.e., 

T(K+ -+ 5r + 7r + 7r - ) /r(A"~ —• 7t~ir~w+) = 1 + A, where A ^ 0. However, since K —• 3;r 

decays do not mix with K —* 2ir, the total rate of K+ —• 3TT must be the same as K~ —* 3TT 

from CPT theorem. Thus the difference in the charged 3TT decays must be balanced by the 

n^TT0*-0 channels. A good place to study decay-amplitude CP-noninvariance in K —• 3ir is 

the measurement of the ratio of the ratios of the following decays: 

T(K+ -» X+T-*-)/T(K+ -> *+*W) 
T(K- - «-«+*+)/T(K- - , «-*W) ~ 1 + 2 A 3 - ( I V ' 9 ) 

The advantage of such measurements of the ratio are two-fold: firstly, it gains a factor of 

two in the difference from one; secondly, experimental errors get cancelled. Unfortunately 

though, A3* is expected to be a fraction of the value of e'. 

One cautious note should be given to the implication of measuring i+_0 = A{Kg —» 

•K+W~TT°)/A(KI - • 7r+7r _7r°). Due to the fact that ir+T~ir° can be in both CP odd as well 

as in CP even states, unlike r]+- ^ 0 always implying CP-noninvariance, v+-o ¥" 0 does n ° t 

necessarily mean CP-noninvariance. One has to look at the particular region of Dalitz plot 

where ,T+IT~X0 forms a CP odd state to look for CP-noninvariance effects in i}+-o-
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IV.b.5. Decay-Ampli tude CP-Noninvariance in Hyperon Decays 

Through the general analysis one can show t h a t ( 3 ) l 2 4 ) there can be partial-decay-rate 

differences T(A ->• 7r-p)/T(A - • tr+p) = 1 + A, and T(A -» 7r°n)/r(A — w°n) = 1 - A. 

Currently the estimate of A is A ~ 10~ 4 to 1 0 - 5 . There has been a proposal made at LEAR: 

T{PP -* AA — x°,i7r+p) K 

It is well known that ^ is produced very much polarized and the ir distribution respect 

to the polarization of Yl l s asymmetric. CP-noninvariance can lead to a difference in the 

asymmetry between ^ ~* T + n , and Y^~ ~* K~n- The estimate given on such asymmetry 

was comparable to the size of e. This may be a very interesting effect to observe. Table 1 

lists some interesting CP-noninvariance effects in hyperon decays. 

Table 1. CP violation effects in hyperon decays, from Ref [24] of Chau and Cheng. 

A/Xcp A/XCP [B/a - tan(/>, - 6,)]/XCp 

1.2 x i r r 1 

- 4 x 10-' 
A° s x i<r2 - 2 x 10- 2 

K - 1 x 10 - 1 4 x 1(T2 

E« + - 8 x10~ 3 - 4 x l ( r 2 

E: 2 x 1 0 - 2 80 

E: 0 - 4 x 10- 1 

V. Generic Propert ies of Decay-Ampli tude CP-Noninvariance 

As we have already seen in some specific decays in strange meson and hyperon decays, 

the general and direct way to analyze and measure decay-amplitude CP-noninvariance is 

to measure the partial-decay-rate differences both in neutral and charge particles. Such a 

general view has led to a different way to measure t', i.e., measuring the tagged A*0, A' —> 2ir 

decay-rate differences; and to the prediction of CP-noninvariance effects of partial-decay-rate 

differences in many other systems. A general survey of such effects in the KM scheme were 

accomplished (see Ref. [3]) in 1980. That such a genera! survey of CP-noninvariance was 

possible was based upon the observation that meson weak decays are given unambiguously in 
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terms of the quark-mixing matrix and six decay amplitudes .4, B, C, 2?, £, T, (respectively, 

the external W-emission; internal W-emission; the W-exchange; the W-annihilation; the 

horizontal W-loop; its one-gluon exchange approximation, which is the so called Penguin 

diagram; and the vertical W-loop diagrams). To explain how particle-antiparticle decay-

amplitude differences arise, I use an explicit example: The process B* —• K+p° is given in 

terms of the quark diagrams as follows, 

A = VubV*s(A + B + V + £..t) + V^V^Sc-,) = V^V*^) + VcbV^(A2), 

and B~ —»• K~p° is given by 

(V.la) 

A = V*bVus(A + B + V + £«,_,) + V*bVc,(Sc-t) = V^hVua{Ai) + V*bVcs(A2). 
(V.lb) 

Note that the difference between particle and antiparticle decays are in the exchange of 

Vjj ^ V*-. A\ and A2 are not changed. This is because of OP invariance in strong reactions. 

The partial-decay-rate difference is then given by 

_ \A\* - | g 2 _ -UrnHV^VtaiV^rVMAlty 
~ [A? + \A\* \VubV^sAl + VcbVc*sA2\* + \V*bVusAx + V^Atf' [ ~ J 

Here we see that the important ingredients for non-zero partial-decay rate difference are: first, 

that Im[V jV^s{V fVcs)*} / 0, which is provided by the KM mechanism from the inter

ference of at least two distinct weak decay amplitudes; therefore, such decay-amplitude 

CP-noninvariance necessarily only happens in mixing-matrix suppressed decays; and sec

ond, Im^AiA^) 7̂  0, which means that there must be two independent types of nonleptonic 

decay amplitudes, e.g., the interference of the I = 0, I = 2 amplitudes in A' —> 2ir; and the 

interference of the 5 and p wave amplitudes in / \ , / \ to irN decays. 

The same formulation applies to other B meson decays, and for decays of charm, strange 

and top-quark mesons. The interesting point is that for the three-generation quark-mixing 

matrix, shown in Ref. [6], the same Xcp appears in the numerator for all partial-decay-rate-

differences, i.e., the partial-decay rate differences have the following generic form 

XcpImiMAj) 

where Xcp is the universal KM CP-noninvariance factor as given in Eq. (1.2). 
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Phenomenologically the uniqueness of Xcp for all CP noninvariant decays in the three 

generations of quarks carries an important message. Even without knowing the detailed 

dynamics, we can conclude that we will have better luck in getting large partial decay rate 

differences in those channels where the decay rates are suppressed, i.e., where the denomina-
(19) 

tors in Eq. (V.3) are suppressed. This fact has been borne out in many model calculations, 

and the generic reasons were given in detail in Ref. [3]. The partial decay rates in many rare 

B meson decays can be as large as (few x 10%). The reason can be simply seen as follows. 

If there is no reason for dynamical suppression 

Afl ~ sinci, (V.4) 

which can be of order one when <j> is near 90°. However, in charm decays they are typically 

less than 1%, 

A r « 10~2 sin<ft. (V.5) 

This is just a reflection of the larger decay rates of quark-matrix suppressed decays of charm 

mesons compared with those of B meson decays. Actually this is the same reason that the 

K and B meson systems are the best systems for neutral particle-antiparticle mixing. Thus 

we anticipate that the B meson will be a ver}' useful source for interesting physics just as 

the K mesons have been. 

V.a. D e c a y - A m p l i t u d e C P - N o n i n v a r i a n c e in B Meson Decays 

From the general arguments just given, we see that the rare B decay channels are the 

most likely reactions in which to find fractional partial-decay-rate differences. Among the 

channels listed, B± —* K±p°, 7T ±/J° have the final decay products that are most acces

sible for experimental detections. Channels involving charm mesons are more difficult to 

observe due to the need for charm-particle reconstructions. To observe partial decay rate 

differences in neutral B°, B mesons, one must tag the Ba, B mesons. In contrast to 

the "neat" ways to tag K°, K in PP —» 7r + A' - A'° , ir~K+K ; and to tag Dn, D in 

e+e~ —> T/>(3370,4030) —» w+D~D°, n~D+D , neat arrangements have not been found for 

tagging the Z?°, B mesons. Theoretically, the sources of paitial-decay-rate differences in 

neutral mesons are also complicated (see discussion in subsection I.b.2.). The3'ca.n involveall 

three effects of mixing: B°, B mixing, mass matrix CP-noninvariance and decay-amplitude 

CP-noninvariance (see Lim's talk at this conference, and Eq. (1.10)). 
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V.b. Decay-Ampli tude CP-Noninvariance in Charm Meson Decays 

As discussed before, in the case of three generations of quarks, the partial-decay rate 

differences in charm mesons are, in general, a factor of 10-100 smaller than in the B mesons, 

and they thus require 102—104 more events. The partial-decay-rate differences in charm 
(25) 

particle decays can be large if there are more than three generations of quarks; " this 

however is not indicated by experiments. 

V.c. Decay-Ampl i tude CP-Noninvariance in Top-Quark Particle Decays 

The decay-amplitude CP-noninvariance in top-quark particle decays can be as large as 

in B meson decays. But the two-body, three-body decay channels of top-particle decays have 

branching ratios that are too small («s 10~ 8 for a 50 GeV top quark). Therefore, it will be 

difficult to see decay-amplitude CP-noninvariance in top quark decays. 
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1. Introduction 

With the advent of SLC and LEP, we now know that there are only three 
generations of leptons ' within the standard gauge theory of electromagnetic and 
weak interactions. The heaviest lepton, T, has been the subject of extensive study 
since its discovery in 1975. The T lepton is a good laboratory for studying many 
aspects of the standard model. Since the T appears to have no internal structure 
to complicate theoretical calculations, many branching ratios can be predicted with 
the present understanding of the electroweak interactions. The large lepton mass 
allows the r to decay into both purely leptonic states and semi-leptonic states 
with accompanying hadrons. The purely leptonic decays allow the study of lepton 
universality and the r — vT — W vertex, while the semi-leptonic decays permit the 
investigation of the weak hadronic current. The r decay is the only known terres
trial laboratory for measuring vT mass, a fundamental parameter in the standard 
model. The T lepton is also the only known laboratory to search for forbidden de
cays involving three generations of leptons with or without accompanying hadrons. 

The initial investigation of the r lepton at SPEAR and DORIS I was limited 
to establishing that the r is a third generation lepton through the observation of 
some of the fundamental decay modes expected in the standard model. The Lorentz 
structure of the T — vT — W vertex was measured in the decay T~ —> e~vevT and 
found to be consistent with the V — A coupling. Through the measurement of the 
production cross section near threshold, the T was established to be a spin | particle 
and its mass was measured with good precision. The vT mass was also found to 
be less than twice the pion mass. With the operation of DORIS II, CESR, PEP, 
and PETRA, the branching ratios are measured with a precision of ~ 10% and 
the limit on vT mass has improved by about one order of magnitude. The Lorentz 
structure has also been measured in the decay T~ —> pTv^Vr and the precision on 
both e and fi decays have improved. The r lifetime has also been measured and 
the accuracy is now ~ 6%. With the improved precision, Gilman and Rhie 5 find 
the sum of the exclusive one-charged-particle decay branching ratios is significantly 
below the inclusive measurement. However, the discrepancy is based on combining 
the results of many experiments as there is no single experiment with the accuracy 
to establish/resolve the discrepancy. 

The data samples collected at the colliders vary by orders of magnitude. The 
experiments at SPEAR, DORIS I, PEP, and PETRA had ~ 10 4 T+T~. The 
experiments at DORIS II and CESR have accumulated ~ 10 5 T+T~ so far and 
CLEO II at CESR is expected to accumulate a few times 10 6 T+T~ in the next 
few years. The data samples of the experiments at TRISTAN and LEP contain 
~ 10 3 T+T~ and are expected to increase to a few times 10 4 T+T~ in the next 

- 33-1 — 



few years. The detection efficiencies also vary greatly at different energies due to 
the different selection criteria required to suppress the background. As a result, 
some of the experiments at high energy that have a smaller data sample are as 
competitive as the low energy experiments. For example, the precision of PEP and 
PETRA experiments is as good as that at DORIS II and CESR. 

The data sample expected at the B-factory is at least a few times 10 7 T+T~ 
and could be an order of magnitude higher. A Tau-Charm Factory is expected to 
produce a few times 10 7 T+T~. There are a few T physics that can only be studied at 
one of the facilities, but most of the physics can be investigated at both colliders, 
complementing each other. The large data sample permits the study of most r 
physics in a single experiment where some of the systematic errors may cancel. 
I will assume that the one-charged-particle decay discrepancy will be resolved by 
: !ien and will not be discussed here. In this chapter, I will discuss a selected sample 
of physics topics that can be studied at the B-factory. 

I will assume a generic detector for the B-factory: Kaon can be separated from 
pion for momentum below I GeV/c 2 through the jj& measurement and muon can 
be distinguished from pion above 1 GeV/c-. An Csl electromagnetic calorimeter 
similar to that of CLEO II is assumed. This is a crucial detector componet for 
r physics. A calorimeter with good photon detection efficiency will be useful for 
suppressing the hadronic background and thus reducing the systematic error due to 
the uncertainty in the background correction. Such a calorimeter will reconstruct 
7T° with good efficiency, thus permits the tagging of a large sample of r candidates 
through the p decay mode for precise measurements. 

2. Tau Neutrino Mass 

The standard model has no predictive power on the neutrino mass. However, a 
non-zero neutrino mass is predicted in many of the fashionable extensions of stan
dard model such as compositeness, Grand Unified Theory, and left-right symmetry 
model. A massive neutrino is also a popular solution to the solar neutrino and 
dark matter problems. Since we now know that there are only three generations 
of leptons, vT is the only potential candidate to solve these problems. The upper 
limit on m„r is 35 MeV/c 2 at 95% confidence level . For comparison, the mass 
limits on vt and v^ are 17 eV/c 2 and 270 KeV/c", respectively. In some of the 
models, a popular assumption for the mass hierarchy is 

(mT\2 

For a mVc of 17 eV/c 2 , m„ r is expected to be 207 MeV/c 2 . Therefore, the limit 
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on m„T has already achieved the sensitivity expected in these models. If the B-
factory is sensitive to mVr of 3 MeV/c 2 , then it has a corresponding sensitivity of 
0.25 eV/c 2 on mVc. Measuring the r neutrino mass is therefore a sensitive probe 
of the phenomenon of neutrino mass. 

The best probe of r neutrino mass is the study of the end-point mass spec
trum of the hadronic decay products. The decay mode with the best sensitivity is 
r~ —> TT~Tr+w~ir+,K~vT. The mass spectrum of the hadronic system depends on 
the unknown intermediate resonance structure. Fortunately, the end-point mass 
spectrum 9 _ I ° of interest is dominated by the weak decay matrix element M and 
the phase space factor <&, 

-r— oc mM(mr,m,mVT)$ (mT,rn,mVr) , 
dm 

where m is the mass of the hadronic system, 

M(mT,m,mVr) = (m 2 — m2)(m2

T + 2m2) — m 2

r ( 2 m 2 — m 2 — m 2

r ) , 

and 

4>(m r, m, mVr) = [TO2 — (m + mVr)2] x [m 2 — (m — m„ r ) 2 ] . 

The candidates for T~ —> TT—7r +7r—jr +7r—i/ r can be selected with an e or ft 
tag with no photon above certain threshold energy. Based on the experience with 
CLEO II, the detection efficiency is expected to be ~ 15%. For a data sample of 
3 x 10 7 T+T~, this corresponds to 2000 events in the final sample. The large data 
sample allows the detailed examination and fitting of the full mass spectrum. This 
is much more satisfactory than the current method of setting a limit dominated by 
the highest mass event which may turn out to be background. With the expected 
mass resolution of ~ 10 MeV/c 2 , the sensitivity on m„ r is a few MeV/c 2 if m r is 
measured with an uncertainty of 1 MeV/c 2 by the experiment at BEPC. Includ
ing the decay T~ —» K~K+w~vT will improved the sensitivity somewhat, besides 
providing a powerful consistency check on this important measurement. This level 
of sensitivity is comparable with that expected at a Tau-Charm Factory. 
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3. DECAY MODES AND BRANCHING RATIOS 

The partial widths for most of the r decay modes can be calculated with the 
present understanding of the standard model. The purely leptonic decays can 
be calculated rigorously, including radiative corrections. Most of the major semi-
leptonic decays with accompanying hadrons can be calculated reliably using exper
imental data such as -K and K decay constants, cross section on e+e~ annihilation 
into hadrons. Since some of the semi-leptonic decays cannot be calculated accu
rately, the total decay width is unknown. It is therefore customary to express the 
branching ratios normalized to the electron branching ratio Be. Alternatively, the 
dependence on Be can be eliminated by taking the ratio of two branching ratios. 
This is actually a preferred method of comparing the experimental measurement 
with the theoretical expectation because many systematic errors cancel in the ra
tio. In fact, some of the current experiments may be systematic limited on some 
decay modes after collecting data for a few more years. Since we do not expect any 
dramatic improvement on the systematic errors on the large data sample expected 
with the detector at this B-factory, comparing the ratio is the only reliable method 
for the precision test on the prediction. In this chapter, we discuss the expected 
precision on the ratios. Also included is a discussion on the sensitivity on the highly 
suppressed second-class-current decay and the forbidden lepton-number-violating 
decays. 

3 .1 . e AND p DECAYS 

In the standard model, the purely leptonic decays of the T can be calculated 
rigorously, including the electroweak radiative corrections. This allows a precise 
test of lepton universality. The branching ratios for the two decays differ by a small 
phase space factor, ' 

^ = l-8rj + 8y3-yi-12y2\ny = 0.97Z , 
t>e 

where y — ( m , i / m r ) 2 . The radiative corrections on the individual branching ratio 
are 0.43%, but they cancel out in the ratio. The current world average on the 
measurements of the ratio is 1.01 ± 0.03. 

The data sample for these two decay modes should be very clean because the 
lepton requirement is a powerful tag for background discrimination. The other r 
could be required to be a p candidate. This p tag is preferred over a 7r tag because 
of the enormous cross sections for e+e~~ —+ e+e~e+e~, e+e~p,+p~, and e + e _ 7r + 7r~ . 
Since the momentum of the p candidates is required to be greater than 1 GeV/c 
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for proper identification, the same momentum cut must also be imposed on the e 
candidates to ensure the cancellation of the systematic error in the tracking inef
ficiency in the ratio of the branching ratios. For a data sample of 3 x 10 7 T+T~, 
we expect to detect 4 x 10 s e and fi candidates with a detection efficiency of 15%. 
This corresponds to a statistical precision of 0.2% on the ratio. The main source of 
systematic errors is the uncertainty in the background subtraction and detection 
efficiency. The background from other T decay modes is expected to be ~ 3% and 
is dominated by the decay r~ —> ir~2ir°i/T mimicking the p. However, this back
ground contributes equally to both e and y, samples. The hadronic background is 
expected to be less than 1% and also contributes equally to both samples. The 
overall systematic error in the ratio of the branching ratios from the background 
correction should be less than 0.1%. The systematic error from the uncertainty 
in the detection efficiency has two components, trigger and particle identification 
efficiencies. The lower trigger efficiency for the /i sample can be circumvented 
with some loss of statistics by requiring the w to be energetic. The uncertainties 
in the identification efficiency do not cancel in the ratio because of the very dif
ferent identification techniques. Detailed understanding of the efficiencies would 
require careful scrutiny of the data on other processes such as radiative Bhabhas 
and /x-pairs. The uncertainty in the ratio could be known to 0.7% and this will 
dominate the overall precision. Lepton universality can therefore be tested with 
much improved precision over the current measurements. 

3.2. 7r AND K DECAYS 

The partial widths for the two pseudo-scalar decays, T~ —• n~ur and r~ —> 
K~vT, can be calculated using the experimental measurements of the 7r and K 
decay constants, / T and / A ' . The ratio of the two partial widths is related by the 
Cabibbo angle $c with a phase space correction factor, ' 

BK _TK 2 /A-0 ~ my ml)2 

B, " r , ~ t a n °cf*(l-ml/mW • 

Therefore a precise measurement of the ratio of the branching ratios allows an 
accurate determination of the Cabibbo angle in r decay with high momentum 
transfer. At present, the ratio is known only to ~ 30%. 

The decay candidates can be selected with a lepton tag. The momentum of 
the 7T candidates is required to be greater than 1 GeV/c so that they can be distin
guished from fi while the momentum of the K candidates is required to be less than 
1 GeV/c so that they can be differentiated from ir. There should be no photon in 
the events to reject T decays with 7r°'s. For a data sample of 3 x 10 7 T+T~, we 
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expect to identify 1.2 x 10 4 K candidates and 7 x 10 5 TT candidates with detection 
efficiencies of 7 and 25% respectively. This corresponds to a statistical precision of 
0.9% on the ratio. In the TT candidates, K constitutes a background of 5% because 
of the poor n/K separation in the momentum range. The dominant misidentifica-
tion background from other T decay modes is the misidentification of / — p. events 
as / — 7T candidates. This accounts for a background of 2%. In the K candidates, 
the dominant background is the misidentification of / — n events as I — K candi
dates, which constitutes a background of 0.5%. The contamination from hadronic 
events is expected to be less than 1% in the •K sample and significantly less in the 
K sample. This difference in contamination is due to the different K content in 
the hadronic and r events. Since the candidates are identified in different momen
tum ranges and the background contaminations are different, we can only expect 
a partial cancellation of the systematic errors. The uncertainty in the background 
subtraction is expected to be 0.3%. The systematic error from the fj, veto is ex
pected to be 0.5% and a similar uncertainty is expected from the K identification. 
This yields an overall precision on the ratio of VC%, which represents a dramatic 
improvement over the current world average measuiement. 

3.3. p AND K* DECAYS 

The decays r~ —> p~vT and r~ —> K*~i/T involve the coupling of the weak 
vector current to />(770) and K*(890), respectively. Measurements of the branch
ing ratios allow studies of the hadronic weak current. The p branching ratio can 
be calculated by using the conserved-vector-current (CVC) hypothesis to re
late the coupling strength of the p to the weak charged vector current and the 
electromagnetic neutral vector current, 

™2 

Bp/Be = —^-j fdQ2Q2(m2

r-Q2)2(ml + 2Q2)x<Te+e-^n-(Q2) , 
zxa~m° J 

where Q is the center-of-mass energy of the e + e ~ . Using the measured cross section 
for e + e _ —> ir+ir~, Kuhn and Santamaria predict 

Bp/Be = 1.32 ±0.05 . 

The Cabibbo-suppressed A'* decay is related " to the Cabibbo-favored p decay by 

2 

BK'/B„ = t an 2 Bc • f(rnp, mK',mT) • - y 1 . 
9p 
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where the factor / corrects for the difference in the available phase spaces, 

ml (l~m2

K./m2

Tf(l+2m2

K./m2) 
n m p , m K ' ' m r ) - m l . ( l ~ m j /mmi+Zrnj /m%) ' 

gp and g%. are the coupling strengths of the p and A'* to the vector current, 
respectively. The relationship between the two couplings depends on whether the 
SU(3) symmetry is exact or broken. If the symmetry is exact, then gK. = g2 and 
the prediction is 

BK./BP = 0.038 . 

On the other hand, if the symmetry is broken, then the Das-Mathur-Okubo " sum 
rules give g%,/m2

K, = g^/m2 and the prediction becomes 

BK./B„ = 0.052 . 

The current world average measurement of the ratio is 0.061 ±0.009, which excludes 
the exact SU(3) symmetry at ~ 2a level. 

In the measurement of the ratio, Bp/ Bc, the e and p candidates can be selected 
with a fi tag. We expect a data sample with 5 x 10 5 e and 4 x 10 5 p candidates for 
detection efficiencies of 25 and 15% respectively. This corresponds to a statistical 
precision of 0.2% on the ratio. The dominant background in the e sample is the 
misidentification of w, but this contamination should be less than 0.5%. In the p 
sample, we expect a feed down of 3% from r" —» ir~2ir°vT. The background from 
the misidentification of TT as fj. in the tag has equal contribution to both samples. 
We expect the cancellation of the systematic error on this background subtraction. 
The hadronic background contamination is expected to be less than 1.0% on the p 
sample and significantly less on the e sample. The overall systematic error from the 
uncertainty in the background subtraction is expected to be less than 0.3%. The 
systematic errors on the identification efficiencies do not cancel in the ratio and 
are dominated by the 7T° reconstruction efficiency, which is expected to be known 
to 1.5%. This yields an overall error on the ratio of 1.6%, which represents a 
much more stringent t e s t ' of CVC compared with the current accuracy of 10% in 
individual experiments. The large sample also allows a more detailed test of CVC 
by comparing the mass spectrum of the 7r~7r° system with the expectation from the 
measured cross section for e + e ~ —> i r + 7r _ . This is also a clean laboratory for the 
search and study of various p resonances without the complication of interference 
between different channels as in the fixed target experiments. 

For the measurement of the ratio, Bfc/Bp, the p and K* candidates can be 
selected with both e and p, tags. For a data sample of 3 x 10 T+T~, we expect 
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to collect 1 x 10 6 p candidates for a detection efficiency of 20%. Traditionally, the 
A'* decay is identified with a detached vertex through the decay chain, A'* - —> 
n~ K® —> 7r_7r+7r~. Including the branching ratio for the decay chain, the detection 
efficiency is expected to be 5%. This yields 1.7 x 104 A'* candidates, corresponding 
to a statistical precision of 0.8% on the ratio of branching ratios. The dominant 
background in the p sample is the 3% feed down from the decay T~ —> 7r_27r°i/,.. 
In the K* sample, we expect a contamination of 5% from the three-charged-pion 
decay. The background from the misidentification of TT as a lepton tag has equal 
contribution to both samples. We expect an overall systematic error of 0.4% from 
the uncertainty in the background subtraction. Since the topology of the A'* decay 
is quite different from that of /?, the systematic errors in identification efficiencies 
do not cancel in the ratio. We expect a systematic uncertainty of 1.6% on the ratio 
of these efficiencies. This yields an overall precision on the ratio of 1.8%, allowing 
a clear differentiation of the predictions of exact and broken SU(3) symmetry. 
An independent method of measuring the ratio is to use the other decay channel 
K*~ —> K~ir°. The momenta of the it and A' candidates are required to be less 
than 1 GeV/c to allow for 7r/A' separation. We expect a sample of 5 x 10 5 p 
and 1.7 x 10 4 A'* candidates for detection efficiencies of 10 and 5% respectively, 
resulting in a statistical precision of 0.8% on the ratio. The major systematic error 
that does not cancel is the 0.2% uncertainty in the subtraction of the 3% feed down 
in the p sample from r~ —+ 7r _27r°iv This yields an overall precision of 0.9% on 
the ratio, allowing a more precise study of the SU(3) symmetry breaking. 

3.4. 37r AND A-K DECAYS 

The three-pion decay of the r is mediated by the axial-vector part of the weak 
interaction. The branching ratio can be estimated using the partially-conserved-
axial-current hypothesis (PCAC). Unfortunately, the estimate is not very reli
able. However, isospin conservation imposes a limit on the relative fraction of the 
branching ratios for T~ —> 7r_27r0//,- and T" —> X~,K+,K~VT: B^J" < B^. If the 
decay is dominated by the ai(1270) resonance as expected, then BT2*<> = B$T. 
There is a significant discrepancy between different experiments on the measure
ment of B$x and B^** is yet to be measured. We expect the discrepancy to be 
resolved in the next few years and flT2ir° w ' ' l D e measured with reasonable preci
sion. Therefore we should concentrate on the stringent test of isospin invariance 
at this high momentum transfer using the large data sample available. 

The events can be selected with a lepton tag. In order to suppress the hadronic 
contamination, no photon is allowed in the three-charged-pion events and exactly 
four photons reconstructed as a pair of 7r° is required in the 2TT0 sample. Since there 
are equal number of hadrons in both samples, we expect close cancellation of the 
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uncertainties in the hadronic background correction for the ratio of the branching 
ratios . The dominant systematic error that does not cancel is the uncertainty 
in the 27r° reconstruction efficiency. We expect to test isospin invariance to the 
accuracy of a few percent. 

The four-pion decay proceeds through the vector current and the branching 
ratios can be calculated using CVC. Gilman and Rhie use the measured cross 
sections for e + e _ —• •K+TT~2W° and e+e~ —> 2x+2w~ to calculate the branching 
ratios for r~ —> ir~TT+'TT~7T°VT and T" —* TT—37r0i/j., and predict 

B^/B, = 0.275 
B^o/Be = 0.055 . 

fi3ffTo has been measured with an accuracy of 10% in individual experiments and 
B-tSrV is yet to be measured. 8 

In the measurement of the ratios, the events can be selected with a fi tag. The 
precision of measurement is expected to be dominated by the uncertainty in the 
7r° detection efficiency which does not cancel in the ratios. We expect to test CVC 
to a precision of ~ 2% on the 3nir° mode and several percent on the 7r3jr° mode. 
The large data sample also allows detailed test of CVC as a function of momentum 
transfer by comparing the four-pion invariant mass spectra with the expectations 
from the measured cross sections of e + e ~ —> •K+ir~2lK° and e + e ~ —> 2w+2ir~. In 
addition, structure in the invariant mass spectra such as the u> resonance can also 
be investigated. 

3.5. DECAYS WITH ?J MESONS 

To date no decay mode with an ?, meson in the final state has been observed. 
Current experiments may be able to observe one or two decay modes. In any case, 
the study of the observed decay modes will be limited by statistics. The large 
data sample expected at this B-factory allows the systematic investigation of these 
decay modes and the observation of more decay modes. 

The decay T~ —> K~i]vT is allowed in the standard model but is suppressed. 
The branching ratio has been estimated using a Chiral Effective Lagrangian by 
A. Pich, [ 2 1 1 

BKn ~ 1 . 2 x 10" 4 . 

The CLEO II detector may be able to observe this mode in a few years. However, 
we will need the statistics of this B-factory for a detailed study. 
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The decay T~ —> 7r~rjir°vT is allowed in the standard model and is expected 
to proceed through the p(1600) resonance. The branching ratio for the decay can 
be calculated using the measured cross section for e + e ~ —> TjTr+ir~ together with 
the CVC hypothesis. Using the cross sections measured at Novosibirsk and DCI, 
Gilman predicts " the branching ratio to be B^^o = 0.15%. The CLEO II detector 
is expected to observe this decay mode in the near future. With the large data 
sample expected at this B-factory, CVC can also be tested with high precision on 
this mode. 

There is no firm theoretical prediction on the branching ratio for the decay 
T~ —* Tr~i]2irai>r. However, the branching ratio is related to that for the decay 
r —> ir~Tj7r+7r~i/T by isospin invariance: fiT?2v° < Bity The CLEO II detector 
may have the sensitivity to detect these modes in a few years. However, we will 
need the large data sample of this B-factory for a stringent test of the isospin 
invariance hypothesis. 

There are other decay modes such as r~ —> 7r~2?/fr and r~ —* x~2i]ir°i'T 

which are predicted to have very small branching ratios by A. Pich using a Chiral 
Effective Lagrangian. These decay modes can only be observed and studied at 
this B-factory. 

3.6. S E C O N D - C L A S S - C U R R E N T DECAY 

The decay r~ —> Tr~TjuT is of particular interest in the standard model of 
electroweak interaction. The <?-parity of the WTJ system is opposite to that for a 
first class current. The decay is strongly suppressed in the standard model and a 
branching ratio of order 10~ 5 is expected. Observation of a sizable branching ratio 
could indicate the existence of second class currents or some other new interactions. 
The simplicity of the decay process, T~ —* TT~TJVT —> ^ " " 7 7 ^ , provides a clean 
laboratory for the search. The current upper limit on branching ratio is 0.9% at 
the 95% confidence level. 

The candidates for the decay can be selected with a lepton tag. A IT tag with 
no accompanying photon may also be possible. The 77 meson is required to decay 
into the 77 final state. The other 77 decay channel, n —• W+TT~K°, is not usable 
because of the large background from the unsuppressed decay r~ —+ W~W+W~TT0I/T. 
The dominant background is expected to be due to the following decay modes: 

• T~ —> ir~ir<ii'T, where one of the photons from the ir° decay is lost and the 
other photon is combined with initial state radiation or a fake photon created 
by the crystal clustering algorithm due to shower fluctuation or noise. 

• T~ —• 7r_27r°jv, where one photon from each 7r° decay is lost because the 
photon is very soft or merged with another photon. 
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A special clustering algorithm optimized to reduce fake or merged photon may be 
required. The ability to detect (or veto) low energy photons will be crucial for 
suppressing these backgrounds. We expect a sensitivity to the branching ratio of 
order 1 0 - 5 for a data sample of 3 x 10 7 T+T~. This is comparable to the sensitivity 
expected at a Tau-Charm Factory. 

3.7. FORBIDDEN DECAYS 

The search for a decay forbidden by the standard model has long been a tra
dition of particle physics. In recent years the immense interest in models that go 
beyond the standard model, such as compositeness, technicolor, lepto-quark, and 
new horizontal gauge bosons, has intensified interest in these kinds of searches. 
The traditional hunting ground such as p or K decay has a limited number of decay 
channels because of the limited phase space. The r lepton is an ideal laboratory for 
the search of the decay of a third generation lepton into first or second generation 
leptons or hadrons. The large lepton mass allows the decay into a large number of 
purely leptonic final states such as T~ —> e - e + e ~ , T~ —»p~e+e~ or semi-leptonic 
final states such as r~ —+ e~A'°, T~ —+ p~p°- The current limits on these decays 
are in the range of 1 0 - 3 to 1 0 - 5 . 8 These searches are limited by statistics. At this 
B-factory, we expect to reach the sensitivity of 1 0 - 7 after one or two years of data 
collection and 1 0 - 8 after several years. 

4. Structure of the r — vT — W Vertex 

The large data sample expected at this B-factory permits detailed investigation 
of the structure of the T — vT — W vertex. The Michel parameter p has been 
measured with a precision of 7% on the decay r~ —> e~vevT and 8% on the decay 
T~ —> p~vv.vT. This is in sharp contrast to the precision of 0.3% on the ft decay. 
The current T measurement is limited by statistics. The r events can be selected 
with the p tag as in measurement of the ratio Be/Blt discussed earlier, except 
that the lepton will be allowed to have momentum as low as practical for particle 
identification. We expect to achieve a precision comparable to that obtained in the 
(i decay. However, unlike the p. decay, the two leptonic decay modes permit the 
test of lepton universality by direct comparison of the two momentum spectra. 

The measurement of the p parameter consistent with 0.75 expected for the V — 
A coupling does not exclude the V+A interaction, or combinations of scalar, vector, 
or tensor exchanges. The most general Hamiltonian for the four-fermion point 
interaction have ten complex coupling constants, corresponding to 19 independent 
parameters and an arbitrary phase. In contrast to the T lepton where only the 
p parameter has been measured, the weak interaction of the p. decay has been 

- 344 — 



completely determined. It is not necessary to measure all 19 observables in order 
to determine the interaction. Fetscher, Gerber, and Johnson have shown only 
five measurements are needed to determine the interaction: 

• lifetime 
• decay asymmetry parameters £ and 6 
• polarization parameter £' 
• inverse r decay cross section S for i/ re~ —» r~ i / e . 
The lifetime, together with the low energy parameter rj, determine the strength 

of the interaction. The lifetime measurement will be discussed in the next section. 
The shape parameter 77 is measured from the low end of the lepton momentum 
spectra. The decay asymmetry parameters ( and 6 of the daughter lepton with 
respect to spin direction of the parent lepton can be measured using the fact that 
the spin of the two r's produced in e+e~ annihilation are strongly correlated. 9 The 
spin of the T can be determined from the two-body decay modes. For example, if 
we assume a pure V — A interaction in the decay T~ —* -K~UT, the n~ is emitted 
preferentially parallel to the spin of the T~. The spin of the r~ can be selected by 
requiring the momentum of w~ to be in the region corresponding to the n~ being 
produced forward or backward in the center-of-mass of the T~. The higher center-
of-mass energy of the B-factory is more suited than the Tau-Charm Factory for the 
asymmetry measurement because of the higher spin correlation. The polarization 
parameter measurement requires the analysis of the polarization of the daughter 
lepton which is not yet practical at any e + e _ collider. The cross section for the 
scattering of vT with election is even less likely to be measured in the near future 
since vT is yet to be observed in a fixed target experiment. Fetscher finds that 
at a B-factory, p and 77 can be measured to a statistical precision of less than 1% 
and £ and £ can be determined to a precision of a few percents. 

5. Tau Lifetime 
Measurement of the r lifetime provides a direct study of the coupling strength 

of the r to the charged weak current. In the standard model, the decay T~ —> 
e~vevT proceeds in perfect analogy to the /i decay /i~ —> e~veuT. Assuming /* — r 
universality of the weak coupling and that the r neutrino is masslcss, the T lifetime 
is related to the ft lifetime by 

The lifetime has been measured with a precision of 6% in individual experiments. 
The CLEO II detector is expected to measure the lifetime to an accuracy of 1%. 
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The statistical precision of the lifetime measurement for a sample of n events 
is given by 

' -£[ i + ©MS) , r • 
where <xj is the beam spread and SCT is the error in a single decay length mea
surement. With the silicon vertex detector at this B-factory, we expect 6CT/CT 
to be ~ 0.5. The beam spread in the vertical plan is expected to be a few fim 
and much larger than in horizontal plane. We therefore must select the events in 
the horizontal plane. The events can be tagged with a lepton and no photon is 
allowed in the events to suppress the hadronic contamination. We expect a data 
sample of 3 x 10 5 events of 1-3 topology for a detection efficiency of 15%. This 
corresponds to a statistical precision of 0.2%, with comparable systematic error 
from the uncertainty in the background lifetime and biases from the vertex recon
struction algorithms. We expect an overall precision on the lifetime of ~ 0.3%. 
However, the test of lepton universality will be limited by the uncertainty in Be. 
This can be circumvented by measuring Be in the same experiment. Although 
Be is an absolute measurement, the dependence on the precise knowledge of the 
luminosity can be avoided by tagging on the 3-prong r decay with detached vertex. 
The lifetime measurement is one of the experiments that cannot be performed at 
a Tau-Charm Factory. 

6. Summary 

In summary, the B-factory will be able to study most of the r physics with 
the precision comparable to that expected at a Tau-Charm Factory. Since most 
of the measurements at both factories will be systematic limited, the study at the 
B-factory will complement measurements at a Tau-Charm Factory. This permits 
independent measurements of the properties of this fundamental particle at two 
very different laboratories. 
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Abstract 
The design for the electromagnetic calorimeter in the asymmetric B-factory 

at KEK is presented. The required energy resolution and angular resolution are 
a/E = ~ 3%/\/B and ~ 6 mrad at 1 GeV, respectively. A Csl calorimeter segmented 
with 5 x 5 cm in cross section is proposed. A study for 7r° mass constraint fit and 
the effect of material in front are also presented. 

1. Introduction 

In the asymmetric B-factory with energy of 8 x 3.5 GeV proposed at KEK[1], 
7T° reconstruction is very important for the reconstruction of B meson. Accordingly, 
good energy resolution and good angular resolution are required for the electromag-
netic(EM) calorimeter. The design goal of the EM calorimeter is, as discussed later, 
to obtain energy resolution comparable to the momentum resolution of tracks (~ 1% 
at 1 GeV). This level of energy resolution can be obtained only by expensive crystal 
calorimeter. 

In this report, the design of the EM calorimeter for the KEK B-factory is pre
sented. At first the requirements for the EM calorimeter are discussed from the view 
point of the reconstruction of n° mesons and the reconstruction of B mesons includ
ing 7T° mesons. Next, we discuss how the kinematical constraint fit for the ir° mass 
improves mass resolution of B mesons. Then, the design parameter for calorimeter 
is given. Finally, the effect of material in front is given. 

2. Requirement for Calorimeter 

R e c o n s t r u c t i o n of n° 
The mass resolution of the 7r° meson decaying into two 7's with energies of Ei 

and E 2 and opening angle of a is expressed by 

AM^o ABi AE2 2 Aa 2 

K M^ ' { 2EX ' V 2E2 ' r 4 t a n ( a / 2 ) ; ' 

*This talk is based on the work done by B-factory calorimeter group( H.Hayashii, A.Sakai, 
T.Tamai, N.Sato, and K.Ogawa). 
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where in the second line we approximated the equation by assuming that 7r° de
cays to two gammas in the symmetric configuration( corresponding to the minimum 
opening angle). In Fig.l , the 7r° mass resolution are plotted against 7r° energy where 
contributions from energy resolution and angular resolution are shown separately. 

For a fixed energy resolution, angular resolution is required to give comparable 
7T° mass resolution as energy resolution does in the considering energy. The optimum 
angular resolution is given by, 

Since present 7r° energy range is between 0 ~ 2GeV, recommended angular resolu
tions are 0.7, 3.5 and 7 mrad, for the energy resolution of 1%, 5% and 10% at lGeV, 
respectively. This relation can be used for the determination of the segmentation. 

B Meson Reconstruct ion 
Next, we discuss the requirement for the TT° momentum resolution from the B 

reconstruction. We consider B mesons decaying into 7r° meson and X(other particles) 
with momenta P„o and P x , respectively. Then the square of the B meson mass can 
be expressed by: 

Ml = (P„o + P x ) 2 = M2

X + 2ExE„o - 2PxPlrocosa + M$a 

where Mx is an effective mass of particles X and a are the opening angle between ir° 
and particles X. In order to estimate the effect of the resolution of one 7r°, we assume 
that momenta of all other particles, namely particles X, are precisely measured. Then 
the mass resolution of B meson is expressed by 

AMB = AP,o 

in the B meson rest system. In Fig.2, mass resolution of B meson is plotted against 
7T° momentum. For comparison, the resolution expected from charged tracks with 
momentum resolution of up/p — Q.QlpT is shown by dashed line. If we require mass 
resolution comparable to that obtained by track reconstruction, the energy resolution 
of the EM calorimeter should be ~ 1 % at 1 GeV. This resolution is obtained only by 
the crystal calorimeter. 

To confirm this rough estimation, we compared three types of calorimeter, (1) 
Csl(crystal), (2) lead glass and (3) lead-scintillator sandwich with energy resolution 
of 3%/ - /E , 6%/y/E, 10%/VE, respectively. Fig.3 shows reconstructed D° 
events in the decay mode D° —» A'~7r+7r° for 10 5 T(4s) production. It is clear 
that crystal calorimeter show excellent results both in signal to noise ratio and 
reconstruction efficiency. 

Another comparison is shown in Table 1, where the detection efficiency, purity 
and number of reconstructed B events in the decay mode of B —* i/>R'.' —> ipKsir° 
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for 10 5 T(4s) production are given. It is also evident that the crystal calorimeter 
shows the best performance. From these quantitative studies, energy resolution of 
crystal(a few percent at 1 GeV) is desirable. 

Table 1. De tec t ion Efficiency, Purity and number of reconstructed B 
meson decaying into I{>K3K0 for 1 0 s T(4s) 

Process Detector tr/y/E Efficiency(%) Purity(%) N B 

Bd -> il>Kax° 
Bd -» </>A>° 
Bd -» IPKSTV° 

Csl 
Pb-Glass 
Pb-Scinti 

3% 
6% 
10% 

61 
56 
38 

81 
71 
66 

79 
72 
50 

3. Kinematical Constraint fit 

In the preceeding section, we see that mass resolution of B reconstruction is pro
portional to the energy(momentum) resolution of the TT° mesons. Here, we tried to 
improve n° energy resolution by kinematical constraint fit(lC fit). In the fit the 
energy of two gammas and the opening angle were set to be free parameters. In 
Figs.4(a) and (b), the TT° energy resolution obtained by kinematical fitting is plotted 
as a function of the n° energy, for lead glass and Csl calorimeter with energy resolu
tion of ojE = 6%/^/E, and 3%/\/E, respectively. We obtain about two times better 
energy resolution for low energy region for both cases. But improvement becomes 
less for energy region above 1 GeV. 

4. Design of a Calorimeter 

A conceptual design for EM calorimeter is shown in Fig.5. It consists of about 
10000 pieces of CsI(Tl) crystal with dimension of 5 x 5 x (20-30) cm 3 covering the 
polar angular range from 17 to 150 degrees and whole azimuthal angles. In the foil-
wing, we discuss in detail how we come to this design. 

Material 
As discussed in the previous section, the active material of the calorimeter should 

be crystal. Among the various materials, CsI(Tl) is best because it has the following 
properties: 
1) short radiation length(lX 0 =1.86cm), 
2) higher light yields(4xl0 4 /MeV), 
3) relatively high resistance for irradiation(~ lOOrad), 
4) weak hygroscopicity, 
5) excellent energy resolution, 
6) mechanically strong, and 
7) lowest cost among all the crystals. 
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KEK choice for crystal is thus determined to be CsI(Tl). 

T h e Length of the Calorimeter 
Since the length of the crystal is proportional to the cost, it should be optimized 

with energy resolution. The highest photon energy which should be considered is the 
energy of the gammas which comes from FCNC B decay(i? —> K*y). The energy of 
this gamma is around 3 GeV. To get the hint on length we show in Fig.6 the energy 
resolution for various length of the lead glass counter from 20 to 15Xo tested by 
electron beam at SLAC[2]. The deterioration of the energy resolution for the glass 
of shorter length seems relatively small up to 15X 0 where large backward leakage is 
expected. As far as backward leakage is concerned, length of 15X 0 is safe for energy 
less than 4 GeV. Fig.7 shows the results of EGS study for rear leakage for various 
length of crystals. If the tolerable limit is 2% at 2Ge V, the length of more than 15Xo 
seems to be necessary. Anyway, the final length of the crystal should be determined 
by the beam test. 

T h e Segmentat ion of the Calorimeter 

The segmentation of the calorimeter can be automatically determined from the re
lation between energy resolution and angular resolution obtained by the optimization 
for 7T° reconstruction as discussed in section 2. If we require good 7r° reconstruction 
up to 1 GeV, necessary angular resolution is 2 ~ 3 mrad. So far we have observed 
angular resolution of 7 mrad at 1 GeV at VENUS Collab., where segmentation of 
10 x 10 cm 2 at radius(R) of 2m. CLEOII obtained angular resolution of 3 mrad at 5 
GeV[3]. Considering these experimental results, we chose 5 x 5 cm at R=1.25 m. In 
this configuration, we expect angular resolution of less than 5 mrad at 1 GeV. This 
choice of size is matching to the Molier radius of CsI(Tl), 3.8 cm. The separation 
of two gammas from TT° decay with minimum opening angle can be done upto 2.3 
GeV/c. 

5. The Effect of the Material in front 

We have about 0.5 X 0 thick material(TOF, RICH, CDC, beampipe etc.) in front 
of calorimeter. The material in front deteriorates its performance. The effects are 
two kinds:(l) deterioration of energy resolution for electrons/positrons, and (2) dete
rioration of detection efficiency for low energy photons. Fig.8 shows energy resolution 
of electrons with various thickness of absorber in front obtained by EGS simulation. 
For 0.5XQ thick material, deterioration of energy resolution is small for electron en
ergy above a few hundred MeV. Severe constraint comes from detection efficiency of 
low energy photons. In Fig.9 inefficiencies for photons are plotted against various 
absorber thickness. If we set tolerable inefficiency limit to be 20energy of a few tens 
of MeV, absorber thickness should be less than 0.5X o. Present design clears this 
threshold, but effort to decrease material in front of the calorimeter is important in 
order to make full use of the good energy resolution. 
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6. Summary 

The design for the electromagnetic calorimeter in the asymmetric B-factory at 
KEK with energy 8 x 3.5 GeV is presented. It consists of about 10000 pieces of 
CsI(Tl) crystal with dimension of 5 x 5 x (20-30) cm 3 covering polar angular range 
of 17-150 degree and whole azimuthal angles. The expected energy resolution and 
angular resolution are 3%/vE and 5 mrad at 1 GeV, respectively. This performance 
is suitable for B reconstruction including TT° mesons. The w° mass constraint fit im
proves TT° energy resolution about factor 2 at low energies(less than 1 GeV). The 
material in front of the calorimeter deteriorate its performance and should be as 
thin as possible. 
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PTT GeV/c 
F i g . l Mass resolution of 7r° mesons for various energy resolutions(solid lines) 
and various angular resolutions(dashed lines) of the calorimeter as a function of K° 
momentum. 



P7T GeV/c 
Fig .2 Mass resolution of B mesons reconstructed including IT0 mesons for various 
energy resolutions(solid lines) and angular resolutions(dashed lines) of the calorime
ter. The dotted line is the mass resolution expected from charged tracks with mo
mentum resolution of crp/p = l%pr. 
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Fig.5 Conceptual design of the detector for KEK asymmetric B-factory. 
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Performance of the CLEO II Csl Calorimeter 

EMERY NORDBERG 

Wilson Laboratory, Cornell University, Ithaca, NY 14853 

ABSTRACT 

The CLEO II experiment was installed in the interaction point of CESR in 1989. It 
contains an electromagnetic calorimeter constructed with 7800 Csl (Tl) crystals, each viewed 
by four silicon photodiodes. This paper discusses its design, construction and performance. 
Photon energy resolutions of 1.4% at 5.2 GeV, 4.2% at 100 MeV, and angular resolution of 
order 5 milliradians are observed for the central barrel calorimeter. 

— 362 — 



1. Introduction 

The CLEO experiment operated for many years with excellent charged particle tracking 

but only moderate photon resolutions from a lead-proportional wire chamber calorimeter 

located outside the magnet coil. Other experiments had excellent photon resolutions but 

only moderate tracking. It became clear that the combination of both excellent charged 

particle and photon resolutions would greatly enhance the physics potential in the energy 

region of the T resonances, both for T spectroscopy and for B meson physics. The CLEO 

II experiment was designed to accommodate a crystal calorimeter surrounding the CLEO 

tracking chambers and be located inside a new, larger, 1.5T superconducting coil. A new 

magnet yoke and muon chamber system were also required. Fig. 1 shows a section through 

one quarter of CLEO II. The crystals in the barrel which point at the IP are compound 

trapezoidal whereas the crystals in the endcaps are rectangular. Each crystal is viewed by 

four silicon photodiodes. Preamps are located near the crystals and the cables come out 

through access holes in the pole pieces of the magnet. The crystals containers have not been 

opened for access since their installation. 

1. One quarter section of CLEO II. 
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Table 1: Chronology of the CLEO II Csl Calorimeter 

1983 Autumn Visit Crystal growing companies 

Obtain samples of Csl to 17 cm long 

Obtain Hamamatsu photodiodes 

Start new drift chamber for CLEO II 

1984 Spring Tests: Csl samples, photodiodes, electronics, 

Tl doping, radiation damage, light output, noise 

Order first 42 crystals, 5 x 5 x 30 cm, (4 vendors) 5 

Order first 200 photodiodes 

August Order 200 crystals (50 ea. 4 vendors) 

Dec. Order 300 crystals (100 Harshaw, Horiba, 50 BDH, Bicron) 

Test 25 crystal array 180 MeV at Cornell, 5GeV at SLAC 

1985 Jan. Request for proposal sent out for 7400 crystals 

June Order 7400 crystals (half BDG, half Horiba) 

Oct. Order prototype support structure of Al 

NIM paper on test results '' 

1986 Summer Test 465 crystal endcap prototype, 180 MeVe + 

Install new drift chamber, REC quads in CLEO 1.5 

Sept. Install prototype endcap 

1987 Operation of CLEO 1.5 with prototype endcap 

CLEO II: crystal acquisition, structures, 

electronics, other systems 

1988 Summer Turn off CLEO 1.5, disassemble 

Assemble CLEO II magnet and muon chambers 

Load crystals into structure, cable 

1989 Summer Install barrel into CLEO II 

Autumn Record data with the Luminosities: 

160 p b " 1 T(35) 

15 T(15) 

70 above T(45), BB* 

530 T(4S) 

1991 June 230 below Y(4S) continuum 
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At the start of designing the CLEO II calorimeter, primarily Nal(Tl) and lead glass 

had been used in large arrays to detect high energy photons. BGO was actively being 

developed for other calorimeters, BaF2 was being investigated for special purposes, and Csl 

was produced and used in small quantities in other fields such as the geophysics of oil-well 

explorations. It soon became apparent that Csl when coupled to silicon photodiodes had 

many advantages. The chronology of some of the events in proceeding from the decision of 

using Csl to having a working detector are listed in Table 1. The early tests of Csl crystals 

and initial performance of the completed system have also been described elsewhere.1 , ' ' 

2. Crystal Properties 

The overwhelming advantage of Csl doped with Tl is the large number of photons pro

duced per MeV of energy loss in the crystal. Only Nal(Tl) and Csl doped with Na are close. 

BGO, when coupled to silicon photodiodes, would have appreciably worse resolution at low 

photon energies where the noise of the photodiode/preamplifier predominates. Also BGO 

is much more expensive. NaJ has the severe disadvantages of being strongly hygroscopic 

and brittle. It is somewhat cheaper but would require a slightly larger superconducting coil, 

eliminating part of this advantage. Lead glass, even if scintillating, would require photomul-

tipliers within the magnetic field. Much of the early CLEO effort went into investigating 

vendors who were interested in producing quality crystals in the 30 ton quantity required. 

The spectral emission of CsI(Tl), Nal(Tl) and BGO are compared in Fig. 2. Nal actually 

has a greater output when coupled to an S l l photomultiplier but. Csl is about 20% greater 

when coupled to silicon photodiodes. The properties of CsI(Tl) are listed in Table 2. It is 

a very easy material to work with. Only moderate dehumidified working conditions (10% 

humidity) are adequate whereas Nal requires very dry conditions to avoid surface fogging. 

The mechanical properties are easy to work with: Csl dents but does not break if struck. 

Thermal stability is very good from a mechanical viewpoint and also the light output is at 

a broad maximum at room temperature. The decay time is long for Csl but this can be 

accommodated for even the high event rates forseen i L a B-Factory. 

Defining the optical specifications of acceptable crystals was a slow process of negotia

tion and development by both Cornell and the vendors. The main characteristic subject to 

manufacturing controls is the light yield as a function of the position of energy deposited in 
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Table 2: Properties of CsI(Tl) 

Radiation Length (cm' 1.85 

Nucl. Inter. Len.(cm) 36.6 

Density ( G - c m - 3 ) 4.53 

Moliere radius) cm) 3.S 

Optical Properties 

Peak X emision (nmi 560 

T decay (ns) 900 

Yield (photons/MeV) 5 x l 0 4 

Refractive index 1.S0 

Mechanical Properties 

Hygroscopicity v. slight 

Thermal Stability good 

Machining easy, soft 
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the crystal. This is a function of the intrinsic light output, clarity of the crystal, bubbles 

and other defects, surface treatment, wrapping material, and optics of light collection. In 

order to simplify the problem and because the crystals are long compared to their width, 

position dependence was treated as a one dimensional problem. The operational procedure 

was developed to irradiate the wrapped crystal from the side at a specific location by a colli-

mated, 0.66 - MeV C s 1 3 7 gamma ray source. Readout was by a red-sensitive photomultiplier 

somewhat similar in spectral response to silicon photodiodes. This simplified electronic noise 

problems. The data, obtained by scanning the length of the crystal and taking the mean of 

the pulse heights at each scan position were further simplified to the average light output for 

the crystal and the slope of a straight line fitted to the output. A scatter plot of these two 

parameters for the first 200 crystals where there was no specification on either parameter 

is shown in Fig. 3. On subsequent orders the specifications were set at a minimum light 

output of 0.2 (calibrated system units) and a gradient or slope over the length of the crystal 

between — 1 % and +11%. A positive gradient somewhat compensates for shower leakage out 

the rear of a crystal at high energy by extra weighting of the energy loss near the end of the 

2941265-013 
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3. Scatter plot of the average light output of a C'sl crystal and the slope of a best fit 

straight line to the output vs position for the early 200 crystals. The specification for 

the later crystals is shown by the dashed line. 
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shower. In addition a specification on the quality of fit of a straight line to the C s ] 3 7 source 

data was made. This is illustrated in Fig. 4 for crystals with the same linear fit but different 

scatter in the light output. Only one point was allowed to be outside the band of Fig. 4 for 

acceptable crystals. 

Phosphorescence of some early crystals after irradiation with neutrons or even ultraviolet 

light was a problem attributed to certain impurities and could be reduced by using purer 

materials to prepare the crystals. 

.43 

.42 

.41 

.40 
UZ).39 

.38 

.37 

0570691-022 
I I 1 I I i i i i i 

Pass • -
£3£&3S3!^ • Fail • iiiMiiilStepr i^^^l^^^fc ̂^ S ^ ^ v ^ - ^ - - - ^ . — 

WHHIIIIi 
"~~*i**i&^ ||i|| 

Acceptable Light * * * * i i i £ *iii2ii 
Output Variation • i 

T ' ' ' • J I I L J 
0 5 

Diode (PM) 
End 

10 15 20 
Z{cm) 

25 30 

4. Specification for the gradient of light output in the Csl crystals. 

3. Monte Carlo Design Studies 

The EGS Monte Carlo program simulating shower development is a tremendous aid 

in predicting the response of various calorimeter design features. Wherever measurements 

can be made, EGS calculations are in good agreement. In addition EGS can be used to set 

many parameters not easily subject to measurement. For example, energy resolution is made 

up of contributions from shower fluctuations, light emission and collection characteristics, 

shower leakage in the front, rear and sides, dead material in front or between crystals, and 

electronic noise. Most of these variables are subject to investigation using EGS. In particular, 
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the length of crystal needed to contain a shower is especially important for resolution at high 

energies and has a direct impact on the cost. Fig. 5 illustrates the contribution to energy 

resolution from shower leakage out the rear of the calorimeter as a function of crystal length 

and photon energy. These curves can be modified for various assumptions on the light yield 

gradient in the crystal, material in front, etc. We have chosen a length of 30 cm (16.2 rl) for 

CLEO II. This is adequate for low energies but limits the high energy resolution. For a new 

detector at a B-Factory, slightly longer crystals would probably be a better choice. 

2541213-010 

o I i—i—i i i 1111 i _ i L_L 
100 1000 5000 

Photon Energy (MeV) 

5. EGS Monte Carlo results of the shower leakage out the rear of a Csl crystal as a 

function of energy and thickness. 

The width of each crystal is the other variable that has a large impact on cost since it 

affects the total number of crystals approximately as the inverse square. The characteristic 

transverse dimension of a shower in Csl is the Moliere radius, 3.8 cm. Position resolution 

improves slightly if the crystals are as small as this but cost and complexity would be much 

higher than our choice of 5 cm. This is the approximate size of the inner end of the barrel 

crystals which are tapered. Their outer ends are characteristically about 6 cm. The other 

factor affecting size is the diameter of the ingot of Csl grown by the crystal companies. 

There are two methods used by the four vendors of our test crystals. One method grows 

very large ingots of diameter greater than 50 cm and many individual blocks are sawed from 

this ingot. The other method produces ingots up to approximately 10 cm diameter so one 
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ingot yields one block. This is the method used by the two vendors producing the bulk of the 

CLEO If crystals. The EGS Monte Carlo simulates the position resolution to be expected as 

a function of crystal size, with realistic assumptions for electronic noise and dead materia] 

between the crystals. In order to get optimum resolution the weighting of the neighboring 

pulse heights is different depending on whether a shower is centered in a crystal or near an 

edge. 

Other characteristics influencing the design of the calorimeter are simulated by EGS, 

such as: material in the supporting structure between and in front of the crystals, steps in 

the distance to the front faces of the crystals as a function of 0, adding the pulse height 

observed in time-of-flight fast scintillation counters to the Csl pulse height, etc. 

4. Support Structures 

The EGS program and tests indicated that 0.5 mm thick Al fins between crystals would 

cause a relatively minor, about 1%, loss of pulse height for showers hitting within a few mm 

of these fins. We also investigated the possibility of a carbon fiber-epoxy structure, such as 

that for the L3 experiment, which would be stronger for its mass, but decided the cost and 

complexity were not worthwhile. The structure for the 27000 Kg of 6144 barrel crystals is 

schematically illustrated in Fig. 6. There are two crystals per fin in <j> and four in ; since the 

structure does not need the strength of a half mm fin for every crystal and it is too difficult 

to use thinner Al fins. There are heavy end flanges providing the overall support that are 

not shown. Room for preamplifiers is located directly behind each crystal and cables come 

out through the end flanges. The whole structure is sealed and a slight flow of dry nitrogen 

maintained in operation. The fins do not point directly at the IP but are slightly offset as 

shown in Fig. 7. This spreads out in position and reduces the amplitude of the slight energy 

loss but even more important it insures that a shower sees the full thickness of a crystal as 

a function of 6. The support structure was built on a steel mandrel that provided access 

for construction and strength while loading the crystals in the pockets and during moving 

the completed unit into place. The mandrel and support structure were rolled into place on 

a central rail and the whole unit lowered slightly to rest, on the inner wall of the cryostat 

for the superconducting coil. The mandrel was then reduced in diameter so that it could be 

rolled back out. 
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6. Schematic representation of the barrel support structure. 

The endcap crystals are rectangular and are stacked with only the wrapping material 

(three layers of 0.04 mm teflon and one layer of 0.01 mm aluminized mylar around each 

crystal). Unfortunately the endcap crystals have a much larger amount of aluminum in front 

(6 mm for the crystal support structure, 32 mm for the drift chamber endplates and also 

drift chamber preamps and cables) than the barrel (1.6 mm for the support structure, 11% 

of a radiation length for the beam pipe and tracking chambers and 12% of a radiation length 

for the time of flight scintillators). 

371 



0.5 mm Al 
0570491-006 

128 Rows in <£ 
2 Crystals 
Per Fin 

rs3cm 

48 Rows in 8 
4 Crystals 
Per Fin 

4 cm 

III 1 
h-2.5cm 

7. Diagram of the offsets of the fins in the barrel support structure (not to scale). The 

energy deposited in the 0.5mm Al fins is spread out in <j> and 9 and there is less leakage 

near crystal boundaries. 
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5. Electronics 

The electronics chain for processing the shower pulse heights is shown in Fig. 8. We 

have selected four photodiodes (Hamamatsu S1723, 1 cm" area) as a compromise of signal-

to-noise, collection area, cost and redundancy. The main effort in obtaining photodiodes 

and preamplifiers has been to ensure reliability since there will be no opportunity for repair 

or replacement for several years. Hamamatsu experienced early failures from increased sur

face leakage traced to the epoxy coatings, but subsequently eliminated this problem. They 

checked the production orders by baking at S0°C for 2 days and selecting diodes that had 

leakage current < 5nA at 20V and 25°C. We operated diodes for a week at 25°C, 20V and 

discarded any high leakage current units. The four diodes are epoxied to a lucite window 

which is glued to the Csl crystal. 

One preamp per diode is located within the crystal support structure a few centimeters 

away from the diodes. This preamp is a hybrid unit using a Phillips BSR58 FET on the 

input. These preamps use a single + 15V power supply with a separate source cable for each 

unit to avoid the possibility of common failures. They have differential noise immunity to 

cable pickup. Noise referred to the input is about 250 electrons with no capacitance and a 

slope of about 4 electrons/pF. With the diodes biased at 10V their capacitance is about 75pF 

and the noise is 600-800 electrons rms. The FET is the most likely item to fail in the preamp. 

The manufacturer thermally cycles tbem ten times between —40 and +140°C, operates them 

at 20V, 25°C for 10 minutes and at 15V, S5°C for 48 hours. We check assemblies at S5°C. 

Sixteen preamps are mounted on one PC card, servicing four crystals. This card dissipates 

3W. It is contained in a copper case that is in contact with a Freon cooling loop within the 

support structure so that its ambient temperature is about 28°C, 

Our failure rate in 13 months of careful monitoring is 9 diode failures (increased noise 

level) and 35 preamp failures. In none of these cases is there more than one failure on a 

single crystal. However, there were additional failures during assembly and immediately 

after installation that were not repaired. These add up to 10S more with 58 preamps, 48 

diodes with no output (probably a connection problem) and two noisy diodes. Many of these 

are in the last two short rows of crystals at each end of the barrel where space is tight and 

standards of perfection were relaxed. There are two crystals that have two of these initial 

failures. The overall failure rate is quite a bit less than our design-stage predictions of 50 

diodes and 320 preamps (1%) per year. 
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The summing circuit is computer-addressable to select the preamps that are used for 

each crystal and to adjust the gain for the number of preamps. It has a pole-zero shaper 

to eliminate the long tail of the preamp pulse and has a buffer circuit to drive twisted-pair 

cables to the ADCs. A fine gain adjustment is available to compensate for crystal to crystal 

variations in light output. The ADC's are LcCroy model 1885N in a Fastbus package. They 

have a 15 bit dynamic range using only 13 bits with dual slope and are operated with a 1/JS 

gate. 

The crate controller reads the data into a special buffer memory with a CPU that is 

programmed to give a sparse readout of only those crystals with some pulse height. It first 

finds a seed crystal with a pulse height corresponding to 5 MeV or more. It then tests the 24 

nearest neighbors and reads out only those with pulses greater than one sigma over pedestals 

(approximately 500 KeV or 2 counts). 

Overall the system noise has incoherent contributions from the photodiodes, FET, bias 

resistor and feedback resistor and coherent contributions primarily from the ADC's. We 

observe about 520 KeV of incoherent noise per crystal and about 230 KeV of coherent noise. 

Reducing these numbers should be a goal for a. B-Factory calorimeter. 

6. Calibration 

A rough calibration of each crystal was taken with cosmic rays after installation in the 

support structure. This was used as a starting point to calibrate the crystals in place with 

Bhabha scattered electrons. Selecting back-to-back, 2-track events: 

Ebeam = / C| ADCi 
crystals^ 

where d are the crystal calibration constants and ADCi arc the digitized pulse heights after 

pedestal subtraction. With many events one minimizes \" : 

* 2 = X f^-m- X C>ADC>}) 
events J \ cry state,i / 

- 375 



This is a matrix inversion problem with a 7800 x 7800 sparse matrix. About 30 events per 

crystal are adequate to determine the crystal calibration constants to better than 0.5%. This 

requires less than a week's luminosity but the stability of the system is sufficient to allow 

only a few calibrations per year. 

For energies less than the full beam energy we assume that all the crystals follow a 

universal curve that deviates slightly from linear. This curve can be obtained in several 

ways but primarily by reconstructing the known 7r° mass from the energies and angles of two 

photons. These results are compared in Fig. 9 to radiative Bhabha events and Monte Carlo 

simulations for the central 71% solid angle of the barrel crystals. We estimate the error on 

the absolute energy scale in Fig. 9 is 0.5%. The shape of the curve of Fig. 9 is dependent 

on how many crystals are added together to sum a shower. This number depends on energy 

in order to improve resolutions at low energies as discussed in the next section. 

1.01 

0.99 

3 W O 

I 0.97 

0.95 

0.93 L 

i i n 

5» 
,<*° 9 

- I< 
* 
cP 

0 ^ 

A 

2900591-001 
I I I I I 

jpt$ 

m rr 
a yyy 

o »° 
• M.C.y 

10-2 10"' I 
Emeosured l G e V) 

10' 

9. Etrue/Emea, determined from 7r° decays, Monte Carlo simulation, radiative Bhabha 

events, three photon events and e+e~ —* 77 events. The vertical error bar on the 

radiative Bhabha points gives the statistical errors while the skewed error bar gives 

the statistical plus systematic errors. 
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7. Resolution 

The response of the barrel calorimeter to full beam energy (5.18 GeV) Bhabha scattered 

electrons and e+e~ —» 77 events is shown in Fig. 10. the distributions are asymmetric as 

expected from energy loss and radiative processes. The full width at half maximum divided 

by 2.36 is 1.4%. This response is for the central 71% of the barrel. The ends of the barrel 

and the endcaps perform about a factor of two poorer in resolution, primarily because of the 

larger amount of material in front but also because the endcaps do not point toward the IP 

as does the barrel. 

50000 2900591-002 

> 
2 
w 

c o 

4000 

4.2 4.7 5.2 
Energy (GeV) 

5.7 

10. Response of the CLEO II Csl barrel calorimeter to (a) Bhabha electrons and (b) 

e + e _ —• 77 events. 

For the detector response at 100 MeV the photon transitions from the T(3S) to \ ' (2P) 

states provide calibration lines. These are shown in Fig. 11. The fitted resolution using the 

full width at half maximum is 4.2%. A fit using only the high energy side gives 4.0% and 

the low energy side gives 4.3%. 
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11. Response of the CLEO II Csl barrel calorimeter to inclusive photons from T(35) 
decays. Curve (a) is with background and (b) is background subtracted. 
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These resolutions and an EGS Monte Carlo simulation are shown in Fig. 12. The 

simulation includes rear shower leakage, transverse shower leakage, material and energy 

losses in front and electronic noise. The electronic noise is taken as 500 KeV incoherent and 

200 KeV coherent per crystal. This coherent noise amounts to 1 ADC count over one card of 

96 channels. In order to keep the noise as small as possible, the number of crystals summed 

into the total calorimeter response is varied as a function of photon energy. For example the 

five crystals with largest pulse heights in a cluster are used at 50 MeV, seven at 100 MeV and 

16 at 5 GeV. The algorithm uses a continous smooth function for the number of crystals and 

takes a fraction of the crystal response with the next smaller pulse height. For comparison 

an approximation (2.7%/ E1'4) to the resolution of the Crystal Ball detector is shown. 7 The 

Crystal Ball uses Nal(Tl) with photomultipliers and so has less noise contribution at the 

lowest energies. 
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12. Energy resolution of the CLEO II Csl barrel calorimeter as a function of energy. The 

dashed line is an approximation (2 .7%/E 1 ' 4 ) to the Crystal Hall resolution for com

parison. 
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The angular (position) resolution of the central region of the barrel is shown in Fig. 

13. This analysis uses electrons from radiative Bhabha events that are tracked through 

the central detector. These electrons curl in the magnetic field and so do not enter the 

calorimeter directly as photons would. This effect increases the resolution in the <j> direction 

at low energies. The drift chamber resolution is not subtracted. If it were, the resolution 

in the 0 direction would be reduced somewhat to be more in agreement with that in the $ 

direction at high energies. The ir° mass resolution has approximately equal contributions 

from energy and angle in the energy region 500 MeV to 1 GeV. This resolution is a broad 

minimum of about 5.6 MeV. Fig. 14 illustrates the capability of the detector to see the JT0 

and r\ peaks determined from all combinations of photons in the data sample. 
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13. Angular resolution of the CLEO II Csl barrel calorimeter as a function of electron 

momentum. The tracking chamber resolution is not subtracted. 
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14. Two photon invariant mass spectrum observed with the CLEO II Csl barrel calorime

ter. 

The resolutions shown here are still subject to revision as improvements are made in the 

analysis techniques. There is much work to be done on improving the understanding of the 

ends of the barrel, the endcaps and their overlap region. For some cases, resolutions may 

be improved in the future by adding the signals of the time-of-flight scintillators with an 

appropriate weighting function. There are a)->o important uses of the calorimeter that have 

not been dicsussed such as 7r — e separation. 
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8. Radiation Damage 

No evidence has been observed so far of radiation damage in any of the CLEO II Csl 

crystals. The most sensitive place to check for radiation damage is in the inner region of 

the endcaps nearest the beam pipe. This region is monitored for radiation dose with TLD's 

that can be read periodically on an absolute scale and small 5 cm cubes of Csl crystal with 

photodiodes and current integrators that can be continuously read on a relative scale. The 

various monitors indicate a dose of 25 to 50 rad. in this region from October 1989 to October 

1990. Loss of pulseheight in the crystals is investigated by using cosmic rays. The cosmic rays 

deposit a minimum ionization peak of about 40 MeV as they traverse the 5 cm dimension of 

the endcap crystals. The ratio of the 1990 peak in the pulseheight spectrum to the 1989 peak 

is plotted in Fig. 15 for the inner endcap crystals and the rest of the crystals. The widths of 
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is no evidence of radiation damage from the 25 to 50 rad dose received by the inner 

crystals in this period. 
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the histograms are an indication of the reproducibility of this technique and the drifts in the 

system over a year. Jf anything it is the outer crystals that show a slight reduction in pulse 

height and we do not see any degradation caused by radiation damage at the few percent 

level. The dose during this running period occurs approximately half during colliding beam 

conditions and half during injection and machine studies. CLEO II collected approximately 

300 p b - 1 during this period. We will continue monitoring for radiation damage in this way 

to improve the extrapolation to the luminosity of a B-Factory. 
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Abstract 

Recent developments of fast RICH detectors are briefly reviewed. 
Alternative to photosensitive gases such as TMAE or TEA, a Csl adsorbed 
photocathode is considered to be the most promising photosensor for a fast-RICH 
detector, since it is intrinsically very fast and has high quantum efficiency as a 
gas TMAE. 

1. Introduction 

In the experiment a t the B-Factory, capability of particle identification, 
especially for pions and kaons, is vital for the studies of CP violation. At lower or 
higher momentum regions, say less than 1.5 GeV/c or greater than 3 GeV/c, 
measurements of time-of-flight by scintillation counters and dE/dx by a central 
tracking device can distinguish kaons from pions. In order to fill the gap between 
the TOF and the dE/dx, installation of another particle identification device such 
as a Ring-Imaging Cherenkov (RICH) detector or an aerogel Cherenkov counter 
is necessary. Here, I review a recent development of fast RICH detector which is 
relevant to the B-Factory experiment. 

Requirements for RICH in the B-Factory are: 
i) Jt/K separation should be achieved up to - 3 GeV/c, 

ii) short bunch interval requires a fast response (-10 ns), 
iii) should be made as thin as possible (-30 cm) in order to make the 

calorimeter, which will be installed outside the RICH, as small as 
possible and 

iv) density of the detector should be as small as possible (<20% Xo) in 
order not to deteriorate the calorimeter performance. 

In order to accommodate the above requirements, use of a fast RICH detector with 
proximity focusing type (liquid or crystal radiator) is a unique solution. A slow 
RICH, which uses a long drift chamber (TPC), such as used in DELPHI 1^ and 
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S L D 2 ) can not be applied in the B-factory. One of a good exarr>ple of a fast RICH 
can be found in the B-factory proposal of PSI 3 ) . Their design almost meets the 
above requirements. I t uses NaF as a radiator and TEA as a photosensor. 
However, NaF has large chromaticity, the requirement i) is only marginally 
satisfied. 

In this report, some important issues in designing a fast RICH detector are 
reviewed together with possible candidates for radiator mater ia ls and 
photosensors. Recent works concerning about using Csl photocathode instead of 
the photosensitive gases are also reviewed. 

2. Design of RICH detectors 

In designing a RICH detector, one of the most important issue is a single 
photon Cherenkov angle resolution (Co), since the detector performance is almost 
determined by this quantity. The single photon Cherenkov angle resolution 
largely depends on a radiator material and a photon detector. In this section, 
detail of several items which determine the single photon Cherenkov angle 
resolution is discussed together with possible candidates for the radiator 
materials and the photosensor. 

2-1) Single photon Cherenkov angle resolution 
The single photon Cherenkov angle resolution (GQ) is obtained by a 

quadratic sum of several errors as; 

v ' i = chromatic error 
geometrical error 
detector resolution 
effects of multiple scattering and magnetic field etc. 

Among these items, the chromatic error is the most important and an 
irreducible one. Refractive index depends on an energy of photon as shown in 
fig.l. Since we don't measure the energy of each photon, an image of Cherenkov 
ring is blurred. For an example, if a liquid fluoro-pentane (C5F12) is used as a 
radiator and TMAE as photosensor, the chromaticity An/(n-l) amounts to 3.1% for 
the allowed photon energy of 5.4 eV <Ey<7.5 eV. The lower energy is limited by the 
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Fig.1 Refractive indexes of NaF and CgFw 
as a function of photon energy. 

quantum efficiency (QE) of TMAE and 
higher energy by the transparency of 
quartz. In this case, the error in the 
determination of the ring radius 
(AR/R) corresponds to ~ 4%. The 
chromatic error increases with a 
refractive index. A crystal radiator 
such as NaF is more dispersive than 
a liquid radiator as shown in fig. 1. 

The geometric errors arise 
from a thickness of the radiator. 
Since we can't determine the actual 
point where a Cherenkov photon is 

emitted in the radiator, an image of a Cherenkov ring spreads as shown in fig.2. 
This error is expressed as follows: 

(ARIR ) gfom = (dIZ?)(tan 0 c / tan[s in- ' ( rasin 6c)]) 

For example, in a case that liquid C5F12 is used as a radiator, the chromatic error 
(AR/R)chrom. amounts to 4%. In order to keep this error to be less than the 
chromatic error, the ratio of the thickness and the distance between the radiator 
and photon detector (d/D) should be made less than 1/16. When the thickness of 
the radiator is determined to be 1 cm, the distance D should be greater than 16 
cm. Thus, this error limits the minimum thickness of the detector to get a 
reasonable performance. 

Since a photon detector has 
a finite posit ion resolut ion, 
determination of a radius of a 
Cherenkov r ing has cer ta in 
ambigu i ty . Wi th a spa t i a l 
resolution of several mm, this 
error can be suppressed to be less 
t h a n the ch roma t i c e r ror . 
However, details of this error 
should be examined by a 
sophisticated Monte Carlo study 
including the effects of total 
internal reflection etc. Effects of 
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Fig.2 The geometrical error arises from the 
uncertainty that the position of photon 
emission is not measured. 
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multiple scattering and magnetic field are in most case negligible compare with 
the above mentioned errors. 

A separation of pions from kaons is expressed by the following formula; 
e , - e. 

+JNZ 
where ris.D. is a degree of separation in a standard deviation, dn and 6K Cherenkov 
angles of pion and kaon, Npe a number of photo-electrons. The value of Bx- BR is 
20 mrad at 3 GeV/c with a radiator of refractive index of 1.2. In a case that a© is 20 
mrad, more than nine photoelectrons are necessary in order to obtain 3a Jt/K 
separation at 3 GeV/c. The single photon Cherenkov angle resolution for the 
RICH detector of the PSI B-factory is estimated to be -15 mrad i;n total (-10 mrad 
for chromatic and -10 mrad for geometric). 

2-2) Photon detector and radiator material 
In a fast RICH detector, a multi-wire proportional chamber (MWPC) is 

usually used for the detection of Cherenkov photons by making use of a photo
sensitive gas. TMAE (Tetrakis dimethyl-amino ethylen) or TEA (Triethylamine) is 
often used as the photo-sensitive gas. TMAE has following advantages; 1) having 
low ionization potential (5.36 eV), quartz can be used as a window material 
instead of crystals, 2) it has high QE in a wide energy range as shown in fig. 3, 
which allows to use a liquid radiator that is not so dispersive than crystals. 

6 6.42 7 7.45 7.958 8.2 
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10 

Fig.3 Quantum efficiencies and transparencies for various materials. 
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However, the vapor pressure of 
TMAE is very low, and absorption 
length at room temperature is very 
long (~ 2 cm). Therefore, it must be 
heated up about 100 °C in order to get 
fast response. Furthermore, it is 
reactive with O2 and metals used in 
a chamber and is toxic. On the other 
h a n d , TEA h a s fo l lowing 
advantages; i) it has a high vapor 
pressure and the photon absorption 
length at room temperature is only 
0.6 cm, which enables a fast 
response, 2) it is insensitive to air 
and 3) an effect of feed back photons 
is not so severe compare with TMAE. 
However, since it has a high 
ionization potential (7.5 eV), a liquid 
radiator and a quartz window can 
not be applied. So the crystals having 
high cut-off energies such as NaF or 
CaF2 are necessary. These crystals, 
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Fig.4 The maximum momenta for a good K/p 
separations versus incident angle 

however, have large refractive index and certain amount of the Cherenkov light 
might be lost by total internal reflections. Furthermore these crystals are 
dispersive and are very expensive (~$10/cm2). The K/n separation with 3-sigma 
can be obtained up to 3.3 GeV/c by TMAE (with quartz radiator) and 2.8 GeV/c by 
TEA (with CaF2 radiator) as shown in fig. 4. 

3. Photocathode 

As described in the previous section, both photo-sensitive gases have some 
problems in order to make a fast RICH detector. Alternative to the photosensitive 
gases, recently making use of photocathode takes much attention since it is 
intrinsically very fast. T. Ypsilantis and his group surveyed various materials as 
a candidate for photocathode 4). Metals were found to have only low QE (~10~ 3~ 4). 
It was increased by a factor of 10 2 ~ 3 when TMAE was adsorbed on their surface, 
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but was far below the QE of gas TMAE. Solid and liquid TMAE were also tried but 
were proven to have less quantum efficiency than the gas TMAE. Csl had been 
well known that is has a negative electron affinity and is used for a photocathode 
of UV-sensitive photomultiplier. Csl photocathode was found to have a good QE 
almost same as gas TMAE. They observed a correlation between the QE and the 
thickness of the Csl. Thicker the layer of Csl made the QE higher until the 
thickness of 500 nm. Furthermore an adsorption of TMAE on a surface of Csl 
increased the QE to the level better than the gas TMAE as shown in fig.5. 
Exposure of the photocathode to air decreased the QE substantially but was 
recovered by a flow of fresh methane. For more than one month operation, they 
found that the QE was stable without any aging effects. 

Recently H. Hoeneisen et 
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Fig.5 Quantum efficiencies of the Csl photocathodes. 

al.(FNAL) performed a study 
on a Csl photocathode 5*. They 
confirmed the high QE though 
it was -1/3 of that obtained by 
T .Yps i lan t i s e t a l . This 
discrepancy might be attributed 
to the reason that they did not 
flow the MWPC with fresh 
methane gas. They did not 
observe any dependence of the 
QE on the thickness of Csl 
though they compared only two 

cases; 0.3 and 2 um. They observed an aging effect, that is, the QE decreased with 
the charge collected on the cathode plane. The QE dropped by 1/e with the charge 
accumulation of 4 x l 0 5 Coulomb. Their conjecture for this reason is an effect of 
dissociation of Csl, namely: 

X + + Csl -> X + Csl 
->Cs*+ / . 

However, it is not concluded yet. 
Recently M. Staric et al. (Yugoslavia) also performed a study on a Csl 

photocathode 6). They confirmed the high QE, too. However, the QE is only about 
3/4 of that obtained by the CERN group though they flow fresh methane gas 
continuously. Possible aging effects were also observed as was the case for the 
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FNAL group. The QE decreased about half after 70 day's operation as shown in 
fig. 6. 
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Fig.6 The data for relative QE as a function of the Csl photocathode 
age [ Ret 6]. 

In order to establish the Csl photocathode as a photosensor of Fast RICH, 
the problem of aging effects should be settled and further studies should be mcde 
continuously. 

4. Conclusion 
Fast RICH is one of the promising candidates for the particle identification 

in the B-factory experiment. In designing a RICH detector, a single photon 
Cherenkov angle resolution (.(Xg) is the most important issue since the detector 
performance is almost determined by this quantity. It largely depends on a 
radiator material and a photon detector. MWPC with photo-sensitive gas is 
usually adopted as the photon detector. There have been only two choices for the 
photosensitive gas; TMAE and TEA. However, both have merit and demerit in 
applying for a fast RICH. 
Recently Csl adsorbed photocathode took much attention instead of photosensitive 

gas, since it has the merit of both gases. It is intrinsically very fast and has high 
QE as gas TMAE. Possible aging effects, however, have been observed. In order to 
establish the Csl photocathode as a photosensor of Fast RICH further studies are 
necessary. 
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Particle Identification System 
in 

KEK B-Factory 

R. Enomoto 

National Laboratory for High Energy Physics, KEK 

1-1 Oho, Tsukula-shi, 305 Japan 

Abstract 

A particle identification system in the KEK B-factory is introduced. The target momentum 

range is < 3 GeV and the angular coverage is 17° < 6 < 135° with respect to the beam axis. 

We concluded that the most promising device for main identification system is a ring imaging 

Cerenkov counter, from view points of performance, stability, reliability, cost, and etc. 

1. Introduction 

In the measurement of CP violation effect using B —» il>Ks, to tag a partner B-

meson-flavor is quite essential. Typical way for this is a lepton-tagging method. 

The branching ratio of B —* IvX is, however, ~ 20%, not large enough to observe 

statistically significant signals for CP violation effect with J Ldt = 4 0 4 0 ~ 4 1 c m ~ 2 . 

The largest branch for B meson decay is B —* DX and the largest branch for D 

meson decay is D —• KX. So that from the K meson charge, the B meson flavor 

can be estimated with a high purity and a high acceptance. 

2. Momentum Range and Angular Coverage 
for B-Flavor Tagging 

In the KEK asymmetric collider, the beam energies are 8 and 3.5 GeV. The 
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Fig. 1: The angular distribution of charged K mesons with respect to the beam 

axis, for various momentum slices; the solid histogram for p < 1 GeV, the dashed 

one for 1 < p < 2 GeV, and the dotdashed one for 2 < p < 3 GeV, respectively. 

Lorentz boost factor for B meson is fiy = 0.42 to the forward direction. The 

angular distribution of charged K mesons are plotted in Fig. 1 for various 

momentum regions; p < 1 GeV (solid histogram), 1 < p < 2 GeV (dashed), and 

2 < p < 3 GeV (dotdashed), respectively. In the simulation, we used LUND 

6.3 generator for the decay of B meson. As was seen from the figure, higher 

momentum tracks are concentrated in the endcap region. By using results, the 

efficiencies and purities of B-flavor-tagging are calculated and are shown in Table 

1 for various assumptions of detector configurations. For a perfect case, we gain 

three times of effective integrated luminosities compared with the lepton-tagging 

case. K-tag up to 3 GeV is close to a perfect case. 

Also there seem to be several choices as follows; 

1 Up to 1 GeV by Time of Flight detector (TOF), 

2 Standard TOF + endcap ring imaging Cerenkov counter (RICH) up to 3 

GeV. 

3 Good T O F with a time resolution of 50 psec. 
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N(K±) N(K-) e(K-) V(K~) 

All Events 4022 

N(K)=1 and N(K s)=0 1467 1428 35.5% 2.7% 

p(K~) < 1 GeV 1028 25.6% 

1 < j> < 2 GeV 359 8.9% 

0 < 6 < 30° 83 2.1% 

0 < 6 < 40° 149 3.7% 

2 < p < 3 GeV 53 1.3% 

0 < 0 < 30° 23 0.6% 

0 < 0 < 40° 31 0.8% 

p > 3 GeV 3 0.1% 

Table 1: The number of charged K mesons from B° decay. Tagging efficiencies 

(e) and probability of wrong-sign tagging (7;) versus various angular and momentum 

regions in case of perfect particle identification of K mesons. 

We can select anyone if the physics purpose is limited to only CP violation 

mea; ^rement using B —> ijiK,. 

3. Other Physics Issues 

Although there are other important physics issues such as CP violation mea

surement using B —* 7T7T, clean measurement of Vj u , and etc. The first one 

requires K identification (ID) up to 4 GeV for endcap region and 3 GeV in barrel 

region. The second one requires full particle identification (PID). Fig. 2 shows 

invariant mass distributions for B —> X with and without PID system. In order 

to study Vj u without theoretical ambiguities, we definitely need clean sample of 

fully-tagged B-events. Without PID, we can not gain enough S/N ratio. 
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Fig 2: Invariant mass for all detected particles. Single J5°s are generated; (a) 

with PID and (b) without PID. 

4. Tentative Choice for KEK B-Factory 

Considering the above-mentioned things, choices are limited as follows. 

4 .1 . S tate o f Arts TOF and d E / d x s y s t e m 

Fig. 3 shows the distribution of x2 of * for K-assumption versus momentum 

for various resolutions for T O F and dE/dx . Only the solution is TOF with a 50-

psec resolution and dE/dx with a 3-% resolution. This is quite difficult especially 

in the forward region. Therefore we do not think it is realistic. | s ' 3) 

4.2 R I C H wi th m a x i m u m 7r/K separation m o m e n t u m of 3 G e V 

The technique of the fast response RICH had been well established in the fixed 

target experiment. ' The basic performance of the B-factory prototype were 

recently established. 5 However there are problems such as material thickness 

in front of the expensive calorimetry,' 6 ' radiation damage, 1 ' 1 and etc. The KEK 

design is basically, same as so called Fasl-RICH developed in CERN group' 1 ' and 

this report is focused on it. 
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Fig. 3: x 2 of "• for K-assumption determined by TOF and dE/dx. Various 

resolutions for TOF and dE/dx detectors are assumed: (a) 200 psec (TOF) and 10% 

(dE/dx); (b) 100 psec and 10%; (c) 200 psec and 6%; (d) 100 psec and 6%; and (e) 

50 psec and 3%. 

4.3 Aerogel Cerenkov Counter (Aerogel) wi th m a x i m u m TT/K separa

tion m o m e n t u m upto 4.5 G e V 

Recently a low reflective index such as n=1.01 was developed and was con

sidered for the candidate PID system for B-factory. The maximum momentum 

for 7r/K separation is considered to be 4.5 GeV which is high enough for CP 

violation measurement using B —^ -K-K mode. The detail can be found in Refer

ence 8. Although the technique is not well established yet and there is a serious 

problem in readout device. 

In case of 4.2 and 4.3, it is also possible to separate low momentum ir//j. 

which is helpful for ft-identification. 

5. Constraint on the Detector 

There are constraints from the other detector and accelerator. One is the 
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detector thickness because it locates in front of the calorimeter. Prom the simu

lation studies, the maximum allowed thickness is considered to be 0.5 Xi- For 

the endcap region, the TOF counter uses 0.1 Xi and the central drift chamber 

(CDC) uses 0.2 XL,W so that only 0.2 XL is allowed for this PID system. The 

other is distorted magnetic field mainly by the compensation solenoidal magnet 

surrounding the beam pipe. Typically the inclination angle of the solenoidal 

field insL'.e the fiducial volume is 10° at the endcap region. Thus, we must use 

device which is tolerable in such a magnetic field. 

6. Choice of RICH 

So far we explained why we selected RICH for PID system. Then the choices 

of various types of RICH are followings. 

6.1 T M A E - T P C wi th liquid radiator 

We do not select this option because of; non-uniform magnetic field which 

prevents a long drift, and difficulties in controlling TMAE gas such as purity, 

temperature, and etc. Also it is poison. 

6.2 T E A - M W P C wi th c r y s t a l r a d i a t o r 

In this option, we use CH4 saturated with Tri-Ethyl-Amine (TEA) at room 

temperature. TEA has a partial pressure of 52 Torr corresponding to a photon 

absorption length of 0.6 mm ( J B 7 = 8 eV). Therefore photon can be detected with 

a thin detector and two dimensional readout is possible. The quantum efficiency 

of this gas and the transmissions for various optical windows are shown in Fig 4. 

The prototype test for this option is now underway in KEK. The picture of 

prototype MWPC is shown in Fig 5. The gap between cathode wire and sense 

wire is 4 mm, sense wire spacing is 2 mm, and the gap between the sense wire 

and cathode pad is 4 mm. The pad size is 10 mm x 10 mm. The 3-mm-thick 

CaFi is chosen for a optical window. By this configuration, we obtained a gas 

gain of 4 x 10 4 at +3.7 kV on the sense wires. A position resolution was obtained 
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Fig 4: Transmission of C6FU (12.7 mm), NaF (11 mm), CaF 2 (5mm), fused 

quartz (5 mm) and CHt (100 mm). Quantum oHie:iuiu:ies for TMAE and TEA. 

Fig 5: Prototype MWPC for TEA option. 

to be less than 400 pm. We are going to measure Orenkov ring using a hadron 

beam at KEK PS at this summer. 



o 
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^C3 

Photon Detector 

(c) 

Fig 6: Tlie schematic view of RICH counters: (a) barrel part, (b) side view, and 

(c) wire configuration of the endcap RICH. 

The schematic view of the system is shown in Fig 6. The gap between the 

radiator and photon detector is designed to be 20 cm. The radiator is placed in 

front of TOF counter in order to reduce material thickness near the calorimeter 

surface. The total thickness of the system is considered to be less than 20%. 
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Fig 7: The maximum momenta for a 3<,-K/x-separations versus incident angles. 

Various choices for radiators and photon detectors arc assumed. 

CERN group estimated the maximum K/ir separation momenta for various 

radiator materials and photon detection gases as seen in Fig 7. For TEA 

option, the best radiator material was considered to be C a F 2 , rather than NaF. 

Also CaF 2 is cheaper and larger crystal can be produced compared to NaF. 
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Fig 8: The quantum efficiencies for various photocathode versus photon wave 

length. 

We can use 1-cm-thick CaFa as a MWPC window and a radiator at the same 

time, if we locate MWPCs inside and mirrors outside. In this case, we can gain 

twice the gap length so as to use a larger size cathode pad to obtain the same 

position resolution. This option reduce the number of channels to half, i.e., we 

can save money by a factor of more than two. In addition, a few percent X^ of 

material (CaF 2 MWPC window) can be removed. So that TEA option is very 

promising. 

6.3 C s l P h o t o c a t h o d e M W P C with Liquid Radiator 

CERN group also developed a new technique using a photocathode MWPC. 

Csl has been known as a photocathode material and used in the VUV photo

tube. Recently, it has been proved that Csl-coated-cathode can be used in the 

gas chamber and photoelectrons can be multiplicated by a standard MWPC tech

nique. The quantum efficiencies were measured by the CERN group and shown 

in Pig 8. The quantum efficiency for 500-nm-thick Csl photocathode was mea

sured to be almost same as TMAE and the best choice was found to be a Csl 
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p 0(f) e{K) r(x) r(K) dr n(ir) n(K) 
GeV mrad mrad cm cm cm p.e. p.e. 
0.8 562 204 11.25 4.09 7.16 21 3 
0.9 567 316 11.35 6.32 5.02 22 7 
1.0 571 378 11.42 7.56 3.85 22 10 
1.2 575 449 11.51 8.97 2.53 22 14 
1.4 578 487 11.56 9.75 1.82 22 16 
1.6 580 511 11.60 10.23 1.37 23 18 
1.8 581 527 11.62 10.55 1.07 23 19 
2.0 582 539 11.65 10.86 0.86 23 20 
2.2 583 547 11.65 10.94 0.71 23 20 
2.4 583 553 11.66 11.07 0.60 23 21 
2.6 584 558 11.67 11.16 0.51 23 21 
2.8 584 562 11.68 11.24 0.44 23 21 
3.0 584 565 11.6* 11.30 0.38 23 22 

Table 2: The Cerenkov angles, and the number of photo electrons for T and K 

of various momenta. 

contaminated with TMAE. In this case, cutoff wave length by fused quartz is 

around 200 nm, so that liquid radiator such as C5.F14 inside 5-mm-thick quartz 

container can be used. This is preferable because of the cost and low reflective 

index of the radiator. Table 2 is a summary for the case of liquid radiator. The 

Cerenkov angles, ring radius, difference of radii, and the number of photoelec-

trons for ir and K of various momenta are shown. Because reflective index is less 

than v 2 , there is no total refraction inside the radiator so as to gain the number 

of photons. In this case, the MWPC is operated with CH\ + Hexane. There is 

no need to have an optical window to separate the gas volume and the gap. A 

few percent of material can be saved by this option. 
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The Csl coated photocathode for the prototype MWPC described above has 

been prepared. The test will be carried out within this year. The largest point 

for the check is a quantum efficiency. Because the some groups reported the 

different results from that of CERN group. Also the long term stability of 

this method and the radiation damage of the photocathode are important things 

to be known. Although, we think this option is a best choice for KEK B-Factory. 

7. Readout Electronics for RICH 

The signal properties of the MWPC are following; 

1 Gain = 4 x 10 5 , 

2 Fast response < 100 nsec, 

3 Total number of channels = 0.4 M ch, and 

4 Discrete readout is possible (i.e., ADC not necessary). 

PSI group designed a bipolar LSI which contains current amplifiers and 

discriminators. '" Each LSI consisted of 8 channels. The discriminated out

puts were processed by a CMOS digital LSI which multiplexes the hit channels. 

Cost was estimated to be 600 yen/channel. The package density was limited by 

the number of pins of LSI chips. In order to reduce the power consumption, bias 

voltages should be supplied externally. Also by the bipolar amplifier characteris

tics, each channel should be well separated geometrically in order to prevent the 

crosstalk and feedback. The gains are considered to be fluctuated by a level of 3 

dB, because of the variances of resister values. In KEK, R and D for the current 

amplifier is underway and the test chip will be available in May of this year. 

However this scheme is very difficult by the above mentioned reasons. 

On the other hand, CMOS LSI is considered to be more reliable for RICH 

readout. We are going to modify a LSI which is developed for Si-microstrip 

readout. The change is minimized to a feedback capacitor from 0.2 pF to 1 

pF and replacement of output multiplexer with discriminators. The test sample 
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of Si-readout will be ready at September 1991. A channel is made of a charge 

amplifier and ring capacitor array. The output signal can be extracted from the 

differential output between voltages of before and after the trigger timing. One 

chip consists of 16 or more channels. Power consumption is quite low and a 

slow readout is possible. Also trigger signal can be extracted within 100 nsec. 

The output of these discriminated signals are processed by a digital CMOS semi-

custom IC. By these ICs, the cost per channel can be reduced significantly less 

than 1000 yen. If everything goes in right direction, the total system of RICH 

can be constructed with 500 M-yen. 

8. Multi-anode Phototube Option 

The light yield of Cerenkov radiation is flat when 1/A is used for parameter. 

Thus the efficiency is proportional to the area of quantum efficiency curve with 

respect to energy. From this view point, the total efficiency of the typical bialkali 

phototube is larger than that of TMAE. For a case of crystal radiator, a smaller 

chromatic aberration is expected because of low energy photon. Also the sensitive 

region of bialkali photocathode is well lower than the cutoff of UV glass, so that 

liquid radiator inside the cheap glass can be a good radiator. Disadvantages are 

cost, material thickness and incompatibility in the barrel region. 

Recently a position sensitive phototube has been developed (Multi-anode 

Phototube (MAPT)). The position resolution is less than 5 mm without magnetic 

field and better resolution is expected with an axial magnetic field. The dynode 

structure is a fine mesh type and fitted in the endcap region. The gain is measured 

to be more than 10 5 under 1 tesla field. Fig 9 shows a photon spectrum and 

a clear peak of a single photon is seen. We are developing a large sized (12.5 

cm x 12.5 cm) MAPT with a collaboration of Hamamalsu P.K.K. (see Fig 10). 

The sensitive area is 10 cm x 10 cm and more than 70% of the total area can 

be covered (see Fig 11). This option is simple, stable, and easy to be controlled. 

However, it costs more (~ 20k yen/ lc7n 2). In this case, we can install RICH 
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Fig 9: Photon spectrum for R2490 (Hamamatsu P.K.K). 

only in endcap. The expected number of photons per charged track of /3 = 1 is 

20. By a discrete readout of 1 cm x 1 cm pad, we can obtain the Cerenkov-radius 

resolution of 0.58 mm. Therefore the maximum momentum for K/JT separation 

is 3 GeV. The simulated results of reconstructed Cerenkov ring are shown in Fig 

12. 

The largest problem of MAPT option is total amount of material. As seen 

from Fig 10, the material is localized around the edge of phototube. The pho

totube incident window is 6 mm thick, the sidewall thickness is 4 mm, and etc. 

There are four supporting post at corners for dynode structure (5<f> x 50 mm). 

The average thickness is calculated to be 0.24 Xi, and typical thickness is 0.13 

Xi. Although, around the phototube edge, the thickness is maximum (0.65 Xi). 

This is considered to be too big to obtain necessary energy resolution for low 

energy photons by Csl calorimeter. 

9. Summary 

We concluded that the RICH with Csl photocathode is most promising option 
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Fig 10: Design of 10 cm x 10 cm Multi-anode Phototube. 

for KEK B-Factory. In this option, liquid radiator will be used. The effective 

gap length is about 40 cm and 1 cm x 1 cm pad is considered to be best. The 

readout electronics is based on CMOS full-custom IC which consists of charge 

sensitive amplifier and ring capacitor array. The maximum momentum for K/TT 

separation is 3 GeV. The total cost would be greatly reduced by the options 

written in the text. Prototype R and D is under way for this scheme. 
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Fig 11: Phototube configuration for endcap RICH. 
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Fig 12: The radius of roconstructpd Corenkov ring for 3 GcV K and ir (simula

tion). 

The second option is a TEA RICH with crystal radiators. Also prototype 

work is now under way. 
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The third option is Multi-anode Phototube with liquid radiator. A large size 

MAPT is being developed with the collaboration of Hamamatsu P.K.K. This 

option is safe, stable, and easy. Although it is quite difficult to design barrel 

RICH with this method. 
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TOF counter for KEK B-Factory 

Hiromichi KICHIMI 

KEK, National Laboratory for High Energy Physics 

Oho 1-1, Tsukuba-shi, Ibaraki-ken, SO5 JAPAN 

Abstract 

Time-of-flight (TOF) is a conventional, however very powerful, method of 

the particle identification at low energies where a significant portion of particles 

from the T decays lie. In addition to the particle identification capability, it 

plays an important role of the fast trigger. The time resolution of at least 150 

psec is requried to get a B-flavor tagging by means of K-identification with an 

efficiency of greater than 84% in the analysis of BB —• $K S +X. We set a design 

goal value as good as 100 psec and will discuss the conceptual design and the 

necessary R&D works, and preliminary results of on-going R&D works. 
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I . I n t r o d u c t i o n 

One of the powerful methods to obtain information of the CP-asymmetry is 

the measurement of the time evolution of the neutral B meson produced at the 

asymmetric B-factory. In this measurement, the determination of the flavor of 

the neutral B meson is essential. For example, in the golden plated reaction of 

T(4S) —» BB —+ \PKS + X, the flavor of the B meson of ^Ks can be determined 

by tagging the flavor of the X using its decay products, namely using the charge 

of the lepton or the charge of the K* meson. The B-tagging efficiency by lepton 

is expected to be 11% after selection of the high p r prompt leptons from the 

b-quarks by Monte Carlo simulation. The B-meson decays into K meson sub

sequently through D-meson decays with large branching ratios. The B-tagging 

efficiency by means of the K-identification is expected to be about 35%, assuming 

a perfect K-identification. Then, good K-identification is very important and it 

can raise the effective lumminosity by a factor of 3. 

Fig.l shows momentum distributions of TT* and K* mesons decaying from X 

in the reaction of BB —> ̂ Kg + X for beam energies 8GeVx3.5GoV. K* mesons 

are Lorentz-boosted with higher momenta than n^s and show a steeper peak in 

the forward region. Fig.2.(a) shows the maximum momenta of K* to be separeted 

with a purity greater than 95% and an efficiency of 90%, as a function of the 

T O F time resolution. Fig.2.(b) shows a fraction of K* with momenta less than 

PA'(GeV). Here, a full T O F coverage in the polar angle region between 17° and 

150° is assumed, which consists of the barrel T O F located at radius of 1.2 m and 

the endcap one at z=1.6 m. In the study, an inefficiency due to decay in flight of 

K ± is not. taken into account. Time resolution of at least 150 psec is requried to 
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Fig.l. Momentum and angular distributions of charged n and K mesons 

in Bd~B~d -> VK,+Bd (or 5rf). 

(a) Momentum, (b) angular distributions and (c) momentum v.s. angle distribu
tion for charged it, and (d), (e) and (f) for charged K respectively. 
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Fig.2. Charged TT/K separation by TOF in BdBd -> * A \ + f l d (or B~d). 

(a) Maximum momentum of K l o be separated with a purity greater than 9.r,% 

and identification efficiency of 90%, as a function of T O F time resolution, and 

(b) fraction of charged K with momentum less than P^ . 
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get K-identification with an efficiency greater than 84% and with a purity of 95%, 

which results in a B-tagging efficiency of 27% in total. The probability of multi-

tracks in one counter should be less than 5%, which requires the segmentation in 

<j> geater than 64 as shown in Fig.3. 

We set a design goal of time resolution as good as 100 psec, and will discuss 

the conceptual design and the necessary R&D works below. 

II. T ime resolution of Plast ic Scintil lation Counter 

Table. 1 shows a compilation of the time resolutions of plastic scintillation 

counters reported in the ongoing experiments and prototype R&D works. _ The 

time resolution is derived in all cases by correcting the readout timing through 

a leading edge discriminator for the time walk using the ADC information. The 

reported time resolutions crmeas vary from 50 psec to 250 psec, depending on the 

length and the cross section of the scintillator. 

According to the W.B. Atwood's conjecture,' 0 the time resolution is well 

described by a scaling rule, oTOi ?=87(psec cm~l'2)y/L/Nv.e., where L is the 

counter length and Np,e, is the averaged number of the photoelectrons produced 

at the photocathode. Assuming the scaling rule, one may estimate the time 

resolution for the 4 cm thick and 3 m long counters, as listed in the last column 

in the table. In the cases where the attenuation length is not given, a value of 

2 m(conservative) or 3 m is assumed. A time resolution as good as 150 psec 

can be achieved for the real size counter with long light guides and conventional 

phototubes. In order to achieve the resolution of 100 psec, at least twice number 
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Table.1 T ime resolutions of scintillation T O F counters. 

Reference Counter Size Scinti. Light Guide" PMT Aatt Gmeas °c„t 
t x w x I [cm 3] material length [cm] |.n] [psec] [psec] 

W.Braunschweig 2 x 20 x 172 NE110 TW[40] RCA8575 3* 250 290 

G.D.Agostini 3 x 15 x 100 NE114 TF[40] XP2020 3* 120 250 

3 x 25 x 75 NE114 TW[65] XP2020 3 ' 130 — 
T.Tanimori 2 x 20 x 150 SCSN38 F T / T W RCA8850/ 1.6 170 260 

3 x 20 x 150 SCSN38 F T / T W R1332 1.8 140 260 

G.D.Agostini 4 x 15 x 200 NE110 TW XP2020 3.9 100 140 

T.Sugitatc 4 x 3.5x 100 SCSN23 direct R1828/ 2* 50 140 

4 x 3.5x 100 SCSN38 direct R2083 2* 50 140 

R.T. Giles 5 x 1 0 x 280 BC408 FT[127] XP2020/ 

R2083 

2.7 110 120 

5 x 10 x 280 BC408 FT[127] R2490(FM) 2.7 170 190 

TOPAZ 4.2 x 13 x 400 BC412 FT[150] R1828 3.0 210 140 

R.Stroynowski 2 x 3 x 300 SCSN38 direct 

W. Cone 

XP2020 0.7 210 

140 

150 

100 

2 x 3 x 200 SCSFSS* direct 

W. Cone 

XP2020 1.8 180 

100 

200 

110 

(a) Types of light guide between scintillator end and the phototube. TW: Twisted 
strip light guide. FT: Fish tail guide. Direct: Direct, mount on the phototube. 
W.Cone: Winston concentrator. 

(b) The A„(( is assumed to be 2(conservative) or 3 in, in the case the value does 
not appear in the reference. 

(<•'•) Geii is an extratolated resolution for a 4 cm thick and 3 in long bulk scintil
lation counter, applying W.B.Atwood's conjecture. 

(d) Fiber bundle scintillation counter, which consists of 20 by 30 1mm </> scintil
lation fibersf SCSF38). 
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of photons should be collected at the readout phototube. This requires thicker 

counter than 4 cm and longer attenuation length, and better readout system of 

the photons. 

There is an interesting issue by R.Stroynowski et.al. The important factors 

to limit the time resolution in the plastic scintillation counter are the varia

tion of light propagation path length and variation of originating position of the 

light along the particle trajectory. One possible solution which circumvents the 

above limitation is to construct a segmented counter with independent readout 

at different depth. Plastic scintillation fibers are suited for construction of such 

segmented counter. Their result of a Monte Carlo simulation of a counter with 

MCP read-out indicates a 70 psec time resolution by 10 cm thick and 3 m long 

counters with 2 to 3 segmented layers. It was based on their test result of a small 

size prototype fiber counter of 2 cm thick, 3 cm wide and 2 m long, as shown in 

the table. 

To investigate the limitting factors to the time resolution of plastic scintilla

tion counter, we have tested small size counters. The preliminary results will be 

discussed in details in Section IV. 

III. Conceptual Des ign of the T O F counter sys t em 

1. Barrel and Endcap T O F counters 

Fig.4 shows a conceptual design of KEK B-factory detector, and Fig.5 shows 

typical dimensions of the T O F counters as a function of possible segmentations 

in 4>. The magnetic field strength in the detector is 1 Tesla. The barrel TOF 
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Fig.4. Conceptual design of KEK B-factory detector. 
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Fig .5 . T O F coun te r configulation a n d coun te r size. 

180cm , 34^ 
U H x ± 

R=120cm Barrel TOF 

I 
I 

108cm. 5=3 2=f 
Endcap TOF 

17 l 

_48em 

z= 160cm 

--T" 

Barrel TOF R=120cm 

Thickness Lengih SegmentaUon 

4 - 6 cm 360 cm 128 
96 
64 

Width Area 

5.89 cm 23.6 cm 
7.85 31.4 

11.78 47.1 

Endcap TOF z=160 cm w i d l h 

Thickness Length Segmentation R=48cm R=108cm Area 
4 - 6 cm 60 cm 96 3 . l c m 7 . i c m 28.3 cm 2 

64 4.7 10.6 42.4 
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counter is cylindrically placed at the radius of 120 nil from the beam axis between 

the RICH detector and the Csl calorimeter. It consists of 9G plastic scintillation 

counters segmented in c/>. Each scintillator has a dimension of 8 cm wide and 

3.6 m long. A phototube is mounted on each end through a light, guide, which is 

made as short as possible in order to maximize the barrel TOF coverage. 

The forward endcap TOF is located at the z = 160 cm from the interaction 

point to cover the polar angle region between 17° and 34°. The inner and outer 

radii are 48 cm and 108 cm, respectively. It consists of 96 wedge-shaped (about 

4° opening) scintillation counters. Its width varies from 3 cm to 7 cm at the inner 

and outer ends, respectively. The readout phototubes are mounted on both ends 

through the 90" bent light guide attached on the scintillator in order to make the 

phototube axes parallel to the magnetic field. Shortness of the endcap counter 

may give a better time resolution, however, the wege shape and more complicated 

light guide scheme may worsen the resolution. Some consideration is necessary for 

possible segmentation in the polar angle to avoid huge signal rate, which might, 

be caused by the beam background in the small angle region. The backward 

T O F has a similar shape and covers between 140" and 150". 

The complete overlap between the barrel and the endcap TOF counters is very 

important, especially to trigger the low multiplicity events such as 7r + 7r~ and K + 

K~ with a high efficiency. Sc.ince the hermeticity of the Csl calorimeters is also 

impotant, the light collection system of the TOF must be carefully designed not 

to interfere the calorimeters. Thus, it is very essential to develop a compact arid 

highly efficient photon readout system in the magnetic field of 1 Tesla, namely 

such as magnetic field resistive phototubes. Test results of this R&D work will 
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be discussed in Section IV. 

The counter thickness should be as thin as possible to minimize the total 

radiation length in front of the calorimeters. A guide line is hopefully less than 

8 cm (20% radiation length). 

2. Readout Electronics 

Fig.6 shows a conceptual design of the T O F signal readout. As the leading 

edge readout and time walk correction scheme is used to get, the T O F timing, 

each signal is devided into two for TDC and ADC readouts. The coincidense 

signals ( mean times ) from the individual counters are fed into the fast trigger 

system to generate first level trigger. In our present scheme, all the TOF and 

BCO signals are delayed in the passive delaylines during the trigger decision 

time (1 .5 /xsec ). ' ' ' 3 The trigger system may supply a prescaled (psuedo) BCO 

signal in the vicinity of the event trigger time to start the TDCs and to open 

the ADCs. In the later analysis, the genuine TOFs are derived from the psuedo 

TOFs by deciding the corresponding BCO timing, with the help of CDC and 

other informations. 

There are several factors in the readout electronics, which affect the time 

resolution. The typical numbers are listed as follows. (1) An ambiguity of BCO 

timing due to the beam bunch length; 20 psec, assuming a design bunch length 

of 5 mm. (2) BCO time jitter in the BCO pickup module; 30 psec. (3) TDC 

temperature dependence; the order of 10 psec/"C. (4) Signal cable; 25 psec/°C 

for 25 m length of the 5D-2V cable. (5) Phototube timing; 10 psec/V on variation 

of applied high voltage. (6) Time jitter in the passive delay line; hopefully much 
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ADC TDC TDC start 

ADC gate 
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Fig.6. TOF counter readout diagram. 
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less than 50 psec. Therefore, an intrinsic error of 30 psec is inevitable, even if 

the temperature of the readout electronics (at least for currently available ones) 

is carefully controlled. A careful design of the readout system of T O F timing is 

necessary to keep its intrinsic error as small as possible, which should be much 

less than 50 psec in total. 

A R&D work on SAW ( Surface acustic wave ) delay is in progress aiming a 

goal vahie of a time jitter much less than 50 psec. The discriminators and the 

mean timers should be able to manage a high T O F signal rate of a few 10 MHz 

at maximum. The fast readout of the timing is also a R&D subject. 

A Laser calibration system will be built to monitor any long term drifts in 

the gains and time offsets of the individual counters. A similar system, which 

has been developed and being used in TOPAZ and VENUS detectors, is capable 

of monitoring the time drift with an accuracy of much better than 50 psec.' 

IV. R & D Works 

1. Test results of Magnet ic Field Resist ive P h o t o t u b e s 

It is necessary to develop a phototubes with good photon sensitivety of a 

gain of the order of 10 6 at least and a small time jitter of less than few hundred 

psec in 1 Tesla magnetic field. Timing characteristics of the magnetic field re

sistive phototubes, fine mesh type (R2490-05) and microchannel plate (R2809U) 

phototubes were investigated as function of field strength and its direction in the 

magnetic field range between 0 and 1.5 Tesla. 

The time resolution was tested by the two methods, single photoelectron (sin-
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gle p.e.) mode and multi-photon illumination (160 p.e.) mode. The single p.e. 

mode is used by maker as a standard method to qualify the timing property of 

phototube. A very fast light pulser (PLP-01) with 30psec fwhm is used to illu

minate the photocathode with at most one photon to get single photoelectron 

signal, and the time jitter of the output signal from the test phototube is mea

sured through a constant fraction discriminator. The time jitter measured by 

the single p.e. mode is quoted as TTS (transit time spread). The 160 p.e. mode 

used here, is more practical to evaluate the time resolution of the phototubes 

in application of readout of scintillation light. The N2 Laser-Dye (450nm) was 

used as a. light source and the light intensity was adjusted to produce about 160 

photoelectrous at the photocathode of the test phototube. The rise and decay 

times of the light are very compatible to those of a typical scintillation light, 

about 1 nsec and a few nsec, respectively. In these tests, a central lSinm^ area 

of the photocathode was selectively illuminated. 

The test results of the R2490-05(FM) are shown in Fig.7.(a) time resolution 

and (b) relative gain, respectively, as functions of magnetic field strength and 

its direction. The gain was sensitive to the field strength and it was reduced by 

a factor of about 1/5 in 1 Tesla field and at the field direction of 30° to 45°. 

The gain variations measured in the two modes were consistent with each other. 

The TTS was obtained to be less than 140 psec (in one sigma) in the single p.e. 

mode, and the time resolution of 80 psec was obtained in the 160 p.e. mode. 

These results are preliminary, but very promissing. The timing characteristics of 

R2490-05 tube is pretty good even in 1 Tesla field. 

The results of the R2809U(MCP) axe shown in Fig.7(c) TTS and (d) relative 
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Fig.7. Test results of magnetic field resistive phototubes in 1.5 Tesla. 

(a) transit time spread(TTS) and (b) relative gain as functions of field strength 

and field direction for fine mesh type (R.2490-05), and (c) and (d) for micro-

channel plate (R2809U) phototube, respectively. 
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gain in the single p.c. mode. The TTS and gain of the MCP are both very stable 

to the field strength. The gain shows a broad bump around 0.5 Tesla and little 

dependence on field direction. The TTS was obtained to be in the range between 

20 and 35 psec (not fwhm but one sigma). The time resolution of the MCP in 

the 160 p.e. mode by N2 Laser-Dye 1 nsec rise time, was comparable with that 

of the FM, and it was not much improved as expected from the small TTS of 

30 psec in the single p.e. mode by PLP-01 pulser with 30psec fwhm. The time 

resolution seems to be affected strongly by the time profile of the arrival photons 

at the phototube. Further study is necessary in this aspect. 

2. Test results of Bulk counter v.s. Fiber bundle counter 

We tested small size bulk and fiber counters by using electron beam at 3 

GeV. The counters were made of the scintillation materials of SCS38 and SCS81 

(Kuraray Co. L'td.). Fig.8 shows a picture of the test counters, where left is fiber 

counter (2 in long and 1 mm<j> 20x20 fiber bundle) and right is bulk counter (2 m 

long and 2cmx2cm). The small cross section of 2cmx2cm was designed to match 

the central area of the photocathode in order to measure the absolute numbers of 

photoelectrons produced by the arrival photons. Each test counter was readout 

by the phototubes of type R2083(H2431) directly attached on the both ends. The 

one half length of each counter was scanned by the electron beam by 20 cm step, 

and the time resolutions of the two phototubes were obtained after correcting 

time walk and subt.ruct.ing the time jitter of the start counter (about. 60 psec). 

The absolute numbers of photoelectrons are preliminary and the errors are ±30% 

at present. 

The measured time resolutions for the SCS38 scintillation counters are shown 

- <i2r> -
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Fig.8. Test counters of 2cm by 2cm and 200cm long. Scintillation fiber bundle 
counter (lmm^ 20x20) is left and bulk conter right. 
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(a) Time resolution of 2cm thick SCS38 
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Fig.9. Measured time resolutions of SCSF38(fiber) and SCSN3S(bulk) counters. 

(a) Time resolution and (b) number of photoelectrons produced on the photo-

cathode, measured as a function of distance from the hit position. The results 

are shown in comparision with the Caltech. data. 
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Fig.10. Measured time resolutions of SCSFSl(fiber) and SCSN81(bulk) counters, 

(a) Time resohition and (b) number of photoelectrous produced on the photo-

cathode, measured as a function of distance from the hit position. 
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in Fig.9(a) as a function of the distance between the phototube and the beam 

crossing position. And the numbers of photoelectrons are shown in Fig.9(b). 

The SCSF38(fiber) counter has an attenuation length of 1.9 m, much longer 

than that of SCSN38(bulk) of 0.8 m. The time resolution of the fiber counter 

is less dependent on the distance than that of the bulk counter, and it becomes 

samller at a distance larger than 1.2 m. This tendency is in good agreement with 

the data reported by Caltech group, as shown in the same figures. The results 

of the SCS81 counters are shown in Fig.10. The attenuation lengths of the bulk 

and fiber counters are almost same and 1.9 m, and the number of photoelectrons 

of the bulk counter is larger than that of the fiber by a factor of about 5 over 

all distance. The time resolution of the bulk counter is always smaller, and no 

crossover is observed in the case of the SCS81. 

These test results show that the time resolution is predominantly controlled 

by the number of arrival photons at the readout phototube, which mainly re

stricted by the light attenuation length in the counter. Owing to the smaller 

time dispersion of the arrival photons in the fiber counter, its time resolution is 

much smaller than that of the bulk counter expected for the same number of the 

photons. However, if the attenuation length of the bulk is almost same as that 

of the fiber, no extra improvement is expected with the fiber counter. The small 

time dispersion in the fiber counter and the large number of the arrival photons 

in the bulk counter are of the same origin, which are due to the difference of 

the critical angles of internal total reflection in the fiber and bulk counter. The 

complements of the critical angles are about 50" and 20", respectively and the 

factor of 5 is siniplly derived from £in~50o/sin22Q°.'!> 
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(a) Time resolution of 3.5m SCS38 cat r . 
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Fig. 11. Extraporated OTOF for 3.5m long counters with 2 and 4 cm thickness 

from the beam test results. 
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The time resolutions of 2 or 4 cm thick and 3.5 m long counters are ex

trapolated from the beam test data, by taking weighted mean of the measured 

resolutions as a function of the distance. They are shown in Fig. 11(a) for SCS3S 

and (b) for SCS81, respectively. The resolution of 100 psec is attainable with 

SCSF38(fiber) or SCSN81(bulk) counter of 4 cm thickness, assuming an ideal 

photon readout as used in the test. Because the direct, readout of the photons 

on the central area of the photocathode is ideal and it gives the best resolution. 

3 . Segmented T O F counter in depth 

As mentioned in section II, the segmented TOF counter in deph may help to 

improve its time resolution. Therefore, it is very important to investigate the 

time resolution as a function of counter thickness and to know what thickness is 

optimal to get the best resolution. The total number of arrival photons on the 

phototube is proportional to the thickness. The time duration of the scintillation 

light along the particle trajectry is proportional to the path length in the counter, 

about 170 pscr in 5 cm thickness at normal crossing. It seems negligiblly small in 

comparision with the rise time of the scintillation light and the time dispersion of 

the photons due to the variation in the propagation path length in the counter, 

and the rise time of the readout phototube, where all three are about 1 nsec. We 

need to conclude this issue experimentally. 

4. Light Guides and Light Concentrators 

The light guide should be as short as possible, and it should make a good 

match between the areas of the scintillation counter and the photocathode. Loss 

of efficiency and the time dispersion due to the light guide should be kept minimal. 
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A good time resolution requires that the scintillation counters should be at least 

4 cm thick, or possibly more. Therefore the light exit area of the counter most 

likely becomes larger than the active area of the photocathode. Thus, an effective 

light concentrator" must be used. A study on characteristics of a 90° bent light 

guide should also be done to have a good resolution in the endcap TOF. These 

studies require construction and testing of several prototypes and an Monte Carlo 

simulation. 

V. S u m m a r y 

The fine mesh type phototube R2490-05 shows a very promissing character

istics of the gain and timing even in the field of 1.0 Tesla. Further R&D works 

are necessary to improve its field resistivity, and to minimize the tube length for 

compact readout. 

In order to investigate the limiting factors of the plastic scintillation counters, 

the small size bulk and fiber counters of 2 cm thickness and 2 m length have 

been tested by tising electron beam at 3 GeV. The tested scintillators are SCS38 

and and SCS81 from Kuraray Co. L'td. The results indicate that the time 

resolutions of the scintillation counters are controlled by the attenuation lengths 

predominantly, and not by the time dispersion of the arrival photons. Simple 

extarpolation of the test results of the SCSF38 and SCSN81 counters, indicates 

the resolution of 100 psec is attainable with the 4 cm thick and 3.5 m long 

counter as an ideal limit. In order to decide the counter thickness and possible 

segmentation in depth, we need to test the thicker prototype counters. Also 
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development of efficient light guide or efficient photon readout scheme should be 

done simultaneously. 

Several R&D works also should be done, which can manage fast digital signal 

with very high rate of order of 10MHz, namely developements of fast discrimina

tor, fast coincidense, mean timer and so on. 
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Flavor tagging with BBn final states 
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It is well known that the CP asymmetry cannot be observed in the 
process T(4S) -» BB -» (lX)OFKs) unless decay times are measured. This 
arises from the fact that the BB state is in a P wave state. If which of the 
lepton tag and the T K s signal decayed first is known, however, then the 
before-after asymmetry Abf (i.e. tag first vs signal first) is expected to be 

A b f = l + x 2 s i n 2 P ' 

where x = Am/T, and P is the phase angle between VtbVtd* and VcbVcd*, 
and the sign of the asymetry is opposite for 1̂ _ tag and 1~ tag. The 
measurement of the decay times requires that the BB state be boosted; thus 
necessi tat ing an a s y m m t r k collider. Fo£ a symmtric collider, one 
possibility is to use e +e~ -> BB* or B*B-» BB y where the BB pair is in 
l=even state due to charge conservation, and one does not have to measure 
the decay vertex in order to detect CP violating effect. 

On the other hand, if one knows the flavor of neutral B meson as it is 
generated, then there is a non vanishing asymmetry between H'Ks yields 
from B and B, and the amount of the asymetry is given by the same 
expression as Abf: 

A ( B B ^ y K s ) = A b f . 
In this case, the asymetry is in the integrated decay yields; thus, 
there is no need to see the decay vertex. 

Such flavor tagging maybe realized in the reaction e +e~ -> BBJC*, where 
one of the B meson pair is charged and the other neutral. The neutral B 
decays to H'Ks, and the flavor is tagged by the soft charged pion. There is no 
need to fully reconstruct the charged B meson: the missing mass of the 
VKsrc* system can be required to be the B mass. Also, one of the B mesons 
can be B*; as long as the background can be controled, the effectiveness of 
the flavor tagging is unchanged. Namely, the orbital angular momentum of 
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the BB state has no effect on the asymmetry (unlike the case of lepton 
tagging discussed above). A Monte Carlo study of the BB*-» BB ycase 
indicates that such soft gammas may not have to be detected/ 1^ Thus, the 
relevant modes are: 

e+ e - -» B+B<>7t- -»(XXVKs)jf la 

e+ e - -> B + *B0JC- or B+B0V-* 7(X)(»FKs)jr lb 

and their charge conjugate processes. 

An important question is the production cross section of such processes. 
A possibility is to run on or around Y(5S) where BBX cross section is about 
30% of that at 4S (Figure 1). The production cross sections of la,b have not 
been measured. Theoretical estimations are not reliable yet, even though it 
is expected that BBJI modes are suppressed by parity conservation while 
BB*JC modes are not suppressed. ( 2> We will take the fraction of BBJC 
generation among inclusive BB production to be f where one of the B meson 
could be a vector. Once BBrc is generated, the fraction that the pion be 
charged is 2/3 by isospin conservation. The tagging efficiency is virtually 
100%, and the wrong sign tagging is negligible. For comparison, the 
tagging efficiency [e(tag)] for 4S case is taken to be 40% and the tagging 
purity factor [flwrg)] to be 80%. The result is summarised in the table below. 
The numbers are understood to be relative, rather than absolute. 

°BBX fBBfo) #B0 e<tag) f(wrg) total 

4S 3.6 1.0 172 0.4 0.8 0.58 

BBJI 1 f 2/3x1/2 1.0 1.0 0.33f 

Therefore, if the value off is 1/2 to 2/3, then the statistical power of this 
method is about 1/3 of 4S which maybe recoverable by the favarable 
luminosity for a symmetric machine with respect to an asymmetric 
machine. One of the drawback is that since one does not measure the decay 
vertex, it is not possible to study the interference effects of decays such as 
7t+7t~ in order to untangle penguin contribution. This method, however, 
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Figure 1. Hadronic cross section as a function of Center of mass energy. 
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seems worth keeping in mind in case one is forced to use a symmetric 
machine. 
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Trigger Design for B Factory Experiment 

Masanori Yamauchi 
KEK, National Laboratory for High Energy Physics 

1-1 Oho, Tsukuba, Ibaraki 305, Japan 

Abstract 

The trigger condition is studied by Monte Carlo simulation for BB, T+T~ and con
tinuum hadronic events. In the track trigger, at least two tracks are required to 
satisfy; pT >0.2 GeV, 0 m j n >17° and <j>open >90°. In the energy trigger, energy de
posit in the Csl calorimeter is required to be larger than 2 GeV with Bt > — 1 GeV. 
By taking a logical OR of the track and energy triggers the trigger efficiency is prac
tically 100% for BB and continuum hadronic events, and 98.4% for T+T~ events. 
Cosmic ray background in this trigger is 30~40 Hz. The rate of beam associated 
background can be reduced by a factor of 20 or more by changing these trigger 
conditions without losing the efficiency for BB and continuum hadronic events. 
Based on these studies, a realistic four-step trigger is designed, which uses signals 
from TOF, Csl calorimeter, PDC and CDC. Constraint on the frequency at each 
trigger step is considered to optimize the trigger dead time and pile-up problem. 

1 Introduction 
In the B Factory experiment, background events are expected at high rate because 
the beam current is two orders of magnitude larger than in the conventional e.+ e~ 
collider, and cosmic ray events are not eliminated by their timings because the beam 
crossing period is as small as 2 ns (10 ns for the first stage of the experiment). The 
trigger system for the B Factory experiment, therefore, is required to have a very 
high throughput with a pipelined logic circuitry. 

Trigger signal generally requires about 1/jsec to be generated, and the period of 
the beam crossing is much smaller than this, the traditional gate-and-clear method 
can not be applied for the data acquisition system. The analog signals from the 
detectors need to be delayed somehow until a trigger decision is made. When a 
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trigger is generated, only the signals which correspond to the triggered event are 
digitized and stored in the buffer memory [1]. 

In this report, Monte Carlo studies for the trigger condition is described first, 
and the present hardware design is discussed in some detail next. 

2 Trigger condition 

To understand general requirements to the trigger from the point of view of physics, 
Monte Carlo studies are done using LUND6.3 event generator and a simple detec
tor simulation program. In this study the trigger condition only for BB, T+T~ 
and continuum hadronic event are considered. Although several particular decay 
channels of B°(B ) such as B°(B )—> J/ipKs are important in this experiment, no 
special attention is paid to those specific decay modes. Bhabha and 77 annihila
tion events, which have larger cross sections than the others, are to be prescaled by 
~1/10(), hence the trigger efficiency for them is not important. Another significant 
difference arises whether two 7 processes should be taken with a high efficiency. 
In the present design, no special care is taken of two 7 processes, since a possi
ble trigger condition which is sensitive to low momentum two-prong 77 processes 
leads to ten times higher background rate. For the similar reason, n+n~ events are 
not positively taken in the present scheme, however, a dedicated n+fi~ trigger is 
possible if this event is essential for calibration of the tracking devices and so on. 

In this report, the trigger efficiency 77 is defined for events where the total 
visible eiergy is more than 50% of the total available energy. An effort to have high 
efficiency for poorly measured events will increase background rate, but those events 
will be unlikely to be used in the analyses because they can not be distinguished 
from two 7 processes anyway. The ratios of the events which satisfy this condition 
are 96% for BB events, 51% for T+T~ events and 91% for continuum hadronic 
events. The lower rate for the continuum hadronic events is due to the initial state 
radiation, which depends on the maximum energy allowed for radiated 7. For this 
calculation this energy is set to 99% x 50% of the center of mass energy. The BB 
production in T(4.s) decay is irrelevant to the initial state radiation. 

Trigger is usually generated as a logical OR of several trigger sources to be 
redundant, and the charged track trigger is one of the most basic components of 
the trigger. The distributions of the track multiplicity are plotted in Fig.l for the 
three interesting processes. In this plot the charged tracks are required to have pr 
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with respect, to the beam axis larger than 0.2 GeV and the polar angle between 17° 
and 150°. It is seen in these plots that two tracks can ' e required in track trigger 
without losing efficiency for these three processes, but three track requirement loses 
1-1 topology of T + T~ events. 

In Fig.2 The efficiency of the track trigger is plotted as functions of various 
parameters assuming two track requirement. From Fig.2(a) pr threshold should 
be set below 0.3 GeV, but taking into account that tracks with p r <0.2GeV do 
not reach the T O F counter, the nominal pj threshold is set at 0.2 GeV. Fig.2(b) 
indicates that the efficiency is not very sensitive to the minimum polar angle cover
age 8mtn. The background rate, however, is expected to depend on this parameter 
strongly. The nominal value of 6mtn is set, at 17°. The 4>opcn is defined to be the 
maximum opening angle of the tracks in the r — <j> projection, and as in Fig.2(c) 
the track trigger can require (j>opcn >90° without losing efficiency. This helps to 
reduce the background rate by a factor of three be cause <f>,jprn is likely to distribute 
uniformly for most of two-prong background events. For the nominal values of 
those parameters the efficiencies of the track trigger are 99.4% for DD, 91.7% for 
T+T" and 97.9% for continuum hadronic events. 

Energy trigger provides complementary and redundant trigger to the track trig
ger, hi Fig.3 the distributions of the energy deposit in the Csl calorimeter are 
plotted for the events which are accepted by the track trigger mentioned before. In 
these plots the energy is calculated as a sum of 7 and e± energies, and 300 MeV en
ergy deposit is assumed for non-showering charged particles in the Csl calorimeter. 
It is seen in this plot that the energy trigger is completely redundant for BB and 
continuum hadronic events if the threshold is set below 2 GeV . The plots in Fig.4 
are similar distributions for the events which are not accepted b}' the track trigger. 
The energy trigger with 2 GeV energy threshold is also complementary to the track 
trigger for BD and continuum hadronic events. However, 2 GeV threshold is not 
sufficiently low for T+T~ events in both cases. 

The rate of the cosmic ray background in this energy trigger is estimated from 
the measurement by TOPAZ, who measured the rate of the energy trigger in their 
lead-glass calorimeter as a function of the threshold energy (Fig.5). This rate was 
measured with 50 nsec beam cross gate in every 5 /isec. Since beam cross gate can 
not be used in the B Factory experiment, the rate in the figure should be multiplied 
by 100 to give an estimate for this experiment. Therefore approximately 60 Hz 
background rate is expected if a simple total energy trigger is applied. This rate, 
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however, can be reduced by a factor of two using the energy asymmetry. Fig.6 
shows the distributions of Ez ( = £ , .Ef"'cos #,) for the three interesting events, 
where most of the events distribute in Ez >0. By making a cut at Ez = — 1 GeV 
almost one half of the cosmic ray events are vetoed without losing the efficiency, 
because cosmic ray track distributes uniformly with z. 

Taking a logical OR of the track trigger and energy trigger, the overall trigger 
efficiency is practically 100% for BB an ' continuum hadronic events and 98.4% 
for T+T~ events. 

In the design of the trigger system, the three parameters of the track trigger, 
PT, ^m» and <j)u;K„, and the energy threshold of the energy trigger, Ethresh, must be 
variable to be tuned to optimize the trigger efficiency and the background event 
rate depending on the beam condition of the B-Factory accelerator. If, for instance, 
the background condition is much severer than expected in the real experiment, 
the background rejection is improved by a factor of at least 20 by requiring three 
tracks with; pr >0.3 GeV, 6min=25", <j>opm >120°, and setting Eihr,sh=4GeV. By 
this tighter condition, the efficiency for BB and continuum hadronic events stays 
almost unchanged while the efficiency for T+T~ decreases to 59.4%. 

Bhabha scattering and 77 annihilation give additional event rate of ~440 Hz 
in 8ub. >17° at the luminosity of 10 3 , 1 /em 2 /sec, which must be prescaled down to 
approximately 10 Hz at the early stage of the trigger decision. With the polar 
angle coverage of tin: G'sl calorimeter, 17° < 9 < 150°, both or none of e + e~ of 
Bhabha scattering hit. the calorimeter. Assuming 3% energy resolution of the Csl 
calorimeter for high energy r:*, more than 99% of Bhabha a.nd 77 events satisfy 
the following conditions; 

10.5 < J^Ef' < 12.5 (GeV) (1) 
t 

3.5 < EZ = J2 Ef cos 0, < 5.5 (GeV) (2) 
1 

Er = / ( £ £ " ' <-°s & ) a + CEE?1 sin ^f < 1.0 (GeV) (3) 

The last two equations represent energy balance in z and transverse directions. 
Fig.7 shows the distributions of those variables for BB events, where none out of 
10000 events falls in the above mentioned Bhabha/77 criteria indicated by the rect
angles in the figure. Therefore Bhabha/77 events are identified only by the analog 
weighted sums of the calorimeter signals with 99% efficiency and no misidentifica-
tion of BB events. 
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3 Trigger decision logic 
The Monte Carlo studies lead us to conclude that sufficient trigger efficiency can 
be achieved by taking a logical OR of the track and energy trigger described in the 
previous section. However, the time resolution of the energy trigger, which uses 
slow signals from the Csl calorimeter, is approximately 16 nsec (RMS)[2], This 
is not sufficient to determine t = 0 for the drift chambers and the T O F counter. 
Therefore the energy trigger should require a track with a looser condition, unless 
the pure energy trigger is essential from the point of view of physics. On the other 
hand, in the track trigger, serious pile-up problem may occur if the trigger rate is 
not sufficiently reduced before tracks are searched for in the drift chambers (detailed 
description will appear in this section). For this purpose calorimeter energy will 
be required also in the track trigger. 

As a consequence of these discussions, it is proposed to build two identical 
trigger systems, where one requires a logical AND of the track conditions mentioned 
in the previous section and a loose energy condition, and in another one a logical 
AND of energy deposit (Etiircsh=2 GeV) and a looser track condition is required. 
Although this sacrifices the orthogonality of the track and the energy triggers, there 
is no substantial problem if the additional conditions art; loose enough. This "twin 
trigger" also emphasizes robustness of the hardware. 

One of the two identical systems is described in some detail next. A trigger 
signal is generated in four steps (Fig.8) using signals from TOF, Csl calorimeter, 
PDC and CDC in this order. 

In Step-0, majority coincidence of TOF signals is searched for, and the first 
beam cross signal which comes in the coincidence is defined as the Stcp-0 trigger. 
This is used as an origin of all the other timings in the trigger system. In the 
majority coincidence circuit, not only the number of coincident, hits but also their 
opening angle are to be checked to reduce the background frequency. It should 
be noted though that the time difference between the timing of an event and the 
Step-0 trigger is not uniquely determined, but has an ambiguity of ±2 nsec when 
the beam repetition rate is 500 MHz. This ambiguity can not be solved in the 
trigger or data acquisition, however, this will be solved easily at the stage of the 
data analysis because time resolution of the TOF counter is usually far better than 
this ambiguity. 

The width of the majority coincidence in Step-0 should be chosen as narrow 
as possible* to avoid unnecessary dead time. Fig.9(a) and (b) show the difference 
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between the first and second (third for Fig.9(b) ) TOF hits in BD (-vents, which 
indicate that the coincidence width can not. be set. narrower than 4 nsec. Assuming 
this coincidence width to be 5 nsec, the relation between the dead time of the 
Step-0 trigger and the single rate of the TOF counter is calculated. The single rate 
must be smaller than 600 kHz to keep the dead time below 1%. This limit is not 
too stringent being compared to 5 kHz which is the typical single rate of the T O F 
counter of the TOPAZ experiment. If the single rate is 600 kHz, the rate of the 
Step-0 trigger is approximately 2.5 MHz. 

The Step-0 trigger is delayed by about 300 nsec during the light collection time 
of the Csl calorimeter, and opens a gate for the energy trigger logic, where three 
typos of analog weighted sums, Yl E, YL ET a n d Y Ez are made, and the energy 
trigger condition is tested. The Bhabha/77 prescaling is also done at this energy 
trigger logic. If this energy condition is satisfied, a Step-1 trigger is generated. For 
the timing of the Step-1 trigger, the delayed Step-0 trigger is used instead of the 
calorimeter timing. Since the maximum rate of the Step-0 trigger is 2.5 MHz as 
mentioned before and the time resolution of the discriminator for the calorimeter 
signal is approximately 16 nsec, the dead time of the Step-1 trigger will be smaller 
than 4%. 

The Step-1 trigger also opens gates where the hit pattern of the TOF counter 
passes through, which will be used to test matching with the tracks found in the 
drift chambers in the final stage of the trigger. 

The signals from the drift chambers, PDC and CDC, are stretched to their 
maximum drift time (which is assumed to be 200 nsec here), and latched at the 
timing of the delayed Step-1 trigger. By this operation, the wires which have hits 
associated with the event are found. The latched hit pattern is then sent to the 
track finding logic, where track segments are searched for in each of 16 fli-sec.tor of 
the PDC and 32+32 in two layers of the CDC (Fig. 10). The track finding logic 
consists of piplined memory look-up table, which uses multiple sets of identical 
memory look-up tables and works with 110 dead time by using them sequentially. 

The 1C (from PDC) and 32+32 (from CDC) hit information is then transferred 
to another memory look-up table, where it predicts which of the T O F counters 
should have hits if the pattern from the drift chambers are by real track hits. In 
this memory look-up table, there arc 1C sets of the identical tables corresponding 
to each of the 16 PDC sectors, and in each of them, memory table of 18-bit address 
(6 for inner layer and 12 for outer layer of the CDC, see Fig.10) finds tracks with 
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momenta above 0.2 GeV. The answer from this logic, which contains 64- or 128-bits 
depending on the T O F configuration, is tested against the actual T O F hit pattern. 
This memory look-up table also tests the number of tracks using the hit pattern 
of the drift, chambers and generates the Step-2 trigger. This starts the last trigger 
logic, where constraints are made on the number of tracks and their opening angles, 
and then the Step-3 trigger is generated. 

In this scheme of the trigger generation, probably the most serious problem 
is the trigger pile-up anticipated if the rate of the Step-1 trigger is high. Fig. 11 
describes this problem. Suppose there is an event at the timing indicated as "true 
event" in the figure, and the drift chambers have hits associated with this event. If 
there is another Step-1 trigger before the "true event", it is possible with some finite 
probability that this fake Step-1 trigger gives a next step trigger being matched 
with the true hits in the drift chambers. If this occurs, all the signals arc digitized 
at wrong timing. To avoid this problem, the rate of the Step-1 trigger must be 
small enough. For instance, if the maximum drift time of the drift chambers is 
200 nsec, the rate must be smaller than 50 kHz to keep the rate of the trigger 
pile-up at 0.1%. To achieve this rate, the single rate of the calorimeter has to be 
smaller than 170 kHz. 

4 Summary and conclusion 

The trigger system for the B Factory experiment is required to have a very high 
throughput with a pipelined logic circuitry, because background events are expected 
at much higher rate comparing to the experiments in conventional e + e~ collider. 

The trigger condition is studied by Monte Carlo simulation for BB, T+T~ and 
continuum hadronic events. In the track trigger, at least two tracks are required to 
satisfy; p-j- >0.2 GeV, 0 m i n >17° and <f>open >90°. In the energy trigger, energy de
posit in the G'sl calorimeter is required to be larger than 2 GeV with Bz > —1 GeV. 
By taking a logical OR of the track and energy triggers the trigger efficiency is prac
tically 100% for BB and continuum hadronic events, and 98.4% for T+T~~ events. 
Cosmic ray background in this trigger is 30~40 Hz. The rate of beam associated 
background can be reduced by a factor of 20 or more by changing these trigger 
conditions without losing the efficiency for BB and continuum hadronic events. 

Based on these studies, a realistic four-step trigger is designed, which uses 
signals from TOF, Csl calorimeter, PDC and CDC. In this design of the trigger, 
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complete orthogonality of the track and the energy trigger is not satisfied, but 
this scheme is flexible over a wide range of the background condition. This trigger 
provides the event timing only with ambiguity of ±2 nsec, which can be solved at 
the stage of the data analysis. Considering the dead time of the each trigger step 
and pile-up effect, the single rates of the TOF counter and Csl calorimeter have to 
be smaller than GOO kHz and 170 kHz, respectively. 

References 
[lj For overall scheme of the data acquisition system, see page 183, "Physics and 

Detector of Asymmetric B Factory at KEK", B Physics Task Force, February 
1991 
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The cross section of Bhabha scattering is the largest one but the events rate 

can be scaled down easily at the early stage of the trigger decision because of 

its clear signature. By scaling down the Bhabha scattering by a factor of 1/100, 

total cross section of physical processes is about 7nb as shown in Table-1 and 

so the event rate is 70Hz. The rate of cosmic ray background can be estimated 

from the experience at TRISTAN experiments as about 20Hz. There is another 

background associated with the beam which is mostly caused by spent electrons 

and the background trigger rate is estimated to be not bigger than 30Hz. Adding 

all these up, expected trigger rate is at most 200Hz. 

The data size per event depends on the detector and the background hits by 

synchrotron radiation etc. It is assumed as 30kB/event. Table-2 summarizes the 

requirements to the data taking system. It is concluded that the data acquisition 

system for the proposed B-factory is required to have overall throughput larger 

than 15MB/sec. 

Table-2 Requirements to the data taking system 

Average trigger rate 200Hz 
Average data transfer rate 6MB/sec 

Time to be used to read one event 2msec 
Peak data transfer rate 15MB/sec 

2. General Scheme 

Fig.l shows a schematic diagram of the proposed data acquisition system which 

satisfies the previously mentioned requirements. Trigger signals generally require 

about 1/̂ sec to bo generated, because they have to wait for signals from the drift 

chambers. As the beam repetition period (2ns) is much smaller than this lime, 

traditional gate-and-clear method cannot be applied. The signals from the de

tectors will be held somehow until a trigger decision is made. When a tr'ggcr is 

generated, only the signals corresponding to the triggered events are digitized and 

stored into the buffer memory for readout.. It is possible to apply the second level 
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DATA ACQUISITION SYSTEM FOR KEK B-FACTORY 

Toshifumi TSUKAMOTO 
KEK, National Laboratory for High Energy Physics, 

1-1 Oho, Tsukuba-shi, Ibaraki-ken, 305 JAPAN 

Abstract 

The data acquisition system proposed for KEK B-factory is reviewed. First 
the requirement to the system and general scheme to satisfy the requirement are 
presented. And then the status of the R&D work for passive delay-lines, considered 
digitizers and bus systems are presented. 

1. Requirements 

To consider the requirements to the data acquisition system for KEK B-factory, 
the luminosity is assumed to be 10 3 4 cm _ 2 sec _ 1 which is the final goal and is the 
severest case. The beam repetition period will be 2ns in this case. Total cross 
sections for various physics processes are listed in Table-1. 

Table-1 Total cross sections for various physics processes at ECm =10.58GeV 

Physics process cross section (nb) 

Hadron production from (4s) 

Hadron production from the continuum 
+ + _ 

Bhabha scattering (6i a b > 17°) 

Two photon processes 

1.2 

2.8 

1.6 

44 

1 

Total 
( Bhabha cross section is scaled down by 1/100) 7 
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trigger by using stored data to improve S/N and reduce the load of the readout 

system. However, the second level trigger will make the system complicated and 

the cost will be large. Therefore, we propose to do the trigger decision all on the 

analog trigger ( "analog" means "without digitization" ) and use delay-lines to 

hold signals from detectors during the time needed for this trigger decision. As the 

amount of data from all detector components is very large, parallel data transfer 

is done on a "detector by detector" basis. The event builder * converts this to 

parallel data sets on an "event by event" basis and then sends them to the online 

computer farm and large computers for analysis. 
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3. Delay Lines 

In the trigger scheme presented by Dr. Yamauchi at this workshop , many 

delay-lines are used. In addition, all the signals from the detectors have to be 

delayed ( held ) during the trigger decision time. For some of these delays, we pro

pose to use passive delay-lines instead of active devices such as an analog memory 

which is presented by Dr. Ikeda at this workshop for the silicon vertex detector 

and RICH, which have very large number of channels. R&D work is in pru 0ress to 

investigate the feasibility of making appropriate passive delay-lines. 

The following three types of delay-lines are required in our system; 

1) For fast analog signals (tr > 20ns) such as signals from wire chambers. 

2) For slow analog signals (tT > 100ns) such as signals from CsI calorimeter. 

3) For fast digital timing signals such as signals from TOF and drift chambers. 

We are investigating two kinds of delay-lines such as LC-delay-lines and 

Surface-Acoustic-Wave (SAW) delay-lines whose mechanism are shown schemati

cally in Fig.2. We have already made LC-delay-lines which have almost satisfactory 

performance for 1) and 2) as shown in Fig.3. These can be used to delay analog 

signals of 20ns rise time by 2/zs. LC-delay-line is not appropriate for 3) because the 

bandwidth of the delay-line must be more than 300MHz to achieve 50ps resolution 

required for the TOF counters. SAW delay-line is being investigated for 3). 

(i) LC-delay-line 

(ii) SAW delay-line 

Li Nb 0 3 

v - 4mm/tis 

Fig.2 (i) LC-deJay-line and (ii) SAW delay-line 
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4. Digitizers and Bus System 

As a trigger rate is 200Hz or less and the signals from detectors are delayed 

(held) by the passive delay-lines, we can use conventional ADC's and TDC's. But 

it is required that digitizers become ready for a next event within a few hundreds 

//sec after receiving the previous event to keep the data acquisition deadtime to be 

as small as a few percent. Commercially available LeCroy ADC's (1885F/1882F) 

and TDC's (1875/1872) can be used as they have short conversion time ( < 300/zs 

) and become ready for a next event immediately after conversion using their 

multiple event bufTer. 

Microprocessors arc: used to collect data from digitizers and send them to 

the event builder. We propose to use the VMF bus system which has already 

become industrial standard. The microprocessors on the VME bus can read other 

modules with no overhead to initiate a data transfer and an average transfer rate 

of 4MB/scc is expected. Another merit of this bus comparing with CAMAC and 

FASTHUS is that many kinds of microprocessor modules, memory modules and 

program development environments are commercially available. CHS memory 

modules (model 8170) and Lodroy SMl's (1821) can be used to transfer data of 
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LeCroy ADC's and TDC's from FASTBUS to VME bus. According to the catalog 

specification, the LeCroy FASTBUS system ( ADC's, TDC's and SMI's ) with 

CES model 8170 can satisfy our requirements. We are constructing a mini-system 

as shown in Fig.4 to test their performance. 

5. Summary 

We propose the data acquisition system as schematically shown in Fig.l, where 

delay-lines are used to hold signals during trigger decision time, and LeCroy FAST-

BUS systems and CES 8170 modules are adopted to digitize signals and send data 

to VME bus. We have already made LC-delay-lines which are almost satisfactory 

for analog signals but we should investigate SAW delay-lines for digital timing sig

nals from TOF counters. To test performance of LeCroy FASTBUS systems and 

CES 8170 modules, we are constructing the mini-sysi.em as shown in Fig.4. 
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Design of Event Builder 
M. Nomachi 
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Introduction 
The event rate and the event size are expected to be very high in the 

experiment proposed at KEK B factory. This huge data flow is a very crucial 
requirement especially for event builder on the data read out scheme. Data 
from all detector segments are collected at the event builder. Band width of 
data flow must be very high at the event builder. The event builder is 
expected to be able to handle up to 15 MB/sec for the experiment at KEK B-
factory [ref.l]. To avoid the bottleneck of data flow at the event builder, 
parallel event builder is proposed. 

This proposal of parallel event builder is based on the R&D programs at 
KEK on-line group, KEK electronics group and Fermi lab. Most of basic 
ideas are taken from the reference 2. 

Requirements 
Fig.l shows general scheme of parallel event builder. The data from the 

front end crates are collected and distributed to the on-line computers. 

Front-end 
crate 

fiberoptic 
data lin 

Front-end 
crate 

Front-end 
crate 

Front-end 
crate 

Parallel 
Event 
Builder 

fiberoptic 
data linle Computer 

farm 
Computer 

farm 
Computer 

farm 
Computer 

farm 
Fig.l 

Data rate handled by each front-end crate is expected to be 3 to 6 
MB/sec. The readout controller at the front end crate can send 3-4 MB/sec 
data with software if a general purpose 32 bit CPU is used. The event builder 
is expected to be able to handle up to 15 MB/sec. So 5-6 data link should be 
connected to the event builder. 

The full event data is fed into a computer farm. The on-line CPU power 
required for the experiment is 5000 MIPS [ref 3]. Such a large CPU power 
can not sit on single crate. One crate can have about 500 MIPS CPU power. 
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To get 5000 MIPS, the data should be processed by about 10 crates. The 
parallel event builder works also as the data distributor. 

To feed 15 MB/sec into 10 crates, data flow on each data link is only 1.5 
MB/sec. Therefor, one can use same data link, which can transfer more than 3 
MB/sec, for both side of the event builder. 

Fiberoptic data link 
We use AMD's FOXI chip set for the communication. FOXI can 

transmit the data up tp 125 Mbps, and we use it with 120 Mbps. It has 8bit 
data mode, 9 bit data mode and 10 bit data mode. We use it with 10 bit data 
mode. 

Over optical fiber, 40 bits words are transfered. 40 bits word is divided 
into two parts, 8 bits tag and a 32 bits data. This tag puts some meaning on 
each word. For example, word counts, destination address and so on. 

To send this 40 bit word over the optical fiber, one word is divided into 
5 bytes. And adding two identification bits for byte synchronization, or telling 
which byte is most significant byte, 10 bits data is fed into FOXI transmitter. 

FOXI can send 10 millions of 10 bits data in one second. So, 2 millions 
of 40 bit data can be sent in one second. Each word has 4 bytes of data. Then 
8MB/sec can be sent including the over head of those tag bits, and 
identification bits. 

Using several kinds of words, one packet can be built. Fig. 2 shows 
one of the examples. Send a BOP (beginning of packet) word with a 
packet serial number, send a WC (word counts) word, and main body of 
data words. Then it should be finished with a EOP (end of packet) word. 

BOP \f^mg§ggmg^mMi; 

DATA||ilfe - ^ j ^ H I M ^ t t 
• 

EOP k w&. mmmMm lllfc# 

fig. 2 

Push type optical data transceiver 
A controller reads data on the buffer, and do something on it, then 

writes it on the next buffer. In other words, controller PULLs data from 
buffer and PUTs data on the next buffer. The direction of strobe signal is 
same as the direction of the data flow for PUSH operation. But that is not 
same as the direction of the data flow for PULL operation. Only PUSH is 
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possible on single fiberoptic data link, since it is unidirectional data link. For 
PUSH type data link. We need buffer on receiver side. Because transmitter is 
a master. 

'sssssssssssss VME 

120 Mbps 
10 M 10 bit 
word/sec 

2K byte FIFO 
for control words 

2 x 512Kbyte Memory 
for data words 

FOX I Receiver 

120 Mbps 10 M 10 bit 
\ word/sec 

8 bit address 

32 bit Data 
FOXI Transmitter 

fig. 3 
Fig. 3 shows a data transceiver we are designing. It has two sort of 

buffer on receiver side. One for data word and the other is for command 
words such as word counts. It can transmit and receive up to 8 MB/sec. 

Parallel Event Builder 
Buffer memory 

Switch 

Buffer memory 
fig-5 

Two variations of parallel event builder (fig.4,5) have been proposed. 
These two networks are functionally equivalent. Those work as a SWICH and 
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as a BUFFER MEMORY. Those two functions are well separated on the 
second variation (fig.5). It is more simple and scales better for large system. 

Therefor, the second one is chosen as the event builder for the 
experiment. Fig. 6 shows a parallel event builder using a switch. 

front-end crates read out request 

computer farm 
fig. 6 

Algorithm 
To get good performance, word by word hand shack is not done. But 

handshake for each packet is necessary. Otherwise there is no way to 
synchronize the data transfer. 

Computer farm sent acknowledges to the master controller. On getting 
acknowledges from all computer farm, the switch is changed to the next 
configuration. Then the master sends requests to the front ends. Then front 
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end sends data to the computer farm. The data fragment of different event is 
requested to each front end crate. Computer farm knows the transfer is done 
on getting EOP word. Then it requests next event. 

There might be a lot of overhead for this packet handshake. We are 
estimating this less than 1 msec even using the CPUs such as 68K20. To send 1 
K byte of data, it takes 125 |lsec. If the packet size is more than 8 Kbyte, the 
over head of this handshake is less than 50 %. 8K byte is about the size of the 
event fragment size on one front end crate. If we send 8 events in one packet, 
this over head is less then 10 % and can be neglected. 

Switch 
There are two possibility of switching optical data links. One is to 

use an optical switch, the other is to use an electrical switch with opt-
ele-rtro / electro-opt converters. 

A 4 by 4 optical crossbar switch is commercially available. Its 
driving voltage is 17 volt and the cross talk is less than -15 dB. It works 
up to 1 Gbps and 8 by 8 will be available soon. An optical switch is 
simple choice to switch optical data links, however, it is not easy to 
handle high driving voltage. To get less cross talk, higher driving 
voltage is necessary. The cost of optical switch is not so low. 

An electrical switch is rather traditional solution. It is rather easy 
to be implemented. However, its maximum speed is limited by the speed 
of the switching device. 100 Mbps can be switched using high speed ECL 
logic. For examples, FUJITSU'S E128H [ref.4) can handle up to 3 GHz. 
It may switch 1 Gbps data link for future experiments. 

Each input link must be switched to all output links. However, it 
does not means arbitral combinations, which requires cross bar switch. A 
barrel shifter is enough (fig. 7). A barrel shifter can be made with less 
components. It is easy to extend to larger switch. For example, sixteen 8 
by 8 barrel shifters works as 64 by 64 barrel shifter. 

fig. 7 

Summary 
We propose event builder using barrel shifter as an event builder of B-

factory. A PUSH type optical data transceiver is already designed. It can send 
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and receive up to 8 MB/sec. And including all kinds of overhead, it can send 3 
MB/sec. Project on development of 8 by 8 barrel shifter is just proposed. It 
can handle 64 MB/sec combining with the optical data transceiver. Including 
the overhead, the event builder we proposed can handle more than 24 MB/sec. 
It meets with the requirement for the event builder. 

This event builder can be extended to larger experiments in future. 
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Design of a Trigger and Data Acquisition System 
for the SLAC/LBL/LLNL B Factory 

Author: Don Briggs 
Stanford Linear Accelerator Center 

P.O. 4349, Stanford, CA 94309, USA 
Abstract 

This report compares and contrasts the approaches taken at KEK and SLAC in the design of 
trigger and data acquisition systems for the high-luminosity environment of a B Factory. The 
description of the SLAC design presented obtains from work in progress by a working group! '1 
of an on-going workshop. 

1. Introduction 
The B Factory trigger and data acquisition design studies at KEK and SLAC began with 

similar specifications but evolved in different directions. The KEK design uses a synchronous 
passive pipeline approach; whereas the SLAC design pursues an asynchronous active pipeline 
approach. 

2. Comparison of Specifications and Goals 
The design luminosities of the KEK and SLAC B Factories are essentially the same, between 

a few times 10 3 3 and 10 3 3. The trigger and data rates presents new challenges to the design of 
trigger and data acquisition systems. The SLAC and KEK designs target the same main physics 
channels, namely the Y resonances including the low-multiplicity T + T " final states. The 
expected physics rates are up to 200 Hertz. The SLAC design provides reasonable efficiency for 
2-y physics at an additional rate of a few tens of Hertz. The background rates are comparable. 
The flux of cosmic rays is the same, but the SLAC design presents a far larger acceptance to 
cosmics early in the trigger process. 

3. Comparison of Synchronous and Asynchronous Trigger Systems 
Synchronous trigger systems use system-wide control signals to carry timing information 

(e.g., strobe, gate, clear, or reset signals). Asynchronous trigger systems de-couple control from 
timing information, and require a more complicated form of hand-shaking, or data transfer 
protocol. We distinguish the response of the two forms in environments of high trigger rates. In 
a synchronous trigger, the leading impact of high rates of background on the physics derives 
from the trigger acceptance. It is time-dependent, and either zero or unity across the system. In 
an asynchronous trigger, the channel-by-channel occupancy dominates. See Figure 1. 
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System Dead-Time as determined by 
gate-widths and conversion times 
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time 

Figure la: Sketch illustrating trigger acceptance as a function of the time since the 
previous trigger in a synchronous system. In addition, the data acquired may be 
corrupted by rate. 
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- as a function of average time between events 

(physics or background) 

1.0 
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- & -
Some residual channel-by-channel 
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varies across sub-systems. 
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- & -
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(physics or 
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Figure 1b: Sketch illustrating the probability of acquiring a physics event uncorrupted 
by rate effects, as a function of the time since the previous event (physics or 
background) in an asynchronous system. 

An asynchronous trigger can be designed to be more robust against high background rates 
and to degrade gracefully. See Figure 2. We cannot guarantee the background rates with any 
certainty. 
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Rate of Uncorrupted Data Logged to Storage, 
at fixed Luminosity, as a function of 
Background Rate 

Fixed Luminosity Rate 

Rate of Background 
Figure 2: Sketch of the rates at which data are logged to tape or disk, for fixed 
luminosity, as the background rate is increased, comparing a synchronous and an 
asynchronous system. At some point, a synchronous system becomes dead-time 
limited, then saturated. An asynchronous design can survive a higher background. 

At SLAC, we think that the conservative approach is to provide an asynchronous trigger, which 
we think is more robust. 

4. Review of the SLAC Detector Components 
Moving from the Interaction Point outward, the SLAC detector design includes a Silicon 

Vertex Detector (SVD), a drift chamber, a particle identification system, a calorimeter, a 
conventional coil, and a muon system. The SLAC detector design does not yet include an 
intermediate tracker. Discussion on such a device proceeds on the physics merits, rather than on 
considerations of trigger implementation. The Drift Chamber will use a Low-Z gas, probably 
Helium with some C 0 2 and iso-Butane. Early discussions focussed on jet-cell designs, but a 
small-cell design now dominates. We expect that we can use FADCs and avoid TDCs. 

The SLAC detector design presently excludes Time-of-Flight for particle identification. A 
Time-of-Flight system is very advantageous for a trigger because it defines a narrow time 
window for all charged particles in its acceptance. We must deny participation in the trigger 
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process to the forms of particle identification considered so far by the Particle Identification 
Working Group in the SLAC Workshop, namely CRID and Aerogel. 

The calorimeter comprises towers of Cesium Iodide crystals instrumented with vacuum 
phototetrodes or Silicon photodiodes, followed by charge-sensitive amplifiers. The calorimeter 
instrumentation must support relatively modest occupancy, so we expect that more than one 
channel of peak-and-hold amplifier per Csl tower can provide asynchronous multi-hit capability. 
We expect a conventional coil to provide the magnetic field. We expect to instrument the flux 
return for muon identification and tracking. 

5. Approach Used in the Trigger Design at SLAC 
Two performance requirements drive the design. The first is that the performance of the 

trigger must not limit the effective luminosity of the accelerator. Project management sets as a 
goal minimum deadtime. The second is that the trigger must be fully efficient and redundant. In 
implementation, we strive for 
• graceful degradation in case backgrounds are greater (or different) than expected; 
• orthogonality of charged and neutral trigger at the lowest level; and 
• pipelined operation at the lowest level. 
We require, even in extremely adverse conditions, to take physics data at reduced rates and to 
study backgrounds, i.e., that the system degrade gracefully. A system that 'freezes up1 above 
some critical background rate we find unacceptable. Orthogonal triggers at the lowest level allow 
direct measurement of efficiencies and systematic effects of trigger acceptance. Pipelined 
operation at the lowest level de-couples the throughput rate from the latency. Longer latency (the 
time between receiving the input and forming the output) allows more powerful discrimination 
and a lower data rate to the next stage. Asynchronous pipelined operation eliminates system-wide 
data capture operations (clear, gate, reset, readout) as a bottleneck to throughput. A prominent 
specification is that the trigger be completely testable — that it support single-step diagnostic 
operation, and every internal register must support diagnostic read-write. 

6. Architectural Overview 
Figure 3 presents an overview of the SLAC design. Each sub-system is a source of raw data 

at the top. At the bottom, a farm of workstations is the destination of data. Level 1 of the trigger 
represents decision-making without resort to microprocessors, and no communication between 
sub-systems. Level 2 represents the part of the trigger that might well use microprocessors and 
spans sub-systems. 

In Level 1, the drift chamber and calorimeter trigger independently. The drift chamber 
identifies events with a set of tracks satisfying the following criteria: two or more tracks to half 
its outer radius or farther from the Level 1 fiducial volume; and one or more tracks to its outer 
radius from the Level 1 fiducial volume. We call this the "1.5 track" trigger. The Level I fiducial 
volume is a cylindrical tracking volume about the interaction point, coaxial with the drift 
chamber, with an outer radius about one tenth the inner radius of the drift chamber, and the same 
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extent in length (length 3 m, radius = 2 cm, probably larger than the beampipe). That is to say, 
we expect that tracks can be recognized and reconstructed to the precision commensurate with 
that volume without resort to microprocessors. The calorimeter identifies events with total energy 
above a threshold of a few GeV or a pattern of energy deposition consistent with two separated 
minimum-ionizing particles. Events identified by the drift chamber or calorimeter at Level 1 go to 
Level 2. Level 1 provides orthogonality of the charged and neutral triggers. 

7. Level 1 in the Drift Chamber (DCL1) 
In initial discussions, a jet-cell design for the drift chamber was the leading candidate, but a 

small-cell design was not ruled out. The Trigger Group saw jet-cells as superior based, on the 
reduced channel count (2000 channels of FADCs vs. 7000 channels of ADCs and 7000 channels 
of TDCs) and the difficulty of pipelining TDCs asynchronously. Figure 4 presents the front end 
of the jet-cell design. 

The Tracking Group recommended the small-cell geometry, citing lower wire tension and 
thinner endplates; better systematics; longer lifetimes; and lower per-channel occupancy. The 
groups arrived at a compromise — we shall attempt a design for a small-cell chamber using 7000 
channels of FADCs and associated logic. Figure 5 presents the compromise small-cell front-end 
design. The small cells are grouped into Super-Cells. Figure 6 presents a syntax diagram for the 
output from the Super-Cell. The DCL1 node receives messages from Super-Cells, identifies 
candidate tracks, and builds a preliminary track list. If the track list satisfies the "1.5 track" 
criterion, the list and its supporting data messages move to Level 2. 

track fragment message: 

. - f Supercell 1 ^ I leading-edge 
time-stamp 
(absolute) 

track segment message: 

_ ( Supercell 1 _̂ leading-edge 
time-stamp 
(absolute) 

Cell 
ID 

trailing-edge 
time-stamp 
(absolute) y 

trailing-edge 
time-stamp 
(absolute) 3 -

Figure 6: Syntax diagram for Messages from Super-Cell 
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8. Level 1 in the Calorimeter (CalLl) 
Figure 7 shows the front end of the Calorimeter trigger and data acquisition. The lowest-level 

components of the Calorimeter Level 1 trigger comprise groups of about 5 x 5 contiguous 
Cesium Iodide towers, or Supertowers. The number of participating elements is reduced from 
about 104 to about 400. The signal-to-noise ratio for a minimum-ionizing particle in a 
Supertower will still be about 80:1. To guarantee efficiency at the boundaries of Supertowers, 
we deploy two overlapping layers of Supertowers, as in Figure 8, requiring 800 participating 
elements. Each tower reports to one Supertower in each layer. Both layers report to the CalLl 
node. 

One Supertower of a 
layer (solid) 

One Supertower of 

One Supertower of a 
layer (solid) 

One Supertower of 

nominal ^_ One Supertower of a 
layer (solid) 
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Figura 8: Two overlapping tilings of Supertowers provide e fficie ncya 
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nd redundancy. 

The CalLl node spans both layers of Supertowers and identifies events with total energy 
above a threshold energy; or a pattern of energy deposition consistent with two separated 
particles of minimum-ionizing energy or greater. The threshold energy will be determined by 
accelerator backgrounds, and we expect it to be a few GeV. CalLl accepts about 3 kHz of 
cosmic rays. This is quite different from the KEK design which provides strong rejection of 
cosmics very early. The sampling envisaged here is sample-and-hold with a slow, high-precision 
ADC for digitization. A feature of the Supertower is that it provides a time-stamp which is useful 

121 even for minimum-ionizing particles' '. Let w(t) be the peak-normalized impulse response of the 
Supertower. Then A is the effective shaping time (of order 1 microsecond or less in Csl, with 
PMT readout). 

A 2==L 

f 
w2(t) dt 

(1) 

w2(t) dt 

Let 6 be the signal-to-noise ratio of a Supertower in response to some energy deposition. Then 
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the lower limit of the time resolution o t of one Supertower for a measurement with energy 
deposition © is 

* - £ . (2) 

Values of A, depending on doping of the Csl and the choice of vacuum phototetrodes or Silicon 
photodiodes, range from 300 ns to a few p.s. Evaluated for minimum-ionizing response, 6 = 
80, A = 1 |i.s, 0"t = 12.5 nanoseconds, or 3 beam-crossings. A time-stamp with resolution 
approaching this limit is very useful. The effective time resolution for CalLl improves with 
greater energy deposition, beginning with the other Supertower required for the two minimum-
ionizing criterion. 

9. Level 2 
The Level 2 trigger interrogates the SVD (and probably the muon system) and imposes a 

much smaller fiducial volume. Level 2 takes advantage of timing information in the drift chamber 
and the resolution of the SVD for more precise tracking. The Level 2 fiducial volume is again a 
cylindrical tracking volume about the interaction point, about 5 cm in length and 1 cm in radius. 
Level 2 resolves low-momentum looping tracking and identifies events that 1) have two charged 
tracks emerging from its fiducial volume, or 2) satisfy the total energy criterion. We have 
investigated the notion of a calorimetric veto in Level 2 to reject cosmics, and have determined 
that such a veto is deleterious to the tau physics. 

Level 2 manages the pre-scaling. We choose a set of event types that we can identify at Level 
2. Level 2 suppresses each event type by its pre-scaling rate using a random sampling method. 
Pre-scaled event types include Bhabha events and the beam-gas background to the 2-y physics. 
There are two reasons to identify Bhabhas at Level 2. The rate of Bhabhas into the detector 
acceptance, as high as 200 Hz, is large enough to provide a useful diagnostic to accelerator 
operations as an on-line measure of luminosity. Also, should the online data processing 
throughput be marginal, we can pre-scale Bhabhas. Pre-scaling would require tight cuts, 
whereas a measure of luminosity would use loose cuts. 

The dominant background to the 2-y physics comes from beam-gas interactions. We can 
identify those events that satisfy DCLl but fail Level 2 on the fiducial volume in z. A sample of 
this background is useful for making corrections. 

As with SVD designs for SSC, the SLAC B Factory SVD will be "smart" pixels or strips — 
each strip or pixel will generate a channel-level event when its analog voltage exceeds its 
threshold. Each channel event stores the analog peak locally and causes a record to be written at 
the chip level, comprising a time-stamp and a strip address or a row/column address. The time-
stamp may be content-addressable. Each strip or pixel exceeding threshold becomes insensitive 
for a few hundred nanoseconds, but the expected channel occupancy is low. 
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io. Fackgrounds 
The main backgrounds are lost particles, synchrotron radiation, beam-gas elastic scatters, and 

cosmics. The lost particle background arises from beam particles that interact with the residual 
gas atoms in the beam pipe far upstream, losing enough energy that they are lost from 

131 
containment and hit a mask or magnet near the detector '. 

Synchrotron radiation amounts to 100 kW near the detector. For the synchrotron radiation, 
the detector acceptance was calculated including ys scattering through mask tips, bend sources 
far upstream, and y s backscattered from masks downstream. The rate expected is less than 10 2 

per beam crossing into the drift chamber. This rate grows by a factor of about 2.5 if the inner
most quadrupole magnets are misaligned by 1 millimeter. The Super-Cells of DCLl reject this 
background of isolated hits in the drift chamber. CalLl rejects this background because its power 
spectrum lies below its thresholds. 

The lost particle background rate was calculated assuming 1 nTorr within ±30 meters of the 
IP, and 5 nTorr elsewhere. Sources within ±185 meters of the IP were included, using Decay 
Turtle and EGS. The soft ys are rejected by CalLl. The charged particles have low pt, and very 
few contribute to the "0.5" track at DCLl. Level 2 rejects them based on the fiducial volume. The 
calculations suggest acceptably low rates, but a full Monte Carlo is required. 

We expect beam-gas elastic scatters to pass DCLl at a few hundreds of Hertz, and Level 2 at 
a few tens of Hertz. We expect about 3 kHz of cosmic rays into the Calorimeter. A few hundreds 
of Hertz cross the fiducial volume of DCLl, and a few tens of Hertz cross the fiducial volume of 
Level 2. Some ten percent of cosmics produce a delta ray into the drift chamber, but very few of 
them pass the DCLl fiducial volume cut. As for cosmics that graze the Calorimeter and pass 
CalLl based on deposited energy, Level 2 can reject these readily if it has resort to the muon 
system. 
11. Further Work 

A complete and consistent design at a low level of detail will provide a behavioral 
specification for prototype electronics to be used in beam tests and cosmic ray tests. Clearly, this 
design requires sophisticated and rigorous simulation. See Figure 9. The inputs to the simulation 
are Monte Carlo events of the physics channels and the backgrounds. By increasing the 
simulated rates of backgrounds well above those expected, we challenge the design as we further 
determine the detai.' The goals of the simulation are to determine necessary buffer sizes, 
bandwidths of control and data paths, and latencies of the decision-making elements; to identify 
bottlenecks and failure modes; to verify graceful degradation; to compare busses (e.g., VME, 
VXI, Fastbus); and finally, to serve as a performance specification for production engineering. 
We expect to pursue this effort with available CAE software. 
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12. Comparison of Designs 
Figure 10 compares the KEK and SLAC designs in overview. Clearly, the KEK design is 

less complex, less expensive, and more familiar. It takes advantage of TOF information, which 
is prompt and powerful. Its robustness derives from the constraints that span detector sub
systems. The SLAC design is more of a design departure. The systematics in the KEK design 
are more difficult to understand if the backgrounds are high. The transition from a two-track 
requirement to three tracks depends on the backgrounds. The SLAC design is robust based on its 
redundancy. The orthogonality of the charged and neutral triggers in the SLAC design affords a 
direct measure of the efficiencies. The SLAC design should tolerate high backgrounds better. 
The SLAC detector design started with no TOF and no inner tracker, forcing the trigger design to 
be more complex, especially in the light of the tau and 2-y physics measurement goals. The 
KEK design included these elements from the beginning, considering the trigger problem. Both 
designs provide flexibility. 

13. Conclusions 
The KEK and SLAC designs for B Factory Trigger and Data Acquisition are different 

because the detector designs and physics goals are different. The design of an asynchronous 
pipelined trigger presents an initial challenge of complexity, but the effort pays off by de
coupling the throughput from the latency. The more powerful discrimination afforded by longer 
latency at Level 1 provides a lower input rate for Level 2. The KEK design is elegant, simpler, 
and well-matched to the KEK detector and physics goals. 
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Abstract 

A prototype system of the computer farm to be used in the KICK IJ-
factory was developed. The system was based on the event-by-eveiit parallel 
architecture. The handling of the event, data by each event processor was 
done through Fortran's HEAD/WRITE statements. The design and the 
performance of this system are presented. 

1 Introduction 
In the experiment at the proposed KEK B-factory[l], where the luminosity of 
10 3 , 1/cm 2sec is expected, the average trigger rate becomes about lOOIIz with a 
typical event size of lOKbytes. The required CPU power to process the data is 
estimated to be about 5000 MIPS for the online data reduction and 4000 MIPS 
for the offline analysis and the Monte Carlo simulations which cannot be achieved 
by a conventional main-frame computer. 

The most realistic way to obtain such a large CPU power is to distribute the 
event data to many computers and process them in parallel. Since the events are 
independent each other, the CPU power is expected to increase almost linearly to 
the number of computers. This mechanism is called the computer farm. 

In the B-factory experiment, the computer farm is expected to be used both 
in the online and offline environments. In the data acquisition system, the on
line event reconstruction is done on the computer farm to be used as the third 
level trigger system. In the offline analysis system, the computer farm is used as 
the computing server to provide a large computing power for the analysis in I he 
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distributed computing environment. Considering these usages of the farm, follow-
ings were required on the architecture of the computer farm: 1) the farm can be 
programmed using Fortran without taking special care for the event distribution 
mechanism, 2) the software compatibility can be kept with other computers in 
the distributed environment and with the existing software packages, and 3) the 
farm can be built using industrial-standard products. 

Conditionsl and 2 are common requirements for the computers used in the 
high energy physics society. To satisfy these requirements, we designed the farm 
so that the event handling on each processor could be done through Fortran's 
READ/WRITE statements. By doing this, the software compatibility with other 
computers is completely kept at the Fortran level. In addition, no special care for 
the event handling mechanism is necessary to write an application program for 
the farm. 

The requirement 3 is to avoid the hardware development which takes very long 
time. Since many high-performance hardware products are commercially available 
today, it is better to build the computer farm by using these products other than 
by making the hardware by ourselves. The same policy wa.s adopted also for the 
software development system. 

The prototype system was designed and built so as i.o satisfy these require
ments. The detail of the design and the performance are given in the following 
sections. 

2 Architecture 
Fig. 1 shows the hardware architecture of the prototype system. The system is 
equipped in a standard double-height VME crate. In the crate, three types of 
VME modules are installed. 

The first is the control processor. The processor is a Motorola MVME-147 
which is a MC68030-based computer with a 4MB memory. This processor con
trols the entire system and communicates with the host computer system through 
Ethernet using the TCP/ IP protocol. The control processor is operated under 
VxWorks[2] which is a multi-task kernel compatible with UNIX. 

The second is a couple of event processor modules. A Motorola MVMH-188 
was employed for an event processor module. A module is equipped with four 
MC88100 RISC processors running at a 25MHz clock. In the module, a fil.MB 
memory is shared by four processors through eight, cache and memory management 
units (CMMU, M088200). The event processors are operated without any system 
software except for the bootstrap-ROM. 

The third is the VME/Ohannel interface (AUSOOM 8400). The interface 
connects the VME system to the I/O channel of a FAOOM main-frame computer. 
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The data processed on event processors are sent to FACOM via this interface. 
Two host systems are connected to the control processor via Ethernet. One 

is a Data General AViiON workstation which has the same CPU chip as that 
of the event processor. This system is used to develop the software on the event 
processor. The other is a SONY NEWS workstation. The programs on the control 
processor are written on this workstation and downloaded using the VxVVorks' 
object loader. Both of these host systems are operated under the UNIX operating 
system. 

3 Mechanism of event distribution 
In an usual computer system, actual accesses to input/output devices by Fortran's 
READ/WRITE statements are done by the kernel of the operating system. When 
a READ or WRITE statement is executed in the application program, a kernel 
call is issued to request the service of the kernel. This is shown in Fig. 2-a). 

In the prototype system, we extended this kernel-call mechanism to multiple 
event processors as shown in Fig. 2-b) in order to realize the event distribution 
through Fortran's READ/WRITE statements. In the prototype system, the ker
nel calls are handled by the "kernel emulator" resident on each event processor. 
The kernel emulator does not process I/O requests by itself. Instead, it issues ser
vice requests to the I/O server program running on the control processor through 
VME bus. The I/O requests from all event processors are centralized to the I/O 
server and collectively processed. Using this scheme, the I/O server can distribute 
the event data to event processors and collect the results backward through For
tran's READ/WRITE statements executed on each event processor. 

The kernel emulator was written to be compatible with the BCS[3] which 
defines the standard kernel call sequence for a Motorola MC88100. Since the 
executable code produced on the host workstation (Data General AViiON) is 
compatible with this standard, the event processor can directly execute the exe
cutable code of the host workstation without re-linking any libraries. This feature 
is a great advantage for the debugging purpose since the application program for 
the computer farm can be completely tested on the host workstation even down 
to the assembler level using UNIX's sophisticated debugging tools. 

The software compatibility between the main-frame and the host workstation 
can be maintained at the Fortran source level since the Fortran compiler on the 
workstation is a super-set of the main-frame's compiler. Therefore, the software 
compatibility among the computer farm, the host workstation and the main-frame 
can be completely kept at the Fortran level. 
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4 Softwares 
The software for the prototype system consists of two parts. One is the software 
to process the various I/O requests from event processors. The other is to control 
the computer farm from the host workstation. The relations among individual 
programs for the prototype system are shown in Fig. 3. All the software were 
written based on the server-client model. 

4.1 I /O server 
As described in the previous section, the input and output (I/O) of event proces
sors are collectively processed by the I/O server program running on the control 
processor. The I/O server accepts service requests from event processors. The 
service request to the 1/0 server (called the server call) is implemented based on 
the flag poling between the control processor and each event processor on VME 
bus. The protocol of the flag poling was designed so that the number of accesses 
to VME bus could be minimized. 

The scrvei' calls can be categorized in three types. The first is the requests 
for the terminal I/O such as the Fortran HEAD from logical unit 5 and WHITE 
on unit 6'. The I/O server processes the terminal I/O using the virtual terminal 
mechanism. The terminal emulator program running on the host workstation 
(called the virtual terminal) is connected to the I/O server through Ethernet 
using the UNIX's socket mechanism. When terminal I/O requests are issued by 
an event processor, the I/O server redirects the requests to ihe virtual terminal 
through the socket. Multiple virtual terminals can be connected to the I/O server 
so that each virtual terminal can act as an individual terminal of each event 
processor. If no virtual terminals are connected, the I/O requests are redirected 
to the console of the control processor. 

The secu>H is the requests for the file I/O. The I/O server supports following 
accesses to files through Fortran's READ/WRITE statements: 

1. shared read from a file by multiple event processors, 

2. event-by-event read from a file by multiple event processors, 

3. write on separate files corresponding to each event processor, 

4. event-by-event write on single file by multiple event processors. 

The modes 2 and 4 are the heart of the functions of the 1/0 server since they 
provide the actual event distribution mechanism. For these modes, the file-lock 
mechanism is installed to disable the file accesses by other processors while an 
event processor is reading or writing an event on the file. The file lock/unlock is 
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automatically done for each Fortran record. For multiple record accesses by an 
event processor, the fcntl kernel call can be used to lock the file. 

The accessible file devices are NFS disks mounted using VxWorks' NFS facility 
and the disks of the FAOOM main-frame through the VME/channel interface. 
The maximum transfer rate to NFS disks was about 50KB/sec while the rate to 
the FACOM devices was about 450 KB/sec. The actual I/O processing for these 
devices is done by individual server programs of these devices. The data transfer 
between the I/O server and these server programs is done by the buffer queueing 
method. Therefore the accesses to the devices are done asynchronously with the 
read/write operations to the I/O server by event processors. 

The third is the requests for the histogram operations. The histogram opera
tions are handled by the histogram server running on the control processor. The 
request to the histogram server from event processors is issued through the I/O 
server by the ioctl kernel call with a special function code. When an application 
program is executed on the prototype system, histograms are cumulated in the 
histogram buffer of each event processor separately. When a "save histogram" re
quest is issued from the event processors by the ioctl call, (he histogram buffers on 
event processors are collected by the histogram server and sent lo the host worksta
tion through Ethernet or to the FACOM main-frame through the VMF,/('liamiel 
interface. The "'save histogram" request can be issued from the host workstation 
also. 

4.2 System Control 
To control the prototype system from the host workstation, two sets of programs 
were developed. One is the programs to download the executable image from the 
host workstation to event processors. The executable image is stored in the disk of 
the host workstation as a COFF[l] file. The downloadcr program invoked on the 
host workstation analyzes the file and sends the contents to the control processor 
through Ethernet. The download-servcr running on the control processor receives 
the data stream from Ethernet and writes the data to the memories of event 
processors. 

The other is programs to control the execution of the downloaded image. Since 
no operating systems are installed on event processors, a set of small programs 
(called the task monitor) to control the execution of the application program are 
loaded to the event processors during the system initialization. The control of 
the task monitor can be done from the host workstation by the commander and 
the command-server programs. The commander program invoked on the host 
workstation accepts a command string and send it to the command-server on the 
control processor through Ethernet. The command-server parse the command 
string and invokes the appropriate function of the task monitor. Using this mcch-
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anism, various functions of the task monitor other than the execution control, 
such as the initialization of the event processors or the report of the processor 
status, can also be done from the host workstation. 

5 Performance 
The performance of the prototype system was tested by running the bund Monte 
Carlo (JETSET 6.3)[5]. The prototype system was operated with 2 event pro
cessor modules where eight MCS8100 CPU's are used to process data. The- per
formance was estimated by measuring the elapsed time to process 5000 events. 
The elapsed time was measured for cases with and without the data output on the 
disk. When the data output is turned on, the average event size is about 5Kbytes. 
The performances of a main-frame computer (FACOM M-780) and a VAX-11/780 
were also measured as the references using the same Fortran program. 

Fig. 4-a) shows the results without the disk output. The performance is 
shown in the unit normalized to the performance of a VAX-1 1/780 (called VAX 
equivalent). As seen, the prototype system achieved a performance of 72.(i VAX 
equivalent which is about 1.0 times of main-frame's performance. 

The performance with the disk output is shown in fig. l b ) . Two types of 
disks were tested for the prototype system. One was the disk of the main-frame 
computer where the data were transferred through the VME/Channel interface. 
The second was the disk of host workstation mounted by NFS through Ethernet. 
To evaluate the overhead of the data transfer between the computer farm and the 
disk, the performance to the dummy disk where the actual data transfer was not 
done was also measured. As seen from the figure, the performances for the main
frame disk and for the dummy disk are almost the same ( ~ 80 VAX equivalent). 
This means the overhead of the data transfer through the VME/ehanuel interface 
is negligible. On the other hand, the performance is observed to deteriorate to 
10.7 VAX equivalent when the NFS disk is used. In this case, the performance is 
bounded by the data transfer rate to the NFS disk. 

6 Conclusion 
We developed a prototype of the computer r-irm for the KEK I J-factory experi
ment. The system software of the prototype \wis made and tested. The software 
includes the event distribution mechanism using Fortran READ/WRITE state
ments and the control scheme from the host workstation. The performance of 
the prototype was studied using the Lund Monte Carlo program. The prototype 
system achieved the performance of about 80 VAX equivalent when operated with 
eight MCSS110 CPU's (25MHz). From the test of the system, the computer farm 
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based on the event-by-event parallel processing architecture was proved to be 
realistic to obtain a big computing power required in the B-factory experiment. 
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Abstract 

Requirements for offline computing for the KEK B-Factory are discussed and 

then a model for the offline computing system is presented. 
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Offline Comput ing for the KEK B-Factory 

1. Introduction 

In the proposed B-factory the event rate is high (two orders of magnitude 

larger than the TRISTAN experiments) and the large fraction of triggered events 

are useful for physics analysis, which is quite different from the situation at the 

usual e + e _ experiments. These characteristics demand more powerful computing 

system than the presently used one for the TRISTAN experiments. First we esti

mate the event rate, event size, requirements for the CPU power, the data storage 

and the data transfer rate in case of the maximum luminosity of 1 0 ' H / c n , 2 / s o c 

( = 10nb~'/sec) since it demands the heaviest computing load. Then we present 

a model for the computing system which meets such requirements. 

2. Event Rates 

At the center of mass energy on the mass of the T(4S), the total cross sections 

for various physical processes are listed in Table 1. In this table e + e ~ --» 77 

process is not included since it will not be triggered. The Bhabha cross section 

was calculated for the angular acceptance of 0|ai, > 17°. It should be prescaled by 

factor 1/100 because it is not important to accumulate a.s many as 10 8 Bhabha. 

events per year. The yield of the two photon initiated events is very sensitive to 

the variation of the trigger condition and we adjust the trigger condition so as 

to obtain a cross section of 1 nb. Accordingly the total cross section for physics 
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to obtain a cross section of 1 nb. Accordingly the total cross section for physics 

events is given by 7 nb which results in the 70 Hz event rate for the physics events. 

The cosmic ray background is estimated to be about 20 events per second. The 

rate of background events associated with the beam, which is mostly caused by 

spent, electrons, depends much on the vacuum and the operating condition of the 

accelerator, and is hard to estimate. However, comparing with the TRISTAN 

accelerator, the ratio of the vacuum and the beam current almost cancels, and 

the rate will not, be larger than 20 - 30 per second. Adding all these up, the 

expected trigger rate will be about 100 Hz. It is to be noted that M. Ynniauchi 

assumed 200 Hz trigger rate for designing the data acquisition system for safety. 

Table 1. Total cross sect ions for various physics processes 
at ^ = 10.58 G e V 

Physics process Cross section (nb) 

Hadron production from Upsilon(4s) 

Hadron production from the continuum 

/ / + / < _ , T + T~ 

Bhabha scattering (0 | a h > 17") 

Two photon processes 

1.2 

2.8 

1.6 

44 

1 

Total 

(Bhabha cross section is scaled do»vn by factor 1/100) 

7 

- -1% -



3. Event Size 

The data size of a typical event was estimated based on hndronic events. 

The size depends on the detector design and background hits due to synchrotron 

radiation as well as spent electrons. The estimated event size for each proposed 

detector component without background hits is summarized in Table 2. The total 

event size is about 10 kB. The background hits due to synchrotron radiation and 

spent electrons was calculated using Monte Carlo techniques based on the pro

posed design of the interaction region and found to be negligibly small. However, 

the actual background hits might be much larger according to the experiences of 

the TRISTAN experiments and so for safety we assumed that the total event size 

including background hits is three times of that without background hits. Thus 

the total event size is about 30 kB. 

After an event reconstruction analysis is made the size of an event in full-DST 

datasets which include the hit data, becomes double due to inclusion of analysis 

results. By "event reconstruction" we mean that the data of all the detector 

components are analyzed to reconstruct all tracks in the event and assignment 

of the particle type to all tracks is performed. On the other hand more than 

2/3 of the background hits may be removed from the DST datasets. Thus the 

size of an event in the full-DST datasets is almost the same as that of raw data.. 

In order to make an quick analysis of particular physics events we adopt inini-

DST datasets which contain only information such as four momentum vectors of 

particles, error matrix of them, and particle ID and so on. The event size of a 

mini-DST is estimated to be about 2 kB. 
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Table 2. Event size without background hits 

Detector component event size (kB/eveut) 

Silicon vertex detector 

Inner drift chamber 

Central drift chamber 

RICH 

T O F counter 

Shower counter 

Muon Chamber 

others 

1 

1 

3 

2 

0.5 

2 

0.2 

0.5 

total 10 

4. CPU Power 

We estimate the required CPU power for reconstructing an event at the B 

factory experiment based on the experiences of the AMY experiment, at TRIS

TAN. 

The CPU time to perform an event reconstruction analysis of the hadronic 

events of AMY is dominated by that needed for pattern recognition in the central 

cylindrical drift chamber of conventional type. It depends on the number of 

charged particles in the tracking system and the number of layers of the chamber. 

The central tracking system of the B-factory is similar to the AMY system and 

both detectors have similar number of layers. The average number of charged 

particles of hadronic events are also similar for both cases. 10 for B-factory and 

13 for AMY. Therefore it is reasonable to assume that the CPU time needed for 

an event reconstruction analysis at the B-factory is equal to that at the AMY 

detector. At the AMY detector it takes 2 seconds to analyze one hadronic event 

for 25 MIPS (Million Instruction Per Second) CPU. So it implies approximately 

50 MIPS CPU power requirement for analyzing one event per second at. the 
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B-factory. 

We perform an event reconstruction analysis on an online computing system 

in order to reject background events, remove background hits, and make full-

and mini-DST datasets. Such an online full analysis allows us to save the time 

for reading the raw data from a mass storage device and writing the resisting 

DST datasets in the mass storage device, again. Since the event rate for the raw 

data at the B-factory is 100 Hz we need 5000 MIPS CPU power for the online 

computing system in order to keep up with the data. 

If we assume that a calendar year of data-taking is equal to 10' seconds, we 

accumulate 10° (7 x 10 8) events for the 100 (70) Hz event rate per year. 

Monte Carlo simulation of a hadronic event at the B-factory takes about 5 

seconds for 25 MIPS CPU. Since we carry out Monte Carlo simulation at the 

one order smaller rate than the real data processing it requires about 1000 MIPS 

CPU power. In addition to the full simulation we will perform fast simulation. 

It takes about 1/100 second per event for 25 MIPS CPU and fast simulation of 

3 x 10 8 (three times the number of Upsilon(4s) events per year) within one hour 

requires about 2000 MIPS CPU power. Various physics analyses require 1000 

MIPS CPU. The sum of the CPU power needed for these offline analyses is 4000 

MIPS. 

According to the experiences of e + e ~ experiments we expect to have a case 

where we have to re-analyze the whole full-DST data taken in a certain data-

taking period. The rate of such a re-processing is expected to be at most once 

a year. We want to complete the re-processing of 3.5 x 10 8 events within two 

months, where those events correspond to a half calendar year of data-taking. 

It implies 3300 MIPS CPU power requirement. Since such a re-processing will 

not be demanded usually we assume to stop the other offline analyses except for 

physics analysis during the re-processing. As a result the total CPU power of 

about 4000 MIPS is required for offline analysis. The required CPU power is 

summarized in Table.3. 
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Table 3 . C P U power 

Process Required CPU power (MIPS) 

Online analysis Event reconstruction 

total 

5000 

5000 

Offline analysis Physics analysis 

Fidl simulation 

Fast simulation 

total 

1000 

1000 

2000 

4000 

Total 9000 

5. Data Storage 

As mentioned before we accumulate 10 9 events per year for the 100 Hz event 

rate for the raw data. Thus for the 30 kB event size we accumulate 30 TB raw 

data, in a year. 

• However, we intend to perform an online event reconstruction analysis and 

store full-DST datasets which include only physics events without background 

hits as well as mini-DST datasets in a mass storage device. Since we accumulate 

7 x 10 8 DST events per year we need 20 TB and 1 TB storage space per year for 

full-DST and mini-DST da.ta.sets, respectively. 

We will produce only one order smaller number of Monte Carlo events than 

the real events. The size of a Monte Carlo event is about twice that of a real 

event. Thus the storage requirement for the Monte Carlo events is about 5 TB. 

Various analysis results require an additional data storage of 1 TB. By including 

1 TB for others in total 30 TB data storage per year is required. 

The required data storage is summarized in Table 4. 
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Table 4 . Data storage 

Data categories Storage space (TB) per year 

DST data 

Mini-DST data 

Monte Carlo data 

Others 

20 

1 

5 

1 

Total ~ 30 

6. Data Transfer Rate 

The average transfer rate of the full-DST data from the online computing 

system to the offline computing system is about 2 MD/sec. This is achievable 

using the VME to channel interface. 

As mentioned in the previous section we want to complete re-processing of 

3.5 x 10 8 events within two months so that it implies requirement of 4 MB/sec 

speed for reading or writing the data. • 

7. A Model for the Computing System 

As described before the required CPU power for the B-Factory is extremely 

large (~5000 MIPS for the online analysis, ~4000 MIPS for the offline analysis) 

which cannot be achieved by a main-frame computer. One realistic solution to 

obtain such a large CPU power is to process the data in parallel. Since the data, 

from the detector are divided into "events" and the "events" are independent 

of each other, each "event" can be processed by a separate computer. If we 

have a mechanism to distribute the events to many computers and to collect the 

results afterward, a large CPU power can be obtained by increasing the number 

of computers. This mechanism is called the "computer farm." The details of the 

"computer farm" is reported by It. Itoh. 
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By making use of the idea of the computer farm a model for the computing 

system for the B-factory is constructed as shown in Fig.l. 

Immediately after an event is built it is analyzed on an online computing 

system, then the resulting full- and min-DST datasets are transferred to a main 

frame computer. At the main frame computer the DST datasets are stored in a 

mass storage device. Standard physics analyses are made by using the mini-DST 

datasets. 

The computer farm is used in both the data acquisition and offline data 

analysis. In the data acquisition stage, the farm is connected to the online VME 

crate and used for the event-reconstruction of the raw data. The reconstructed 

events are transferred co the main-frame computer and written to the mass-

storage device. In the offline stage, the farm will provide the major CPU power 

for the physics analysis and the Monte Carlo simulation. Those jobs which do 

not require huge CPU power are carried out using unix workstations or the main

frame computer. 

Changing of computing system from that based on the main-frame to that 

based on unix workstation will not be completed within several years. So we 

expect that there will be two types of users. One type of users still write analysis 

programs on the main-frame and use the computer farm as a batch machine. 

The other type of users write programs on unix workstations and use the farm as 

the computing server in the network system. We plan to develop a user interface 

between unix workstations (the main-frame computer) and the computer farm 

which allows us to use the computer farm in a manner as mentioned above. 
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Computing for B-factory 

a) Online Event Reconstruction 

Computer farm 30 TB / year 

VME crate 
for 

Data Acq. 
Parallel 

Processor 

100 
events/sec VME TAXI 

(~3MB/sec) 

VME Channel 
l/F 

(~2MB/sec) 

2 MB/sec 

b) Offline Analysis / Monte Carlo 

Termials I T * * * . 

Mainframe Computer 

VME/Channel l/F 

Ethernet 
Network 

I 
v- Parallel" 
Processor 

I 
tape 

Parallel 
Processor 

~4 MB/sec 

Computer farm 

Gateway 
WS: UNIX workstation 

*" University Computers 

Fig .1 The computing system for KEK B-Factory 
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8. Mass Storage Device 

Now we discuss on a possible mass storage device which meets our require

ments. 

i) V H S cartridge tape 

VHS cartridge tape T-120 supplied by METRUM Corp. has storage capacity 

of 10 GB per tape and I /O speed of 4 MB/sec. In order to obtain 30 TB capacity 

we need to have a robot system which has 3000 tapes, or n Robot systems which 

have 3000/n tapes. Such a robot system seems to be feasible to be made because 

we are successfully using a similar robot system of FACOM FC453 for TRISTAN 

experiments. One robot system of FG453 has 8 drives and holds 2387 VHS 

cartridge tapes of 280 MB storage per tape anil 4 robot systems are being used 

now. So this is a good candidate for the mass storage of the B-Factory. 

ii) 8 m m cartridge tape E X B - 8 5 0 0 

The Exabyte Corp. is planning to increase the storage space per tape by 

factor about 5 using "data compression" technique. As a result one EXB-8500 

cartridge tape can store 25 GB with compression (5 GB without compression). 

The speed of data I /O is also improved from 0.5 MB/sec to 2.5 MB/sec. Also 

improved is the speed of high speed search from 37.5 MB/sec to 187.5 MB/sec. 

If we use a cartridge handling subsystem EXB-120 which has 116 tapes we can 

store 2.9 TB data and control I /O of them automatically. The storage capacity 

of 30 TB data per year can be satisfied by using 10 sets of EXB-120. So this is 

also a good candidate. It is to be noted, however, that the factor 5 gained by 

"data compression" depends on how dense the data are usually stored on a tape 

and the actual value of the factor is somehow ambiguous until a test using our 

data will be made. 

iii) Optical t a p e 

Optical tape with 50 GB/ tape capacity and 2 MB/sec I /O speed is under 

development by the Collaboration between Imperial Chemical Industry Corp. 
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and Laser tape Corp. They are also planning to make" a robot system using 

optical tape which is similar to IBM-34S0 except for the media of tapes. If it will 

be available it will be also a good candidate. 

iv) Cassete type digital tape recorder DR-1000 

SONY has recently developed a high speed (32 MB/sec) and large capacity 

casscte type digital tape recorder DR-1000. This recorder has only one video 

cassete tape. Three kinds of cassette tapes S, M and L types are available. The 

capacity and size of the larger ones, M (L) are 40 (100) GB/tape and 25x 15x3cm 

( 37 X 21 X 3cm), respectively . Although the high speed of I /O is very attractive, 

but the capacity of DR-1000 is not sufficient. So we certainly need a robot system, 

but it is not available now for purpose of recording of computer data. 

9. Summary 

The data analysis at the B-fact.ory requires significant CPU power, 9000 

MIPS, which is two orders of magnitude larger than the TRISTAN computing 

power (about 100 MIPS). It also requires huge mass-storage space. 30 TB per 

year, which is one order of magnitude larger than the TRISTAN storage space 

(2.5 TB). The large CPU power can be achieved by using computer farm. There 

are several candidates for the mass-storage device which meet tin- requirements 

of 30 TB/year capacity and 4 MB/sec I/O speed. We proposed to perform an 

event reconstruction analysis using an online computer farm and transfer only 

DST datasets to the mainframe computer where the data are stored in a mass-

storage device. 

Major CPU power for offline analysis is provided by the offline computer 

farm connected to the mainframe computer or workstations. One can use the 

computer farm as a batch machine (for mainframe users) or a computing server 

(workstation users). 

Finally we list up the summary for computing of B-factory in Table 5. 
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Table 5. Summary of Computing for the KEK B-Factory 

Event rate Raw data 

Full-DST data 

100 kHz 

70 kHz 

Event size Raw data without background hits 

Raw data with background hits 

Full-DST data 

Mini-DST data 

10 kB 

30 kB 

30 kB 

2 kB 

Data size Full-DST data 

Mini-DST data 

Monte Carlo data 

Physics analysis 

Total 

20 TB/year 

1 TB/year 

5 TB/year 

o TB/year 

30 TB/year 

CPU power Online analysis 

Offline analysis 

total 

5000 MIPS 

4000 MIPS 

0000 MIPS 

Transfer rate 

I /O speed 

Online DST data 

Mass-storage device 

2 MB/sec 

4 MB/s<r 
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Ambitious Possibilities for the 
B-Factory Detector 

T. Kamae 
Dept. of Physics, Univ. of Tokyo 

Bunkyo-ku, Tokyo, Japan 113 

Presented in KEK B-Factory Workshop (April 15-18, 1991) 

Abstract 

The experiment at the proposed asymmetric B-factory may well be the last 
chance to study the CP-noninvariance and KM-matrix. Be ambitious. We 
should take advantage of all new technologies now available, build an ambi
tious detector, and siphon up all information from the cxeriment. One such 
ambitious possibility is detection of AVs in various B-decays, in particular in 
the ^>KL decays. 

1 Needs for an Ambitious Detector 
I think it is imperative that the detector we are going to build remains the best-
in-the-world over 10 years. Only then top accelerator physicists will consider 
it worthwhile to devote their lives in attaining the ultimate luminosity L ~ 
10 3 4 . Only then KEK will be able attract ambitious students and physicists 
and stay in the forefront in the experimental particle physics. 

One may think 10 years too long, but several collider detectors stayed not 
only alive but also competitive through their 10 years' life. Of course many 
small improvements will be needed. The detector to be built must keep shining 
10-15 years from now. 

Here I will use the detector designed by the KEK Task Force and summa
rized in Fig.l as the basis. For details of this design, readers are referred to 
the Report by the KEK B Physics Task Force [1]. 

• Interesting events are rarely produced: 
Take the gold-plated CP-eigenstate decay events (B° —» ifrKs) as an 
eaxample. The number of events we finally get will be very small as 
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shown in Table 1. This is unfortunate but true for all interesting chan
nels. The detector design is dominated by this fact: we need to make 
use of as many decay channels as possible in extracting the physics out
come, and, keep the detection, reconstruction, and tagging efficiencies 
as close to unity as possible. 

Tab le 1 : C P A s y m m e t r y M e a s u r e m e n t in 5 ° —»ipKs [1] 

Factors dictated by physics: 
e + e~ —» T(45) production [nb] 1.15 
T(4S) -* B°B° branching fraction 0.5 
B\ —• ipKs —» l+£~n+ir~ branching fraction 3.9 x lO" 5 

CP-noninvariance parameter (si^fa) 0.91 - 0 . 1 6 
Experimental factors: 
B\ reconstruction efficiency 0.61 (-» 1.0) 
B2 tagging efficiency 0.42 (-» 1.0) 
Fraction of wrong tagging 0.09 (-» 0.0) 
Dilution factor 0.53 

• Limitations set by missing neutral particles: 7r°, KL, U etc. 
Here J take an exclusive channel used to measure Vfcu, B —» iclv as 
an example. Undetected 7r° will be by far mosl frequent and thus will 
have detrimental effects in reconstructing events exclusively. Even with 
a state-of-the-art EM calorimeter, identification of n° by the missing 
mass will not be easy. The best we can do is to reduce the number of 
undetected x° by making the EM calorimeter as hermetic as possible. 

It will not be unrealistic, however, to ask; can't we identify Ki by miss
ing mass ? I will later show that this is possible. If we succeed in 
making use of the missing mass in selecting events with KL, we can 
use the smallness of the missing mass in reducing background to the 
leptonic decays where a v is missing. 

• Higher luminosity may produce some unwanted effects. 
The effects I am concerned about are the radiation damage to the 
CsI(Tl) calorimeter and the accidental coincidence of low energy gam
mas. Is CsI(Tl) a safe choice in the forward directions ? 

I worry that accidental low energy gammas within the long decay time 
of the scintillation light and the afterglow both inherent to CsI(Tl) will 
eventually limit the the exclusive reconstruction of events with 7r°, the 
Ki, detection discussed below, and the use of the missing mass discussed 
above. 
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2 Hardware Elements Needing Improvements 
Because of the time limitation, I confine myself to the following hardwares. 
The "new" technology I suggest here are mostly not very new and the "am
bitious" design or performance I set as the goals are mostly not ambitious if 
I compare them with those described in the SSC detector proposals. 

2.1 EM calorimeter 
• Hermeticity and solid angle coverage can be improved: 

Merit of having a wider solid-angle coverage is depicted in Fig.2 for 
B° —» all decays taken from the study by R. Enomoto [2]. Here I 
assumed 7T* and K* are separated. If the EM calorimeter coverage 
extend to 6 — lOdeg (0 = 0: the direction of the 8GeV electron beam), 
the yield almost doubles. Things to overcome are the radiation damage 
and the chance coincidence in the forward units. 

• Energy resolution can be improved beyond CLKO-II: 
The merit of having a better energy resolution is again undisputable. 
Let me take D —» A"_7r+7r° decays studied by K. Tamai as an example 
(Fig.3) [2J. With reducing the resolution in half to attain the CLEO-il 
resolution, the reconstruction efficiency improves by an order of mag
nitude at a fixed S/N of eg. 0.3. Fig.4 shows contribution of the mea
surement error of one charged pion momenta and one gamma energy to 
the reconstructed B mass in average [2]. To match improved position 
resolution attained in recent collider wire trackers (~ 50/im), the EM 
energy resolution needs to be reduced substantially. 

I took the CLEO-II design (CsI(Tl) with photodiodes) as an example 
and examined the factors critical to the energy resolution: uniformity 
of light yield; shower leakage; electronic noise; and radiation damage. 

— Uniformity of light yield: I went through the log book Horiba kept 
when they produced the CLEO-II crystals and found the following 
facts. If we take the best 20cm out of the full lenght (30cm), 94% of 
accepted crystals recorded light yield uniformity better than 1.5% 
(3.0% required for CLEO-II). If highly transparent crystals such as 
BGO and GSO (see Table 2) can be used, a better uniformity may 
be attained. I believe by growing a slightly longer crystal we can 
double the crystal uniformity from what achieved by the CLEO-II 
detectors. 
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Table 2; High Light-Yield Inorganic Scintil lators [3] 
Nal(TZ) CsI(T/) GSO(Ce) BGO 

Density (gem 3 ) 3.67 4.51 6.71 7.13 
Index refr. 1.85 1.80 1.85 2.15 
\*ak (nm) ~410 530~580 430 480 
Ph.(10 4 /MeV) 3.8 5.2 1.7 0.82 
QEav„aBt (%) PMT 24 8.2 20 15.1 
QEavcrasc (%) PD 49 69 55 62 
Decay time (ns) 230 ~1000 60 300 
Att. l.(cm)@500keV 2.86 2.24 1.39 1.01 
Rad. length (cm) 2.59 1.85 1.38 1.12 
Hydroscopic ? yes little no no 

PMT is Hamamatsu R1847-05 and PD is Hamamatsu S3204-05. 

Shower leakage: Fluctuation in the shower leakage begin to dom 
inate the energy resolution in the higher energies. For 2GeV 7's, 
about 4.5% of energy leaks out of I6X0 (~ 30cm) Csl. The fluc
tuation in the leakage account for about a ~ 1.5%. I asked H. 
Hayashii to find correlation between the leakage (out of 12X 0) and 
the ratio of the energy deposits in the first and the second half of 
CsI(Tl) (Fig.5). If we correct for the leakgc by the measured ratio, 
we can substantially reduce the energy resolution (Fig.6). This 
technique should work in reducing the leakage contribution to the 
energy resolution down to a < 1.0%. 

Electronic noise: My group has been working with Hamamatsu to 
develope a large low-noise photodiode (Fig.7) [4]. The work is con
tinuing and I am almost certain that the CsI(Tl)-photodiode com
bination will surpass the CsI(Tl)-phototube combination down to 
0.5MeV within a few years. Then the rms noise of the photodiode 
and preamplifier will be roughly 30keV if all scintillation light is 
collected to the photodiode. This means firstly that the threshhold 
can be set as low as a few MeV and that the electronic noise will 
contribute only a negligible amount above lOOMeV. 
With the improved photodiode expected in near future BGO and 
GSO can be readout by photodiode with a reasonable energy reso
lution event around a few lOOMeV comparable with what has been 
achieved by CLEO-II. 

Radiation damage: It is not an easy to make a guess on the ra
diation the forward calorimeter units may get over 10 years of 
accelerator operation with 1.1A (8GeV) and 2.6A (3GeV) in the 
two rings. I assume here a few krad will be absorbed by the hottest 
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crystals [1]. The most important fact about CsI(Tl) and Nal(Tl) is 
that they suffer radiation damage propotionally to the integrated 
dose and at 1 krad the crystal uniformity will be untolerable (see 
Fig.8) [5]. The oxide scintillators such as BGO and GSO (Table 
2), the crystals recover naturally by molecular thermal motion [6] 
[7]. So at the radiation level of the B-factory, the damage will not 
accumulate (see Fig.9) [6] [7]. GSO in particular is known to be 
least susceptive to radiation [7] [8]. If we shoot for an energy reso
lution better than that of CLEO-II, CsI(Tl) is not a safe choice at 
least in the forward direction. 

Again the job will not be easy but a substantial improvement can be 
done and should be done. Summarizing what has been stated above, we 
should be able to realize the overall energy resolution shown in Fig.10 
with CsI(Tl), GSO, and BGO. 

• Kj, interacted in the EM calorimeter can be delected. If the threshold 
of the EM calorimeter can be lowered to 10-20Mr. V, the nuclear interac
tions Ki makes in the EM calorimeter can be detected with an efficiency 
better than 50% in the momentum range relevant to the B-factory ex
periments. This will certainly double the number of interesting events. 
Besides the number-doubling, this will open up many new experimen
tal possibilities: the rjiKs vs. ipKj, comparison will make experimental 
analysis less dependent on detector effects. If statistics improves not 
only CP-noninvariance but CPT-noninvariancc etc. can also be stud
ied. 

2.2 Muon Detector 
The last item in the previous subsection made me to rethink of the muon de
tector design. If the KL interaction in the EM calorimeter is detectable, that 
in the steel filter should be detectable too with a proper chamber arrange
ments. H. Sagawa carried out a simple MC simulation for me using Geisha 
(Fig . l l ) . If we make the first 2 steel layers 5cm thick, additional 12% of Kj, 
can be detected bringing the total detection efficiency to higher than 70% at 
2GeV/c. 

As will be discussed briefly later, accurate knowledge on the position is 
very important in reducing background events. So each gap needs to be filled 
by at least 2 layers of chambers. 
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2.3 TOF Counter and Rich Detector 
The present configuration of the TOF counter and the RICH detector pro
duces a wide gap in the EM calorimeter arrangement [1]. Excessive material 
in the gap region will also make the energy resolution worse. I think we should 
study further for a better TOF/RICH/EM-cal configuration. 

3 M C Studies on ^KL Events 
Although KL can probably be detected with a high efficiency, we will not know 
its momentum but only very crudely. Will ipKj, events be reconstructed with 
a reasonable S/N ratio ? S. Uno studied this problem. Background events 
are mostly due to a KL from B± —> K^X decays, B° —> r/>K~ decays, and 
combinatory one between two B° decays. Here we assumed KL is identified 
with 100% purity. 

Kinematical constraints such as the angle between ip and KL and the 
reconstructed B0 momentum efficiently reduces the combinatory background 
(see Fig.12). At this stage, the dominant source of background is B° —» ifrK" 
decays. The K" invriant mass cut and others works for these events as shown 
in Fig.13. If the B° —» ij)K' —» tj)KiX branching ratio is twice that of 
B° —* TJIKL, we expect a S/N ratio around 5. If a crude TOF discrimination 
can be done for KL, the S/N ratio will improve to about 10. 

4 Conclusions 
I think there are several items that can be imoroved in the original Task 
Force design. Some of my suggestions are probably hard to impliment from 
the beginning. If so, we should plan to build up in several stages. Although 
I did not have time to elaborate, higher energy/momentum resolutions and 
fuller coverage will give us another leverage of using the missing mass in a 
positive way. R. Enomoto calculated missing mass distribution for B° —> X 
and the B° —> -KIV (Fig.14). If the missing v peak becomes narrower, it will 
be a powerful means to purify the signal: we may be able to identify KL by 
this means. 
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Figure Captions 

1. Detector designed by KEK B Physics Task Force. 

2. Distribution of exclusively reconstructed B° mass for various polar angle 
coverage for charged particles and gammas: (a) both 5 = 17— 150deg., 
(b) both 8 = 17 - 163deg., (c) 0 = 17 - 150deg. for charged particles 
and 8 = 10 - 150deg. for gammas, (d) 8 - 17 - 163deg. for charged 
particles and 8 = 10 — 170deg. for gammas. All particle species are 
assumed to be known. 



3. Signal-to-noise ratio and exclusively reconstructed numbers of Z)'s in 
D —» A"=7r+7r°. The assumed energy resolutions and position resolutions 
are listed below the figure. 

4. Contributions of the measurement errors in the EM energy and the 
charged particle momentum to the reconstructed B° mass. 

5. Energy deposited in the first half and the second half of a 12-X"0 CsI(Tl) 
calorimeter and the energy leaked out of it. 

6. Compensation for the shower energy leakage by using the observed sta
tistical correlation. This method is expected to work well for a longer 
unit too. 

7. Pulse height spectra obtained by a CsI(Tl)-photodiode counter for sev
eral gamma-rays. The crystal size is 2.5 x 2.5 x 5.0cm 3. The silicon PIN 
photodiode is 18 x 18 x 0.5mm 3. The curve marked as 6 0 Co(No.2) shows 
a peak corresponding to the case where both l.33MeV and 1.17MeV 
gammas deposite the full energies. The energy sacle should be doubled 
for the curve. 

8. Effect of gamma irradiation on various CsI(TI) scintillators. The ef
fect seems to depend heavily on individual crystals but one important 
common feature is that the effect do not go away as in the case of BGO. 

9. Effect of gamma irradiation on BGO and GSO scintillators. The effect 
is non-observable for GSO and small for BGO. Very importantly the 
small effect BGO suffers cures naturally by the thermal rearrangement 
process. 

10. Expected energy resolution for various EM calorimeter options: the 
crystal uniformity is assumed to be 1%, the electronic noise is assumed 
to be about 1/5 of CLEO-II. This is probably the most ideal case. 

11. Detection of Ki by the EM calorimeter and the first two muon layers. 
The detection criteria is more than lOMeV of energy deposite for the 
EM calorimeter and one or more charge particles for the muon layer. 

12. Distribution of K^ in BB —> ij>KX. Theta is defined as the angle 
between ip and KL-

13. Distribution of Ki in BB —> ijjK'X. Theta is defined as the angle 
between ij> and Kj,. 

- 5 1 3 



14. The missing mass distribution of B° —* irtu. The momentum and energy 
resolutions given in [1] was used. If the resolutions are further improved, 
we may be able to differentiate missing .KVs. 
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P R O S P E C T S OF B P H Y S I C S IN V A R I O U S A C C E L E R A T O R S 

Yoshihide Sakai 
KEK. National Laboratory for High Energy Physics 

Tsukuba, Ibaraki, Japan 305 

Abstract 

Future plans of B physics experiments proposed for various accelerators are discussed and compared in 
various aspects. General issues such as cross sections, event topology, vcrtcxing. and tagging are described 
first. Then, capability for several important physics subjects are compared. 

I. I N T R O D U C T I O N 

Since b-cniark was discovered as T by fixed target experiment at Fermilab in 1977, a 
variety of B-physics has been pursued in various kinds of accelerators. 

The fixed target experiments also provided some of the earliest fully reconstructed B 
mesons with using emulsion and life time measurements. 

T's were confirmed by e + e _ colliders and those running just above B threshold (CESR 
and DORIS) have been playing a major role for B-physics so far. They are called B-
Factories and have accumulated the largest number of B event samples. The B-physics was 
explored widely with fully reconstructed events as well as inclusively reconstructed events. 
They provided important results on the various decay branching ratios, B°( mixing, [Vb u | 
and so on. 

The e+c" colliders running with higher energies (PEP, PETRA, and TRISTAN) also 
provided results on the life time, electro-weak parameters (a|,>vb)> < xj, >, B° mixing, 
and so on. However, the number of B events are small and the study is only in inclusive 
way. The LEP experiments which are running at Z° peak are now accumulating B event 
samples rapidly and will soon provide the fully reconstructed events. 

Until recently, the hadron colliders (CERN ISR and SppS) did not contributed so much 
to B-physics, except a few topics like B-mixing. However, recently the CDF running at 
TEVATR.ON pp collider provided a quite impressive result, on the reconstructed B —» ?/'K 
and t/>K* events, which is shown in Fig. 1. The peak at B mass contains 35 ± 9 events 
and it is to be compared 20.5 events reconstructed in the same decay mode by CLEO 
as shown in Fig. 2. Therefore, the number of reconstructed events already exceeds that 
of CLEO. as far as concerning to this special decay mode. This somehow appealed the 
capability of B-physics in the hadron collider and shed the light in the future possibility. 

Though B-physics has been studied intensively in various experiments as mentioned 
above, still many studies yet remain to be pursued. Among them, important subjects are 
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CDF PRELIMINARY 
50 

Events = 35±9 
Mass = 5.279±0.006 GeV 
Sigma = 0.030±0.01 GeV 
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Fig . 1. Reconstructed B -» ^ K and t/>K' events from the V> - /< V ~ sample in the 
CDF data. 
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determination and consistency check of the Kobayashi-Maskawa (KM) matrix elements, 
since the Standard model and KM matrix scheme can describe all the observed results so 
successfully but some of the KM matrix elements are not determined yet. As discussed at 
many places, the following measurements will provide an over-constrained information on 
KM matrix elements: 

• CP violation in B° via mixing. CP asymmetry gives angle of unitarity triangles 
depending on the decay modes. 

• B s mixing parameter x s . 

• Measurement of |V„b| 

Observation of direct CP violation and rare decay modes are also important subjects. 
These require a few orders of magnitude larger B event sample than accumulated so far 
and various plans for accelerator and experiments are proposed: 

1) e4'o~ collider at T: CESR has achieved 2 X 10 3 2 c m _ 2 s e c - 1 with symmetric energy 
and 10 3 3 c m _ 2 s e c - 1 is range of reach with present technology. In order to be able to 
measure CP asymmetry via mixing and B s mixing, an asymmetric B-Factory collider 
(ABF) is considered and now generally preferred. The plans for this type of collider 
are proposed at SLAC, Cornnel, DESY, and KEK. Their proposals are to achieve a 
luminosity of few times 10 3 , f an~- 'sec - ' around 199G with a final goal of IQ'U. Since 
an asymmetric collider in principle covers a symmetric collider if design luminosity 
is achieved, only an asymmetric collider is discussed in the following. 

2) e + e ~ collider at Z° pole: The LEP experiments will accumulate several million Z° 
events by around 1993 with a luminosity of 2 x 10 3 ' c m ~ 2 s e c _ 1 . After running at 
higher energy (LEP-II), some plans for high luminosity mode at Z° are considered 
with multi-bunch operation using Prezel scheme. This will provide a luminosity of 
1.5 x 10 3 2 c m ~ 2 s e c - 1 . A linear collider has potential possibility of achieving higher 
luminosity (> 10 3 3 c m _ 2 s e c _ 1 ) and large polarization of beam which provides an 
efficient tagging as described later. However, the realization is quite uncertain 
because of uncertainty of technological achievement and high construction cost. 

3) TEVATRON: In 1989 run, CDF accumulated 4.4 p b - 1 with a luminosity of 2 x 
10''-' c m ~ J s e c _ 1 . They plan to run from 1992 with increased luminosity (5 x 10 3 0 

c m - " s e c - 1 ) and accumulate 50 ~ 100 pl> - 1 • By 1995 or so, their goal is to accumulate 
~500pl>~ ' with a luminosity of o x 10 3 ' c m _ 2 s e e _ 1 . Since CDF detector is limited to 
study B-physics only with leptonic decay modes, dedicated detectors for B-physics 
which enable studies for decay modes without leptons have been considered and 

, 5,6 proposed. 

4) SSC: The SSC is planned to start operation from 1999 with a luminosity of 10' i 3 

cm~"sec _ 1 for high pt 47T detectors. An Eol (Expression of Interest) was submitted 
for a dedicated detector for B-physics (BCD collaboration) which plans to run with 
a lower luminosity of 10 3 2 c m - 2 s e c ~ ' . 

5) Fixed Target: Several experiments such as Fermilab E771 and E7S9 are proposed or 
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running. However, these experiments are limited to the special mode only and not 
discussed in the following. 

II. G E N E R A L ISSUES 

Cross Sect ion and N u m b e r of Events for B 

An e + e ~ collider running at T(4S) gives cross section of 1.2 nb for B J B J and B + B~ 
pairs with about equal fractions. Running at T(5S) gives about 0.3 nb for mixtures of 
BiBi, Bi*Bi, and Bi*Bi* (i = u, d, s). The cross section for B s pair is about 0.1 nb. A 
luminosity of 10 c m ~ 2 s e c - 1 gives 10 8 B pair events per year (assuming 10 7 sec running 
time per year) at T(4S) and 10 7 B s pair events at T(5S). 

An e +e"" collider running at Z° gives 6 nb of bb quark pairs. Each quark fragments to 
B meson (or B baryon) and other hadrons independently. The fraction of B u , B j , B s are 
about 0.41, 0.41, and 0.18, respectively. A luminosity of 1 5 x 10 3 2 c m _ 2 s e c _ 1 gives 10 7 

B pair events per year. 

Comparing with e + e _ collisions, hadron - hadron collision gives orders of magnitude 
larger cross section for b-quark production, a^ is about 50 //b at TEVATRON and 200 
fib at SSC. On the other hand, in contrast with that almost all B events produced in the 
e + e _ collider can be recorded, only small fraction of produced B events can be recorded 
in hadron - hadron collider case because of the difficulty of selecting B events at trigger 
stage. For example, trigger efficiency of CDF is ~ 10 even for i/' K'*' decay modes and 
almost zero for non-leptouic decay modes. The CDF group ex.) cts about 10 times larger 
efficiency for former in the coming run by improving muon trigger. A trigger efficiency of 
0(0.1) is proposed for the dedicated detectors for B-physics by utilizing secondary vertex 
information in the trigger which gives sensitivity for any charged decay modes. 

B Event Topology 

In case of the asymmetric e + e ~ collider at T, both B and B are produced along the 
beam direction and decay in flight. A primary vertex can not be observed since no other 
particle are produced. Therefore absolute decay time can not be measured. However, B 
pairs are produced coherently, the difference of two decay times is enough to obtain physics 
quantities. 

In case of the c+o~ collider at Z°, B events has back-to-back two-jet structure just 
like other light (mark pair event. The event has secondary vertcees of B decays and 
several particles (average ~ 10 charged tracks) from ;i primary vertex which come from 
fragmentation of b-qua.rk. 

In hadron-hadron collider case, B's tend to be produced in the forward direction. 
Particles at primary vertex are produced not. only by fragmentation of b-quarks but also 
that of spectator quarks in colliding hadrons. The average charged multiplicity of primary 
vertex is about 40 for TEVATRON and 100 for SSC. 
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Vertexing 

The vertexing is one of the important items from both physics and detector point of 
view. The vertex measurement is essential for B s mixing measurement when x s is large. An 
ABF requires vertex measurements to observe CP asymmetry via mixing because asym
metry cancels out if integrated in time. For other accelerator case, vertex measurement is 
not essential bur it increa.ses the sensitivity for CP violation measurements. 

For a dedicated detector in a hadron-hadron collider, the vertex information is essential 
for trigger. It is also important for B event selection in order t,o reduce the background. 

The typical decay length and vertex resolutions are shown in Table 1 for various cases. 
The ratio of vertex resolution to a mean flight length is important rather than absolute 
vertex resolution. The ratio is somewhat worse in the ABF case. However, the importance 
of vertexing is relatively small for ABF case compared with other accelerators, except B s 

mixing measurement case. 

ABF 

3.5 x 8 2.3 x 12 e+e" at Z° TEVATRON SSC 

Lo 150/nn 330am ~ 2.2mm ~ 3mm > 3mm 

•^(beampipe) ~ 2.5 cm 8 cm 5 cm 3 cm 2.5 cm 

(T( 50 ~ 90 um 350 /mi 200 /tin ~ 200 //in ~ 200 /mi 

"V/Lo ~ 0.5 ~ 0.25 0.1G 0.09 0.07 < 0.07 

Table 1. Typica.1 vertex resolutions for B decays in various accelerators. L 0 = < ^7 > CTQ 
is meaji flight length of B. 

Tagging 

Another important item is a tagging of B mesons. This is essential for BK mixing and 
CP violation (via mixing) measurement. Not only an efficiency but. also a tagging quality 
is an important factor since the number of necessary events to achieve a given sensitivity 
is written as 

f t a R ( l -2\vY 

where fU(, is a tagging efficiency and w is a fraction of wrong tag. There are several ways 
for tagging: 

1) Lepton Tag: A lepton tag is a simple and widely used way of tagging B mesons. In 
order to avoid wro-ig tag from leptonic decay of ("-(marks, cuts are applied in p or pi 
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of leprous. A lepron tag is clean tag (especially for ABF case as shown in Fig. 3), 
but the efficiency is limited because of small leptonic branching ratio of B. 

2) K tag: Since b-quark dominantly decay through a chain of b —* c —• s, K can be a 
tag with large efficiency. However, K tag requires particle identification capability in 
the detector. 

Typical values from various studies"' are listed in Table 2. Combining a lepton 
and K tag, one will get e t a g = 0.42, w = 0.09 for ABF case, and e t a g = 0.35, w = 0.20 for 
dedicated TEVATRON detector case. 

Lepton Tag (tag w 

ABF 0.11 0.02 P c m > 1.4GeV (Ref. S) 

LEP 0.06 ~ 0.075 P t > 1.5, P > 4 GeV (Ref. 9) 

CDF 0.02 ~ 0.15 Pt > 7 GeV 

TEV-B 0.11 0.27 P t > 1.2 GeV (Ref. 6) 

SSC 0.03 ~ 0.15 (Ref. 7) 

K Tag (tag w 

ABF 

TEV-B 

0.37 

0.26 

0.12 

0.18 

(Ref. S) 

(Ref. G) 

Table 2. Typical tagging efficiencies and wrong tag fraction for lepton and K tag. 

3) Polarized e + e _ collision at Z°: This is a special ca.se of tagging. If electron or positron 
beam is polarized, produced b-quark has forward-backward asymmetry and one can 
assign b or b depending on the produced direction. For given beam polarization (P) , 
forward-backward asymmetry can be given by 

AFB = 
3A,,(A (. + P) 
4(l + A e P) 

where Af = 2vfaf/(vf + af) (A e = 0.16, A|, = 0.94) and An) is integrated over 0 
< |cos#| < 1. A F B is equivalent to l-2w and no tag of the other B is necessary (i.e. 
f laR = 1). In Fig. 4, Af[j is shown as a. function of polarization. 

Dilut ion of Sensit iv i ty due to Oscillation of Tagged B 

In case of e + e ~ collider at Z° and hadron collider, b-quarks fragment into B„, B<|, and 
B s independently. Since Bj and B s oscillates, this gives another source of wrong tagging 

r,:u 
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Points show CLEO data and histogram is sum of two curves. 
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and dilutes the sensitivity. The fraction of wrong tag w' in this case is given by 

1 - 9 ' - 1 ~ r s i 1 ~ r " , r » 
^ - 2 +2(l+xl) + (l+x{) 

where B„ : B^ : B s = (1 — r s ) / 2 : (1 — r s ) / 2 : r s is assumed. 

In case o f e + e ~ at T case, B°B° is produced coherently and the flavor of B is fixed at 
decay time of tagged B. Therefore, no wrong tagging happens and l-2w' — 1. In polarized 
beam case, forward-backward asymmetry reflects states at t=0 and again l-2w' = 1. 

The typical total dilution factors relative to the perfect tagging ( f U g = 100%, w = w' 
= 0) are summarized in Table 3 for various cases. 

ABF LEP Pol/90%) Pol.(45%) CDF TEV-B SSC 

Tag e,K e A B F ABF t t,K e 
f'*R 0.42 0.00 1.0 1.0 0.02 0.35 0.03 

l-2w 0.82 0.85 0.7 0.4 0.7 0.G 0.7 

l-2w' 1.0 0.7 1.0 1.0 0.G7 0.C7 0.G0 

D 3.5 47.1 2.0 6.25 227 17.6 189 

Table 3. Typical total dilution factors D = l/<= U g(l-2w)(l-2w') for tagging in various 
accelerators. 

III. P H Y S I C S ISSUES 

B s Mixing 
g 

The expected value for x s is 7.6 ± 3.4 from various existing data. Measurement of 
dilepton mixing ratio is not sensitive enough for such large x s and one need to measure 
oscillation directly. 

The maximum x s which can be measured is deterti.ined by a proper time resolution 
when the number of reconstructed events are large enough. Since oscillation can not be 
observed if the oscillation cycle is smaller than resolution, x n i i i x is given by 

x,„ax ~ 3 A r 

where ru is mean life time of B and A T is proper time resolution of the measurement: 

( ^ = { ^ + ( ^ 
T3 Lo P n 

where L 0 = < ii-j > cr|j is a mean flight len b th of B. The first term comes from the vertex 
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resolution of the detector and the second term comes from the momentum uncertainty 
of B. As shown in Table 2 before, the limit from vertex resolution alone is already 4 to 
7 for ABF case depending on the asymmetricity, while that for e + e _ collider at Z° and 
hadron-hadron collider is not a severe limitation. 

The number of reconstructed events needed to measure x s (< x m a x ) is given by 

N p ( l + b) 
'need ( l - 2 w ) 2 ( l - 2 w ' ) 2 

where b is a fraction background in the B sample and N p is the number of perfectly tagged 
events needed to measure x s (minimum 100 ~ 200). 

Here, the two ways of B s detection are considered; 

1) Exclusive Mode: B s is reconstructed for some particular exclusive decay modes. This 
gives small background and momentum of B can be measured precisely to reduce the 
proper time resolution. However, the branching ratio and reconstruction efficiency is 
estimated to be small. For example, total branching ratio of B s in the decay modes: 

B 5 -> (D sr or D*~ or DK") + nTr* 

D s - ( £ * - , T̂TTTTT, K°K- , K*°K-. KK+n7r 

is estimated to be around 1 0 - 3 . The rough estimation of required number of recon
structed events and reconstructed events obtained per year for various accelerators 
are shown in Table 4. Only B-dedicated detector at TEVATRON or SSC and polar
ized e + e ~ at Z° give enough number of events. 

2) Leptonic Inclusive Mode: This mode uses dilepton events to detect BB events. One 
can get much more events than exclusive mode, but now has large background since 
B„ and B^ are also included. The other disadvantage is that momentum of B can 
not be measured and one needs to estimate it in some way. This results in the error 
in proper time measurements and limits the x m a x . CDF group made a simulation 
taking lepton momentum as B momentum, which is shown in Fig. 5. This gives 
about 30% smearing in P B and clearly smears the oscillation, though still oscillation 
can be detected for x s = 5. In e + e _ at Z° case, one can use average momentum of 
B. The measured b-quark fragmentation function indicates A P B / P B ~ 13%. 

The expected numbers are shown in Table 5. The number of events is large enough in 
all cases and x m a x is limited by the proper time resolution. 

CP Violat ion (Mixing) 

CP asymmetry for B decaying into CP eigenstates is given by (if dominantly decay 
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0 100 200 300 
L» (jjm/G*S/c) 

0 100 200 300 400 
L» (>xm/G«V/c) 

Fig . 5. Results of simulation for B s mixing with x s = 5 using di-lepton events: (a), 
(b), and (c) are the case where momentum of B is known, (d), (e), and (f) 
are the case where lepton momentum is taken as B momentum. 
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ABF LEP Pol.(Z°) CDF TEV-B SSC 

Tag 

T(5S) 90% 45% 

Tag t e A B F i e,K e 
l-2w 0.96 0.85 0.7 0.4 0.7 0.6 0.7 

l-2w' 1.0 0.7 1.0 0.67 0.67 0.60 

b - 0 - 0 - 0 - 1 - 0 . 2 - 0 . 2 
Krrec 
^ n e e d 109 282 204 625 446 742 680 

e~tag 0.11 0.06 1.0 0.02 0.35 0.03 

B r l o t io-* IO-3 io-* io-* io-* 
free - 0 . 3 - 0 . 3 - 0 . 3 -0 .045 - 0 . 1 

ffbb - 0 . 3 nb 6 n b 6 n b 10 pb 50 fib 500 fib 

fB. - 0 . 3 0.16 0.16 (*) 0.2 0.25 

trigger 1. 1. 1. 0.315 0.33 

Lum/yr 10 f b - ' 1.5 fb~' 1.5 f b - ' 0.5 fb - ' 0.5 ftr1 I f b - ' 

(Lum) (10* 4) (1 .5xl0* 2 ) ( 1 . 5 x l 0 3 2 ) (5x10*') (5x10*') (10* 2) 

Nevent/yr 66 52 576 100 - 5 0 K -124K 

Table 4. Rough estimation of number of reconstructed events required and number of 
events obtained per year for B s mixing measurement with exclusive mode. N p is assumed 
to be 100. (*) assume to use B s —+ il><f> decay mode with same branching ratio as Bj —> ^ K s . 

through one diagram) 

. R(B° - f) - R ( B ° -» f) . , A . . / n J , 
A = ^ r = ^ — = ^ = ^ = sin(Am • t)s n(2<ft) 

R(B° -> f) + R(B° -» f ) v ; v ' 

Here t > 0, except ABF case where t is replaced by At and ranges —oo < At < +oo. <j>i 
is a KM phase in unitarity triangle depending on the decay modes. 

The required number of reconstructed events for na statistical significance is given by 

Keed = (1 + b) ( ^ 1 _ 2 w ) ( i _ 2 w ' ) d - s i n ( 2 ^ ) J 

where d is a dilution factor due to sin(An? • t) term. If the decay vertex is not measured, 
d is given by x / ( l - x 2 ) integrating over t. In ABF case, d = 0 because integration is from 
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ABF 

T(5S) 

LEP Pol.(Z°) 

90% 45% 

CDF 

0.7 

0.67 

l-2w 

l-2w' 

b 

0.96 

1.0 

~0.2 f 

0.85 

0.7 

~5 

0.7 0.4 

1.0 

~5 

CDF 

0.7 

0.67 

N^eed 130 1695 1225 5059 2273 
€diJepton 

^vertex 

^trigger 

Br tot 

ffbb 

*B. 

Lum/yr 

0.112 

~0.6 

1. 

io- 3 

~0.3 nb 

~0.3 

10 fb- 1 

0.062 

-0.3 

1. 

10" 3 

6 nb 

0.16 

1.5 fb _ 1 

0.05 

~0.3 

1. 

io- 3 

6nb 

0.16 

1.5 fb"1 

1 x 10~4 

(*) 

1.5 nb 

0.2 

0.5 ft"1 

Nevent/yr 3000* 3110 43K 15K 

Table 5. Rough estimation of number of reconstructed events required and number of 
events obtained per year for B s mixing measurement with leptonic inclusive mode. N p is 
assumed to be 100. (*) from study by CDF. f) use like-sign di-leptons only. 

—oo to +oo. If the decay vertex is measured, d = a • x • cosh(7r/2x)/(l + x 2 ) , where a 
is an enhancement factor depending on how to get asymmetry. If one uses a maximum 
likelifood fit, a ~ 1.3 and d ~ 0.6 for x=0.7. 

The estimated number of events for BJj —> tl>Ks —> P+(~TT+TT~ decay mode is shown in 
Table 6. LEP and CDF are far from observation of CP violation. 

|V„b| Measurement 

There are several ways to measure |Vub|.' 

1) Lepton spectrum near end point: This method is taken so far, but model dependence 
is large. 

2) Non-leptonic decay mode: This involves hadronic matrix elements and theoretical 
uncertainty is large. 

3) Exclusive semi-leptonic decays: This method has about 10% theoretical uncertainty 
and one can improve the measurement done so far. 
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l-2w 

l-2w' 

b 

ABF 

0.82 

1.0 

~ 0 

LEP Pol.(Z°) 

90% 45% 

0.7 0.4 

1.0 

~0 

CDF 

0.7 

0.67 

~0.2 

TEV-B 

0.6 

0.67 

- 0 . 2 

SSC 

0.7 

0.60 

~0.2 

l-2w 

l-2w' 

b 

ABF 

0.82 

1.0 

~ 0 

0.85 

0.7 

~ 0 

Pol.(Z°) 

90% 45% 

0.7 0.4 

1.0 

~0 

CDF 

0.7 

0.67 

~0.2 

TEV-B 

0.6 

0.67 

- 0 . 2 

SSC 

0.7 

0.60 

~0.2 
Tvjrec 
i N need 1.9K 2.8K 2.0K 6.1K 5.3K 6.9K 6.6K 

«lag 

e rec 

ffbb 

fB„ 

^trigger 

Lum/yr 

(Lum) 

0.42 

0.61 

1.2 nb 

0.5 

1. 

100 fb~' 

(10 3 4 ) 

0.06 

0.45 

6 nb 

0.42 

1. 

1.5 fb" 1 

( 1 . 5 x l 0 3 2 ) 

1.0 

0.45 

6 n b 

0.42 

1. 

1.5 fb" 1 

(1 .5x l0 3 2 ) 

0.02 

20 pb 

(*) 

0.5 fb~' 

( 5 x l 0 3 1 ) 

0.35 

0.075 

50 /ib 

0.4 

0.14 

0.5 f b - ' 

( 5 x l 0 3 1 ) 

0.03 

0.134 

500 /ib 

0.375 

0.33 

1 f b - 1 

(10 3 2 ) 

N P veiit /yr 1140 8 133 200 2.9K 19.4K 

Table 6. Rough estimation of number of reconstructed events required and number of 
events obtained per year for CP asymmetry measurement for BJj —> rpKs —> <?"*"£~n+ir~ 
mode. For N j ^ j , statistical significance of 3a and sin(2^>]) = 0.16 is assumed, which is 
minimum value with 90% C.L. Total branching ratio is assumed to be 3.9 x l O - 5 . (*) 
estimated from B<j —» ipKs events in 4.4 p b - ' data with taking into account factor 10 
improvement. 

Here, consider 3). The decay modes are B —» nil/ and B —> p£u, and the branching 
ratio is expected to be O(10~ 4 ) . v is not detectable. In e + e ~ collision at T case, B is almost 
at rest in c m system and beam energy constraint can be used to reconstruct missing mass. 
This method is proven in B -» D*£u by ARGUS and CLEO. 

On the other hand, e + e _ collider at Z° and hadron-hadron collider case, the energy 
and momentum of B is not known and missing mass reconstruction is not possible. 

Direct C P Violation and Rare Decays 

Direct CP violation and rare decays are similar in terms of detection. B has to be 
exclusively reconstructed and selected out from background for branching ratio of 0(10 ) 
or less. Tagging of the other B is not needed. The sensitivity for branching ratio is 
proportional to ah^Le/(l + h) where e is total reconstruction efficiency. In general, a 
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crucial factor for ultimate potential is <xL. 

However, the following points should be considered in practical case; 

1) The fraction of <rbB relative to aiot is ~ 0.23, ~ 0.18, ~ 5 x 1 0 - 3 , and ~ 10~ 3 for ABF, 
e + e ~ collider at Z°, SSC, and TEVATRON, respectively. Therefore, hadron-hadron 
colliders have much severe background than e + e ~ collider case. 

2) B-event topology for e + e _ collider at Z° and hadron-hadron colliders appears as 
b-jet and it is quite similar to the background light quark-jet and gluon-jet. On the 
other hand, B's are produced almost at rest in c m . system of e + e _ collider at T and 
two B's decay uncorrelatedly. This gives a distinct event topology separated from qq 
continuum background. 

3) The average multiplicity of B decay is about 5 charged and 5 neutral particles. 
Besides particles decayed from B, there are ~ 10, ~ 40, and ~ 100 charged and 
neutral particles coming from primary interaction point for e + e _ collider at Z°, 
TEVATRON, and SSC. Therefore, much more combinatorial background appears 
unless particle from primary vertex are rejected by vertex detection. 

4) Since vertex detection is not possible for neutral particles, it is very difficult to 
reconstruct decays with neutral particles for e + e ~ collider at Z° and hadron-hadron 
collider case. 

Detec tors 

Finally, some remarks on the detectors for various accelerators are given. CDF and 
LEP experiments have already taken data and detectors are successfully working. They 
need some upgrade in order to be able to do further B physics, such as installation of 
vertex detector, improved trigger and data acquisition system. These are now in progress 
and almost at hand. 

Detector for ABF is similar to those for symmetric collider and there are experiences 
with CLEO and ARGUS. One can use more or less existing technology with some R&D 
efforts of a few years. 

On the other hand, the B-dedicated detector for hadron-hadron collider is a big chal
lenge and one has to go into the area with no experience so far. These items are: 

— Huge interaction rates and severe environment. 

— Trigger selection of B events with large rejection factor. 

— Data acquisition has to handle high event rate and large data size. 

— Need particle ID for large momentum range and large volume. 

These might require a long R&D efforts before used in actual experiments. 

I V . S U M M A R Y 
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• CDF (iiadron-hadron collider) has joined to B physics member. Their results are 
impressing and shed light to future B-dedicated experiments. 

• In coming a few years, CDF and LEP will provide useful results on B, such as ru u , 
•Hlji r B,- J^b a r *d B c states, B s-mixing, and so on. 

• KM phase measure meant through CP violation probably has to wait for ABF or 
dedicated hadron collider detector. CP asymmetry measurement of B s is hard with 
ABF if x s is large (> 5). 

• Hadron collider would do first rough measurements for rare decay modes. ABF 
would do decay modes with v or neutral particles and also do precise measurements 
of branching ratio or direct CP asymmetry. 

• "Clean" event topology of ABF is very important for wide coverage of B-physics 
and ABF seems most feasible at present. ABF would be complementary to hadron 
collider or e + e ~ collider at Z° as an ultimate B-factory. 
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1.0 I N T R O D U C T I O N 
Soon after I delivered this talk, the director general announced that KEK will go ahead 

with the construction of the B factory. We look forward to spectacular physics from KEK 
in the 1990s. 

In preparation for this exciting physics, considerable theoretical progress has been made 
in the past few years. Some of this progress has been discussed during this workshop. In 
this talk, I will discuss the future theoretical peispective. I will also offer some comments 
on the topics discussed in the workshop. 

2.0 K M E S O N P H Y S I C S 

It is K physics which revealed CP violation. This fascinating asymmetry led us to 
the present D factory plan. Yet, except for the fact that e / 0, not much quantitative 
information has been obtained from CP violation in K decays. This is due to our inability 
to compute e in terms of the fundamental parameters of the Lagrangian. For example, our 
computation of e is ambiguous by a bag factor which is believed to be between 0.3 and 1. 

The theoretical problem with e'/e is worse. 1 It can be written, in general, as 

e'/e 
ci(<b-6o+?) R (,^._, / l m An I m A 

V2 ReAo VReAo Re A; 

when- A/ = { (TTT) , \HW\ A >, and / denotes the i.sospin of the two-pion state. Noting that 

ReAo 
Re A) 

- ~ 20, 

we can write 

le'AI I" ' -4o L _ 9 ( ) h ' l ^ 
ReA„ V " Im .4 ( ) 

The source of IniA; in the standard model is given in Figure 1. It is clear that ImAj 
is a higher order term in a power series expansion of weak gauge- coupling constant sj. 
Originally, these higher order terms were ignored, and the theoretical prediction 

was widely given. Here, too, the ambiguity in evaluating the (nn \H„,\ K) matrix element 
leads to more than 50% uncertainty in the prediction. With the increase in the lower bound 
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tolmAQ 

W Major contributions 
to Im A 2 for large M t 

Figure 1. The Gluon Exchange Diagram Gives Rise to Only the AI = 1/2 Amplitude. W and Z exchange 
diagrams, while higher order in the electroweak coupling constant, can give rise to the AI = 3/2 
amplitude. 

on the top quark mass, and the factor of 20 kinematics! enhancement of I m ^ , there has 
been a realization that , in fact, the contribution from Im A2 can cancel that from Im.Ao. 
This type of cancellation renders hopeless any attempt to extract physics out of e'. 

While observation of e' ^ 0 is extremely important, as it presents clear judgement over 
the super weak model, the actual value of e' is unlikely to offer any additional constraint 
on the standard model. The reason for my emphasis on this gloomy point is the following: 
This is the area which offers the greatest potential for an improvement in the theoretical 
front, during the next five years. In the near future, we should be more confident about 
the BK factor. This advancement will come from two fronts—lattice computations and 
chiral weak lagrangian approach—in evaluating the weak matrix elements. 

2.1 Latt ice 

The lattice results have been reviewed in this workshop.- The results on the pseu-
doscalar decay constant and the bag factor seem very promising. Before we have any 
confidence in using the lattice results for BK, it is important to check whether the lattice 
approach offers an understanding of the AI = 1 / 2 rule. 

2.2 Chiral Weak D y n a m i c s 

Before any scheme is accepted as a viable approach for evaluating the K —> 2x matrix 
element, it has to explain the age-old puzzle: the A7 = 1/2 rule. It has been shown that 
chiral weak dynamics (CWD) offers an explanation of the puzzle. 3 In fact, it is easy to 
show that the a propagator in the decay 
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K -> a -> 2TT 

enhances the penguin amplitude so that the observed A J = 1/2 enhancement can be 
understood. This approach will be used to evaluate the Bx factor in the near future. 

I believe that the lattice and the chiral dynamics will play a complementary role. For 
example, if indeed the CWD is the correct scheme for evaluating the matrix elements, the 
evidence for the a excitation should be found in the lattice evaluation of the K —* 2n matrix 
elements. Some evidence for such scalar excitation is indeed found. More work along this 
line is urged. 

3.0 LATTICE E V A L U A T I O N OF fB 

Martinelli has presented 5 an analysis from which he concludes: 

fB > 165 MeV. 

From the point of view of the B factory, this is extremely interesting. In Figure 2, we show 
the minimum CP asymmetry in the tp Ks channel computed within the range of parameter 
space shown in the box. Note that the minimum asymmetry quickly jumps from 12% to 
~ 30% if fs is varied from 80 to 160 MeV. This leads to a factor-of-10 reduction in the 
luminosity needed to observe the CP asymmetry. While this is very pleasant, it is very 
important to strive for every bit of luminoisty for the B factory—after all, we are proposing 
a precision test of the standard model. 

From the experimental value of BB mixing, it seems safe to assume that 

} B > 80 MeV. 

This leads to 12% ipKs asymmetry for m< = 200 GeV. For now w<> shall refrain from being 
excessively optimistic. 

4.0 H E A V Y Q U A R K S Y M M E T R Y 6 

In QCD, quarks are labeled only by their masses. Also, the quark spin decouples from 
the dynamics in the mq —> oo limit. Thus there is SU(2A r) symmetry in the limit TV 
number of quarks have infinite mass. Since it is clear that QCD governs the dynamics 
of strong interaction, this symmetry must be respected in the heavy quark system. The 
main question, however, is the size of corrections when it is applied to D and B mesons. 
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Figure 2. The Minimum viK, Asymmetry as a Function of m, and fs- The other parameters shown in the 
box are varied within their specified range to obtain the minimum asymmetry. 

Martinelli 5 gives the M dependence of / J J V M computed on the lattice as: 

l ^ G e V N 
fVM = const ( 1 - ^ - ) 

If — correction of this size is present for all predictions, the applicability of the heavy 
M 

quark symmetry is marginal for the B system and not very good for the D system. Some 
predictions are protected from this type of correction. More work is needed to assign 
corrections to predictions given by the symmetry. 

5.0 C P A S Y M M E T R Y IN B D E C A Y S 

The asymmetry between B —+ / and B —> / decay is given by 

T(B - / ) - T(B -> / ) 
T(B -> / ) + T{B - / ) 

Im | - p 

.>!!) 



irhere 

_V/j2 — T Tj2 
•W* — i F* 

* 12 — 2 12 

1/2 

ana /?; .4(5 w r 

Since |Ti2| -C |iWio| is a very good approximation, we have 

P 

where <j.y/ is the argument of M12, which can be expressed in terms 01 the phases of the 
KM matrix elements. On the other hand, the presence of penguin diagrams makes p more 
complicated. Here we shall comment; on the theoretical predictability of p. 

5.1 Penguin Pol lut ion" 

The accuracy in predicting p is process dependent. Figure 3 shows the quark diagrams 
responsible for decays with / = i/iA',, and T - . 

A ^ t,c 

wc 
t :1 
c : A X 2 

-AX^ 

b AA.3(p-in) u 

W< 
A X 3 ( 1 - p-iTl) 
- X 

Figure 3. Quark Diagrams Responsible for 3 — ibK, and T I Decays. The KM matrix element in the 
Woifenstein parameterization is also given. 
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The amplitudes can be written in terms of KM matrix elements and the constants a... e, 
which depend on hadronic dynamics. 

A(B -*• wK3) _ a AX2 -f & AX2 

A(B -»rpK,) 

A(B - 5T5T) 

a(A\2y + t>(A\2y 1 ; 

c(p - {??) + d(l — p + IT]) + e 
A[B —* ?-) c(p -f it]) -f d(l — p — irf) -,- e 

= /(a,d,e). 

Note that all quantities which depend on the hadronic dynamics cancel for the if>K3 decay, 
while for XTT decay, the dependence on the hadronic dynamics persists. This is called 
penguin pollution. 

5.2 Penguin Trapping 8 

There is a technique to separate the penguin contribution from the tree graph contri
bution. There are two independent isospin amplitudes to describe three different charge 
modes of B -* 2x decays: 

B+ _f rr+Tr0 A+0 = 3^2 
B° - ff+T- A+- = V2(A2 - AQ) 
B° - -°7T0 A00 = 2A2 + A0. 

From these relations, we write 

.00 4 U U J . — - AT 
' V2 

1+0 = 0, 

which describes a triangle on the complex plane. The three amplitudes for the charge 
conjugate decays satisfy a similar relation. These triangles are shown in Figure 4. We fix 

the relative orientation so that A+~ and -4 +~ have a relative angle arg 

is a measurable quantity: 
L? 

. This 

A+-
A+-

Asym(T:+ir ) 
sin Ami 

Note that, since A+0 and A~° do not contain the penguin contribution, their relative phase 
is 2 arg Vuj. Thus, with above definition of angle a, the angle between - 4 _ 0 and .A + 0 is given 
by 2 axg V„j + <f>M = 4>u. Note also that if there is no penguin contribution, a = < û-
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T.P-O20Z7 

Figure 4. Three Amplitudes for Decays J? + - • jr+7r°,B 0 — ir+ir-,B° -* 5r°7r° Form a Triangle. This 
triangle and the corresponding one for the three charge conjugate decays are shown here. Note 
that the relative orientation of the two triangles can be obtained from the CP asymmetry. 
<j)u is one of the unitarity triangle. 

We thus see that by measuring the rate for 6nx channels, both the phase and the 
magnitude of the penguin contribution as well as <j>u can be obtained. 

5.3 Determination of <j>,9 

Consider measurements of 

B-*D° + K+Xn, 
B^DP + K+Xn, 
B — Di+K + Xn, 

where D\ = ~iz(D0 + D°); B, K, and Xn can be charged or neutral; and AT„ can be any 
identified state which does not contain charm. The first two decays proceed through the 
tree graphs, as shown in Figure 5. The third decay proceeds through the interference of 
these two amplitudes. 

b c b u 

W< 

q q q q 
TIP-02030 

Figure 5. Quark Diagrams Responsible for (a) B -» D° + K + X„, (b) B — D" + K + Xn, and 
B —<• Di + K + X„. For the third decay, these two diagrams interfere. 
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Adopting Wolfenstein's representation, 

ADn = \ADn\e'6c"' expi(argy„i) , 

AD'" = v l ^ADn + ^5"')' 

where 6 represents the strong final state interaction phase. The amplitudes for the charge 
conjugate decays are: 

B - D° + K + Xn ADn = \ADn\ e«»-

B -* D° + K + Xn ADfl = \ADn\ c«'«fl- exp i {- arg V u 6 } 

J3-> A + A ' + X» A/) l f t = -fa ( i 5 f t + i D f t ) . 

Now, note that we can draw two triangles (Figure 6) to describe the relationship between 
these amplitudes: 

Figure 6. Triangles Which Give the Phase Relationship Between the Three Amplitudes. Note that any 
difference in shape between the two triangles is a sign of CP violations. 

Thus arg V'ut, can be obtained free of ambiguities of strong final state interaction. 

6.0 C O N C L U S I O N 

We anticipate much interesting physics to come out of the B factory. Also, much-
needed ingredients to plan the experiment at B factory will come from ARGUS and 
CLEO II in the next two or three years. On the theoretical front, it is necessary to 
make some progress in quantifying the prediction of A' decay amplitudes. Promising ef
forts along this direction are the lattice and the chiral weak dynamics approach. Finally, 
we point out that all three angles of the unitarity triangle can be obtained from exper
iments. Unlike in K decays, there is very little theoretical uncertainty in determination 
of these angles. A check to see if these angles add up to 180° is a quantitative test of 
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the standard model. Given these angles and measured Vci, we can obtain Kuj, and Va 
from the unitarity triangle. These can be checked. Any violation of the unitarity triangle 
constraints implies physics beyond the standard model. 
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Required R&D: A Summary 

T. Matsuda/KEK 
1. Detector Design for KEK Asymmetric B-factory 

The detector design for the KEK Asymmetric B-factory by the 
KEK B-factory task force was presented by Dr.T.Nozaki in this 
meeting. Some critical comments to this design have been presented 
by Dr.T.Kamae. 

As was stated by Dr.T.Nozaki, the present KEK design is based 
on a few selected processes such as B -> iff + Ks and B-> TCTC, which 
are most promising to measure the CP violation effec' at the initial 
stage of the operation of the asymmetric B-factory. The present design 
is also constrained by the intention of utilizing optimally some of the 
existing TRISTAN detector components such as the , \?erconducting 
coil and the mechanical structure. 

The expected performance of the detector may be found in the 
talk by Dr.T.Nozaki. The designed detector is certainly capable to 
perform the initial measurements of the CP-violation, provided with a 
reasonable integrated luminosity of the order of 10 cm" in a year or 
two after the commission of the B-factory. 

There are however a few specific features with the task force 
design of the detector. The detector is strongly asymmetric in the 
configuration and, as a result, has a limited solid angle coverage 
especially in the backward angular region. It has no capability to 
identify neutral hadrons and has only a crude muon detector. The 
reason of these features are not trivial and they should be either justified 
or modified in the course of future reviews. 

Beside of the promising processes listed above, there are certainly 
many other processes, as presented by Dr. C.S.Lim and Dr.K.Numata in 
this meeting, which are important in understanding the origin of the 
CP-violation. Also there might be interesting rare-decay modes of B-
mesons. An immediate example is the decay B -> J/*F + KL which should 
be as promising as the process B -> JP¥ + Ks. To reconstruct events in 
this process, we need to find KL and to measure its direction. These 
are not possible by the present design. Thus the present design should be 
upgraded, getting the feedback from the physics simulations on as many 
processes as possible and from the detector R&D until we will freeze 
our detector design for the construction. 



2. Required R&D's 

The detailed design and the necessary R&D for each subdetector 
system has been discussed in this meeting. The subdetector system 
where major R&D has to be carry out are the silicon micro vertex 
detector, particle identification, trigger and the computer firm. Here I 
will only comment on two items. 

2.1 Silicon Micro Vertex Detector. 

The necessary R&D on the micro vertex detector is well defined 
and straightforward if it might not be easy. After some years of R&D 
efforts, we are not far away to test large samples of double sided 
silicon strip detectors with/without the multilayer structure for the z-
strips readout. The dead-time-less readout electronics will require a 
careful design, proper process technologies and a reasonable turn
around time. The assembly of double sided silicon detector and the 
mechanical support will require some R&D but may not be major 
issues at least in the cylindrical configuration. The major issues of 
improving the vertex resolution is the size and thickness of the beam 
pipe. There is a good reason to make the beam pipe big (and thus thick) 
for the KEK B-factory but clearly it is the major limiting factor to the 
vertex resolution. 

2.2 Particle ID 

The goal of the particle identification at the asymmetric B-factory 
is now well agreed. It is very much disable to isolate TI/K up to 4 .5 
GeV/c, at least in the forward angular region, to fully utilize the power 
of the asymmetric machine. The strategy of the particle identification 
is, however, still much depend on the results of the R&D's on TOF, the 
fast RICH and the silica aerogel Cerenkov counter. At present it is not 
clear at all if we may take the simple solution by the combination of 
the state-of-art TOF and the dE/dx measurement in the central drift 
chamber. Without a very thick TOF counter, which will certainly 
deteriorate the JI° detection by the EM-calorimeter, the TOF resolution 
of < 80 psec might be difficult to achieve. The dE/dx resolution in the 
central drift chamber is expected to be limited to 6-7% using a low-Z 
gas mixture. A full size prototype of the fast RICH counter with VLSI 
readout will be tested with beams at CERN in one year time from now 
and we will know if the detector works as we expect. Then the question 
may be how to decrease the amount of materials and how to extend the 
momentum region of particle identification beyond 3.5 GeV/c. 

The R&D on the silica aerogel Cherenkov counter was reported 
by Dr.F.Poter in this meeting. The silica aerogel of low index (1.008) 

fifrf 



allows us to separate n/K up to 4 GeV/c, provided with a proper 
readout scheme. The production of the low index aerogel seems to be 
feasible. The readout scheme with phototubes will be easier and cheaper 
at the price of more materials locally concentrated. Another readout 
scheme with fiber and single photon avalanche photodiode requires 
much more R&D. It is very necessary to start an R&D study on the 
silica aerogel Cherenkov counter at KEK and other places. 

3. Time Schedule, Man Power & Collaboration 

Assuming a preliminary governmental approval of the KEK B-
factory project in 1992 and the full approval in 1993, a tentative 
schedule of the detector R&D and the construction may be as follows: 

1991 Basic R&D. 
1992 R&D and Prototypes. 

Letters of Intent. 
1993 Engineering Design & Start of Construction 
1994 Construction. 
1995 Test and Installation. 
1996 First Collision. 

This will be the earliest but feasible schedule. In this schedule we 
will have about two years for R&D and two to three years for 
construction. The progress of the R&D in 1992 to 1993 will be 
crucial. The man power might be a major limiting factor of the 
progess of R&D. The present level of man power for the KEK B-
factory is, from my point of view, far from enough both for detector 
and accelerator. We certainly need a clear guidance from KEK 
administration and serious efforts to form a reasonable experimental 
group and to start domestic and international collaborations in an early 
stage. 
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