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ABSTRACT 

Feasible designs are well advanced for high-luminosity 
e+e- storage rings which produce BOB0 pairs either 
at rest or, in what appears to be a more promising 
option, boosted in the detector frame. Facilities which 
could provide samples of 30 - 100 fb-’ per year on 
the T(4S) will be proposed in early 1991. Here we 
examine the principal physics goal of such B Factories, 
namely CP violation in the b system. Methods in 
a variety of channels, estimated event samples, and 
detector requirements are all considered. We conclude 
that the physics argument for an e+e- B Factory is 
well documented, and compelling. 

I. INTRODUCTION 

Since the Snowmass study of 1988, the plan- 
ning, design, and simulation of experiments at high- 
luminosity e+e- storage rings, operating near thresh- 
old for b6 production, have received considerable at- 
tention worldwide. There have been numerous work- 
shops sponsored by CERN/PSI [2, 31, Cornell [4], 
DESY [5], KEK [6], N ovisibirsk and SLAC [7, 8] de- 
voted to the subject. Therefore, we have used the 
occasion of this meeting to critically review the exten- 
sive literature which has developed, rather than break 
much new ground ourselves. This document encom- 
passes a summary of the current ideas for B Factories, 
in terms of capabilities for b physics. Details may be 
found in the primary sources referred to below. Par- 
ticipants and contributors are listed in the references 
[l]. Presentations during the session on 4 Factories 
are discussed separately in these proceedings. 

Given the limited time and resources at our dis- 
posal, we restricted most of our efforts to the physics 
of CP violation in B decays. Clearly, this is the cen- 
tral theme, and the motivating force behind B Fac- 
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tory proposals. However, in so doing we have ignored 
another of the great strengths of the e+e- Factory 
approach, namely the multitude of critical measure- 
ments in heavy flavour physics which will be per- 
formed at these facilities as they ramp up to design _ 
luminosities [9]. A n essential element of tests of the 
CKM formulation will be precise determinations of 
the b + c and b -+ u couplings. Such measurements 
are likely to require high-statistics studies of exclusive 
semileptonic or hadronic B decays, and thus the lumi- 
nosity of a B Factory. A rich program of charm, T*, 
and two-photon physics will certainly yield important 
new results. 

Presentations and discussions of CP asymmetry due 
to B”-To mixing, or due to interference of competing 
decay diagrams (so-called “self-tagging” modes), were 
made. Over the course of the past year, largely in con- 
junction with the SLAC Detector Workshop [8], mix- 
ing induced CP violation has been shown t,o encom- 
pass a large range of experimentally accessible chan- 
nels, including final states which are CP pure, CP 
mixtures or even non-CP eigenstates. These can be 
viewed as either reducing the luminosity estimates re- 
quired for discovery of CP violation, or as a valuable 
diagnostic tool in the event that the Standard Model 
predictions are incorrect. Highlights of this discussion 
are presented in Section II. 

On the detector side, the two critical improvements 
beyond the present state-of-the-art represented by 
CLEO II will be in the vertex area and in particle 
identification above 1.2 GeV/c. In addition to exam- 
ining the design issues for vertex reconstruction, we 
also studied the larger question of track parameter 
resolution for a combined system of silicon, a possible 
intermediate gas device, and a main drift chamber. 
Some information was available on the simulated ver- 
tex resolution for both the CP and the tagging B de- 
cay with nominal silicon configurations. Options for 
an improved particle identification capability were es- 
amined, and the possible impact of the introduction 
of significant material in front of the electromagnetic 
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Figure 1: Graphical representation in the complex 
plane of the relationships between CKM elements im- 
posed by unitarity in three generations. 

calorimeter was studied. These issues are addressed 
in Section III and IV below. 

II. MEASURING CP VIOLATION IN B DECAYS 

CP violation in B decays is brought about by the 
interference of two decay amplitudes [lo]. A large 
asymmetry results when the magnitude of these am- 
plitudes is comparable. Such a condition is ensured if 
both the B” and the B” decay to the same final state 
f, and interference is produced by B”-B” mixing. If 
f is an eigenstate of CP, with eigenvalue nj, so that: 

cpIf)=w If) 
and the decay is dominated by a single amplitude wf, 
then: 

Ef - = qfemzi4f 
” f 

where the phase ~~ depends only on CKM elements. 
Starting with an initially pure B’(p) state, the time- 
evolved decay rates into the CP eigenstate f (vf = +) 
are: 

I’(B$,, -+ f) oc emr’[l - ImX sin(zI’t)] 

r(B&s ---) f) 0: esrt[l + ImX sin(zIt)] 

where the amplitude for CP-violation, ImX = 
- sin 24, is determined from the CKM phase, 2 = 
Am/I and Am is the mass splitting between the two 
neutral B meson mass eigenstates. 

Within the three-generation Standard Model, the 
allowed ranges for the phase 4 are constrained by mea- 
surements of weak interaction couplings. Unitarity of 
the CKM matrix implies that 

a relationship which can be represented geometrically 
by a triangle in the complex plane [ll]. The lengths 
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Figure 2: The allowed region (shaded) for the Wolfen- 
stein parameters (p, rj) given present constraints from 
1 I/ub/&b I (dotted), EK (dashed) and B”-B” mixing 
(solid lines) for top quark mass of 120 GeV/c2. 

of the three sides of this triangle are defined by B”- 
z” mixing (I&), non-charm decays of B mesons (Vub) 
and a combination of the B lifetime and semileptonic 
branching ratio (I/cb). CP violating asymmetries in 
neutral B mesons are governed by the interior angles 
a, ,B and 7 (Figure 1). 

Existing measurements of ]v,b] and ]v”b/l/eb] from 
CLEO [12] and ARGUS [13] provide direct informa- 
tion on the allowed values for CKM parameters; loop 
processes responsible for CP violation in h” decays 
(c) and B”-Bo mixing (zd) lead to indirect limitations. 
A recent analysis of the implications of these data for 
the unitarity triangle has been made by Dib e2 al. [14]. 
Their results are expressed in terms of the Wolfenstein 
[Is] variables (p, 7) and the top quark mass. A rep- 
resentative example of the allowed region is shown in 
Figure 2, for a top quark mass of 120 GeV/c2. In this 
plot the unitarity triangle has a baseline extending 
from (p, n) = (0,O) to (1,O). The second and third 
sides of the triangle terminate at any point (p, 17) in 
the shaded region, resulting in a range of possible val- 
ues for the interior angles cy, /3 and 7. Thus, the three 
angles can assume any value indicated in Figure 3 as a 
function of the top quark mass. It is noteworthy that, 
although 90’ is not excluded for cy or 7 (and thus zero 
asymmetry), the angle /3 is restricted to lie between 
2’ and 47’. 
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Figure 3: Projections of allowed regions for the three 
CP angles, as a function of top quark mass. 

Strong and electromagnetic processes always pro- 
duce b quarks in pairs. A measurement of the asym- 
metry between B” and B” decays to a common final 
state f requires that one of the pair be tagged, while 
the decay rate of the second is determined. Previ- 
ous Snowmass studies [16] have examined the rela- 
tive merits of the existing options for obtaining large 
samples of b quarks. Here, we concentrate on high- 
luminosity e+ e- collisions near b& threshold. 

The process T(4.S) + BB has historically proven 
to be a favourable means of studying 6 quarks, both 
because of the production rate and the relatively small 
background. However, one essential feature for the 
extraction of CP asymmetries on the r(4S) is the 
prepared nature of the initial-state wave function. It 
has been shown that for such a L = 1, CP-odd pair 
of B mesons, the tagged asymmetries depend on the 
time difference At = tl - t2 between the two decays: 

w;,,, * f) 0: 
earAt[l - ImX sin(tI’At)] 

esrAt[l + Im/\ sin(zI’At)] 

For a T(4S) that is stationary in the detector frame, 
only a time-integrated measurement is possible, re- 
sulting in zero asymmetry. This difficulty can be over- 
come in two possible ways, both of which have been 
carefully examined over the past two years: 

1. 

2. 

Asymmetric energy e+e- collisions, producing a 
boosted T(4.S’) in the laboratory frame [17]. 

Symmetric energy e+e- collisions above the 
threshold for BB* production. 

In the asymmetric option, the BOB0 pair travels along 
the direction of the high-energy beam, due to the 
small momentum of the B meson in the T(4S) centre- 
of-mass. The long b lifetime results in a measurable 
average flight path for the B mesons. The spatial sep- 
aration of the two decay points along the beam line is 
then proportional to the time difference between the 
decays, 

At z Az/pyc. 

At least two methods [18] can be applied to recover - 
a finite asymmetry. For example, the events can be 
divided into four classes, depending on the time-order 
of the tagging and CP channel decays: 

nl : Btag = B” 

51 : Btag = so 
kP < hag 

n2 : Blag = B” 
7i2 : Btag = B0 

kP > ttag 

Interference in the partia.1 rates for the four classes is 
illustrated conceptually in Figure 4. Taking appropri- 
ate sums and differences of the observed numbers of 
events, a non-zero asymmetry can be measured: 

ACP = (nl - El)- (n2 -52) = nl+Eil+n2+E2 -do sin 24, 

with an effective dilution factor do = td/(l + zi) N 
0.47. A more sensitive technique is to fit the distribu- 
tion of vertex separation AZ, after division into classes 
with positive (ni + it,) and negative (~1 + nz) inter- 
ference. The dilution factor then becomes do N 0.58 
[19] (Figure 5). 

Above the threshold for BB’ production, the decay 
to BBy leads to a BOB0 pair in an L = 0, CP even 
state. The tagged partial widths in this case depend 
on the sum, tl + t2, of the decay times: 

r@qS - f) cx 
e -r(rl+tZ)[l - ImX sin dytl + t2)] 

w&s - f) m 
e -r(tl+tZ)[l + ImAsin d-p1 + t2)]. 

The time-integrated asymmetries are non-zero. with 
a dilution factor do = 2zd/(l + zd)2 of about 63’7. 
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Figure 4: Separation of events into classes with posi- 
tive and negative CP interference, depending on time 
order of tag and CP decays. 

11-95 

0 200 400 600 800 
AZ ; t, - t, (pm) 

6?eoA3 

Figure 5: Example of a fit to the distribution of lon- 
gitudinal vertex separation AZ between tag and CP 
channel. The statistics corresponds to 2300 tagged 
decays. 

Clearly this approach requires that the experiment 
be run at centre-of-mass energies above the T(4S), 
with a corresponding reduction in cross section. The 
observed cross section above the resonance is approx- 
imately 0.3 nb above the continuum level [20]. At- 
tempts to directly measure the BE* cross section in 
this region are underway at CESR. 

The luminosity required to achieve an asymmet,ry 
measurement of a specified significance s = Acp/uA 
is given by [21]: 

J Cdt = 
2 1 + S/B 

2ubbfod%p~tog& SIB 

where 

ACP = (1 - 2w)do sin 24 
UbF = Cross section for bf; 

f. = BOB0 fraction 

B&P = Branching ratio for CP mode 

CR = Reconstruction efficiency 

Etag = Tagging efficiency 
W = Fraction of wrong-sign tags 

do = Dilution factor 
S/B = Signal-to-Background ratio 

Several Monte Carlo studies have been made to es- 
timate efficiencies, vertex resolution, tagging efficien- 
cies and purities, and signal-to-background ratios in 
a variety of channels [7, 8, 221. These are based on 
reasonable assumptions about the detector configu- 
ration, along the lines discussed below in Sections 
III and IV. In some cases, for example kaon tag- 
ging efficiency, we have tried to make a rational in- 
terpolation of the available estimates. Results for 
B” + J/$1$ and x+r-, the primary examples of 
CP eigenstates, are summarized in Tables 1 and 2 re- 
spectively. Per unit of delivered luminosity, the sym- 
metric collider appears to be at least a factor of three, 
and more likely an order of magnitude, less sensitive 
than the asymmetric option depending on the chan- 
nel considered. Small advantages in acceptance and 
the more favourable value for the dilution factor do 
not overcome the large cross section penalty. Fur- 
thermore, better background suppression is generally 
available at the asymmetric collider, due to vertex 
constraints. Implicit in this statement are many as- 
sumptions about the detector, particularly the vertex 
region, which will be discussed below. 
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III. ALTERNATIVE CHANNELS 

Table 1: Comparison of sensitivity in the channel 
B” + J/$1<; for asymmetric versus symmetric en- 
ergy collisions. 

Asymmetric Symmetric 

T4S) Y(4s)+ 

=,, Lnal 1.2 0.13-0.3 

f0 0.5 0.45 

fR 0.58 0.65 

ftag 0.45 0.50 

W  0.07 0.07 

do 0.58 0.63 

BRCP 3.7 x 1o-4 3.7 x 1o-4 

LIC(Asym) 1.0 3.0-6.9 

Table 2: Comparison of sensitivity in the channel 
BO 4 r+ rr- for asymmetric versus symmetric energy 

ab; b*l 
fo 
CR x Etag 

S/B 

w  

do 

B&P 

Ut(Asym) 

Asymmetric 

T(4S) 
1.2 

0.5 

0.215 

22.5 

0.07 

0.58 

2 x 10-5 

1.0 1 6.9-16.0 

In parallel with the tremendous advances in design- 
ing high-luminosity facilities for b physics, a fruit,ful 
and systematic examination of other possible CP vio- 
lating channels has been made. It has been shown 
that the requirement that the final state be a CP 
eigenstate can be relaxed, without sacrificing the pre- 
dictability which is a key component in using B de- 
cays for precision tests of the Standard Model. A 
summary of possible extensions is provided in Table 3 
below [23]. Specific examples from several of the new 
categories are examined in the following sections. 

A. Analysis of States with Mixed CP Eigenstates 

Dilution of Asymmetry 

Many decay modes of the B” involving three par- 
ticles, or two particles with spin, are mixtures of dif- 
ferent CP eigenstates. Therefore the measured CP 
asymmetry will depend on the ratio of CP-even and 
CP-odd states. The decay rate of a state that evolved 
from an initially pure B”(Bo) to the final state f(f) 
can be written in the form 

r(B;,,, - f) = r+(l + CJ) + r-p - a), 
r@7;,,, -+ 7) = r+(l - U) + r-(1 + u). 

The CP-even and CP-odd rates are denoted by the 
widths I+ and I-, respectively. The rates are time 
dependent and I’+ and I- contain a factor emrt, 
where I? is the average width of the B” mass eigen- 
states. 

The measured asymmetry is 

W$hp ----t f) - r(~;,,, --) 7) r+ -r- 
rwjiys - f) + V;,,, - 7) = a r+ + r-. 

with a = -ImXsin(zI?). The last factor gives the di- 
lution that occurs if the final state f is a mixture of 
CP-even and CP-odd parities. If an analysis of angu- 
lar distributions can be made for each time-bin sep- 
arately (since the asymmetry is different at different 
times) this dilution can be avoided, regardless of the 
r+/r- ratio. 

Several methods have been discussed which can be 
used to reconstruct CP eigenstates from a superposi- 
tion of helicity states. The first method analyzes de- 
cays in terms of a quantity called transversity, which 
characterizes the spin projections of a three body state 
in the direction transverse to the momentum plane 
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Table 3: B decay channels available for mixing-induced CP violation searches. 

Class Examples 
1. B” - f,BO -f J/+,h’; 

where f = CP Eigenstate ?f+ 7r- 
D+D- 

2. f = (A)cp(B)cp or A;i J/G0 
where A, B have spin D’+D’- 

3. f = (A)cpB where B - (C)Q Jf$h”‘, h’*’ + h-$r” 
noxo. Do + A+A- 

4. f = s-body state 
(a) CP Eigenstate qch-$rO 
(b) Mixture of CP States J/l/h’;*’ 

5. f = Al& where AI& = (q,?f,)(~,q,) d&F s D’+D- 
(CP self-conjugate set of quarks) d&Z E K*‘3;‘0 

d&ii s ofirF. afrr 

[24]. This approach has the advantage that the anal- 
ysis can be performed with the combined sample of 
resonant and non-resonant contributions to a given fi- 
nal state,. whereas the more detailed angular analysis 
requires reconstruction of a specific two-body parent 
system for the three-body state. 

The second method uses a more complete angular 
analysis and forms all possible independent angular 
moments of the data. These moments project out cer- 
tain linear combinations of helicity amplitudes which 
can be formed into CP eigenstates [25]. This permits 
the study of additional channels not amenable to the 
transversity treatment. Like the transversity moment 
analysis, this method has the advantage that it allows 
asymmetries to be extracted without a priori knowl- 
edge of the relative strengths of the different helicity 
contributions. In both cases this can be done by com- 
bining results from B” and B” decays. 

Two other methods are based on maximum-like- 
lihood fits to the angular distributions of the CP- 
violating decays and to a set of isospin-related de- 
cay channels that are not affected by CP violation 
[26]. This can be done by using either the transver- 
sity polar angle distributions alone or the complete 
angular distributions. For a transversity analysis of 
this type one needs to know the relative strengths of 
the contributions for each possible absolute value of 
the transversity. In most cases this can be determined 
from isospin-related channels [27]. For the complete 
angular analysis the full set of helicity amplitudes and 

their relative strong-interaction phases need to be de- 
termined. In the limit of very large statistics, this 
method will provide the most accurate measure of the 
asymmetry. 

Transversity Analysis 

In the following, the concept of transversity will 
be introduced as an analyzer for CP parities in three 
body decays of the B”, a spinless neutral particle [24]. 
The three final-state momenta define a plane and are 
invariant under reflections in the plane. Such a reflec- 
tion can be written as the product of a space inversion 
P and a 180 rotation about an axis normal to the 
plane, which we select to be the z axis: 

R,, E peiaJ, = Pint , ei”T, 

where Pint denotes the total intrinsic parity of the 
three particle system, J, is the projection of the to- 
tal angular momentum of the three particle state on 
the z axis and r denotes the sum of the transversi- 
ties of the three particles, i.e. the projection of the 
total spin angular momentum of the state on the z 
axis. The equality follows because all three momenta 
in the centre-of-mass system remain invariant under 
R,, and therefore only the internal degrees of freedom 
contribute. 

Since the initial state has spin zero, the final state 
must also have spin zero and be invariant under ro- 
tations in the centre-of-mass system. For any J = 0 
state 
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R,, 1 J = 0 ) = PeirJ’ 1 J = 0 ) 
= Pint . e’“’ 1 J = 0 ) 
= P(J=O) 

and it follows that 

CR,, 1 J = 0 ) E CPeiTJs 1 J = 0 ) 
= (CP)i,, . ei*’ ( J = 0 ) 
= CPIJ=O). 

Thus in decays such as B’ -+ J/I+!JK~T~ and B” + 
~cli~x”, where each of the three particles in the final 
state has a definite intrinsic parity and intrinsic charge 
conjugation, the CP eigenvalue of the state can be 
determined by a measurement of the transversity. 

For the final state J/$Kg7r” with (CP)i,, = -1, 
and thus we have CP = -1 for r = 0, and CP = +l 
for T = fl. The same holds for all radial excitations 
of the J/I+!J. The two CP states can be distinguished by 
the angular distribution of the lepton pairs from the 
decay J/T/J 4 -&- relat,ive to the momentum of the 
J/g. !n fact, the ARGUS collaboration has shown 
that inclusive J/$J from B decays in the two-body 
momentum interval are strongly polarized. A fit of 
the form i + cy cos* Bt+ to the distribution of the angle 
Be+ between the lepton direction and the J/y5 boost 
direction in the J/I/J rest frame gives cr = -1.17f0.17. 
This means that the state is dominated by T = 0, i.e. 
the state is CP = -1 [28]. Consequently the dilution 
of the asymmetry is small, and the sensitivity of the 
decay B” -) J/$K*’ is expected to be comparable to 
that for the decay B” - J/$,K~. 

For the final state ~cK$n”, which has (CP)i,, = 
+l and T = 0 for three spinless particles, we find that 
CP = +l for all possible partial waves in the final 
state, including the states where the K7r system forms 
a I<* resonance. This can be derived by examining the 
intrinsic P and C and all allowed partial waves. I<: is 
a CP=+l state, and vc and 8’ are CP = -1 states. 
There are two relative orbital angular momenta for 
this three-body system, but they must both be equal 
in order to couple to the spin zero required by angular 
momentum conservation. Thus although all values of 
this orbital angular momentum are allowed, all have 
even orbital parity and even intrinsic CP. 

The final state D*+D*- contains several partial 
waves and can have CP = +1 and CP = -1. A 
transversity measurement can be used to separate the 
different CP eigenstates. Since the total angular mo- 
mentum has to be J=O for the decay of a spinless par- 
ticle, L = S for the orbital angular momentum, and 

-1 0 1 

12-90 (r+-r-Mr++rS 6760A25 - 

Figure 6: Increase in the uncertainty of the CP vio- 
lating asymmetry as a function of the CP mixture in 
the decays J/$1<*’ and D*+D*-. 

the CP eigenvalue for this state equals P, the parity 
eigenvalue. Since the intrinsic parity of the D*+Dx 
system is P = -1, it follows that the CP eigenvalue 
for the whole system is CP = -1 if r = 0 for the D*+, 
and CP = +l for non-zero transversity, r = &l. 

Even though one can use the transversity analysis 
to measure the mixture of the CP eigenstat,es in a 
given decay mode, the error for a mixed sample is al- 
ways larger than for a pure sample. Figure 6 shows 
the increase in the error on the CP violating asymme- 
try as a function of the mixture for two decay modes 
[29]. The final state D’+D*- is less sensitive t.o the 
mixture than the state J/qbIi’*‘, but based on the AR- 
GUS measurement we already know that this decay 
mode is dominated by the CP = +l state. 

B. Final States of CP Self-Conjugate Quarks 

CP asymmetries where the final state f is made up 
of a pair of mesons differing in mass or Jpc, but which 
at the quark level consists of a CP self-conjugate col- 
lection of quarks (Class 5), offer an important expan- 
sion of the experimentally accessible channels. The 
general formalism which is used to describe decays 
to non-CP eigenstates can be.found in reference (301. 
Examples which have been considered in considerable 
detail areB” --) peer and af7~F. Supposing that 
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both B” and p can reach a final state f, or its CP 
conjugate state 7, then: 

where #‘I and CY(‘) are the CKM and strong interac- 
tion phases respectively, and the MC’) are the magni- 
tudes of the decay amplitudes. Interference via B”-B” 
mixing results in tagged decay widths: 

where p = Ml/Mz, ,8 = (p2 - l)/(p2 + l), and the 
angles h(2) = 24 (7)( (~1 - a~) depend on the phases 
introduced by B”-B” mixing and the weak decay am- 
plitudes: 4 = 2&ir + 4r + 4;. There are four mea- 
surements available to determine three unknowns. In 
particular, the appropriate sums of partial widths: 

r('B'" + f)+ r(%)" +T)c~: eert[l(&) 

JCiF cos(crl - (~2) sin 24 sin d3] 
reproduce our previous result for CP eigenstates, with 
an effective dilution factor do = dmcos(al -(~a). 
For experiments on the T(4S), the initial state corre- 
lation requires a time-ordered measurement., so that 
t is once more replaced by At in this case. It should 
also be noted that there is a four-fold sign ambiguity 
in extracting sin 24. It is possible that some solutions 
are unphysical. Alternatively studies in related chan- 
nels may resolve the problem. 

The size of the asymmetry, and hence the improve- 
ment in sensitivity brought by the new channels, de- 
pends on the ratio of the decay widths for B” - f 
versus B” --) 7. For the particular examples consid- 
ered here, factorization leads to reliable predictions 
for the ratio of branching ratios to ?r+?r- in terms of 
a;, P- and s- form factors, since all three originate 
from the W- decay. Thus, one expects [30]: 

Moreover, final-state phases are expected to be small 
for B decays to two light part.icles. Neglecting back- 
grounds and efficiencies, the relative sensitivity can 

then be expressed as: 

a[sin 2cr]+,r 
a[sin 2a],+,- 

N J p2 + 1 
8P2 

as illustrated in Figure 7. One concludes that for p* = 
r(BO -P+T-)/r(BV -+p- x+) greater than l/i’, the 
new channel is more sensitive to sin2rr than B” -+ 
7r+x-. 

A realistic Monte Carlo simulation [30] has been 
performed, leading to the estimated measurement er- 
rors shown in Figure 8 for B” -+ p* 7rr and af 7~7. For 
this study, preselection cuts were based on the mass 
of the B candidate and the energy in the Y(4S) rest 
frame, the masses of all intermediate states (al, p, or 
TO), and a quality of the vertex formed from charged 
particles in the decay. Both leptons and single kaons 
were used for tagging the second B mesons, with 
perfect particle identification assumed. The achieved 
signal-to-background ratios were decidedly worse than 
those obtained for B” ---L a+~, ranging from 1 for 
lepton tagged pfrr to 16 for kaon tagged afnF. 
These would be sufficiently large to significantly de- 
grade sensitivity in some cases. However, in a sec- 
ond stage a cut variable (“rarity”) was constructed 
by using coherently the mass and energy constraints, 
along with an event shape variabIe, to discriminate 
against the continuum backgrounds. This produced 
much more promising results, with some further loss 
in efficiency (Table 4). The authors conclude that the 
non-CP channels will turn out to be more sensitive 
than B” + x+lr-. 

C. Summary of CP Phase Measurements 

A summary of present estimates for event samples, 
and corresponding errors on asymmetries, are indi- 
cated in Table 5 for both sin 2p and sin 2cu for a typi- 
cal asymmetric B Factory at a luminosity of 3 x 1O33 
cm2 s-l. The addition of new channels extends the 
range of sensitivity to include most of the allowed re- 
gion for the two angles a and /3. 

D. Direct CP Violation 

So far, we have considered CP violation in decay 
modes that are not flavour specific, i.e. final states 
that are common to B” and B0 decays. In these de- 
cay modes CP violation is observable as a time depen- - 
dent asymmetry caused by interference due to B” - B” 
mixing, i.e. AB = 2 transitions. In flavour specific 
decays of both neutral and charged B mesons, we ex- 
pect a time-independent asymmet,ry due to so-called 
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Table 4: Background-to-signal ratios before and after the coherent suppression cut, the relative efficiency, c*, 
and the remaining degradation of sensitivity due to background, s/se, separately for lepton and kaon tagged 
samples of three decay modes. 

7r+ 7r- p%f~ aF7rT 

Lepton Kaon Lepton Kaon Lepton Kaon 
B/S before 1 8 2 16 0.02 0.18 

B/S after 0.13 0.42 0.27 0.57 0.01 0.09 

c* 0.93 0.76 0.89 0.62 1 1 

s/so 10% 40% 20% 60% 0.6% 5% 

Table.5: Summary of estimated branching ratios, efficiencies and sensitivities for representative channels which 
can be used to determine CP asymmetries. The combined error from the three channels would be about ho.06 
and f0.086 for sin2/3 and sin2o, respectively. 

Measurements 1 Mode I 
of sin 2j9 JIM’; J/$K” D+D- 
Final State e+e-rn e+e-s+x-ro many 
BRw 
BR decoy 

CR 

ctog 

N obs 

a[sin 2@] 

Measurements 
of sin 2~ 

Final State 
BRw 
BR decay 

CR 

ctag 

N obs 

a[sin 2cr] 

7.4 x 10-4 

7 x 1o-2 

0.58 

0.45 

487 

0.077 

12.5 x lo-’ 

1.5 x 1o-2 

0.46 

0.45 

144 

0.14 

Mode 

6 x lo-’ 

3.6 x 1O-2 

0.30 

0.45 

105 

0.17 

1.0 1.0 1.0 1.0 0.5 0.5 

0.45 0.45 0.48 0.48 0.42 0.42 

0.45 0.45 0.45 0.45 0.45 0.45 

142 142 464 464 207 207 

0.18 0.12 0.18 
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Figure 7: Relative error of the CP asymmetry mea- 
surement as a function of the ratio of decay widths 
for B” - p+V over B” + -+p-s . 
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Figure 8: Monte Carlo simulation of sensitivity to 
sin2o for B” -+ pin7 and a:rF in a 50 fb-’ sam- 
ple. Solid and dotted lines refer to the resolution that 
could be achieved with or without background, re- 
spectively. 

direct CP violation in the decay amplitude itself, i.e. 
AB = 1 transitions. When two different amplitudes 
contribute to the decay of a B meson to a final state 
f, the amplitude for the decay can be written as 

U I C(AB = 1) I B) = (f I LI I B) + (f 1 Lz I B) 
= gl Ml eial + g2 A, eia2. 

Ml, M2 denote the matrix elements for the weak in- 
teraction operators Cl, Lz with the CKM parameters 
gl, g2 and the strong (or electromagnetic) phase shifts 
al, oz. The amplitude of the CP conjugate state de- 
cay ?? 4 7 then reads: 

(7 1 L(AB = 1) ( B) = g; Ml eial + g; h4z eia2, 

where the CP invariance of the strong interaction fixes - 
the phase shifts. A difference in rate for the two pro- 
cesses establishes CP violation, and we have 

r(B -+ f) - r(E + 7) oc 
Im g;gz sin(oi - a2)MlMz. 

This rate difference can only be non-zero if two con- 
ditions are met simultaneously: 

1. the two non-trivial phase shifts ~1 # ~2 have to 
be present, and 

2. there has to be a relative complex phase between 
the two weak couplings gi and gz. 

It turns out that processes that fulfil these condi- 
tions involve at the quark level loop diagrams with a 
gluon or photon, usually referred to as penguin dia- 
grams. These diagrams generate an absorptive part 
due to on-mass-shell rescattering of a virtual gluon 
with four-momentum q2 > 4mi, where mp refers to 
the mass of the intermediate quark u or c. At the same 
time, loops with contributions from different genera- 
tions of quarks produce complex CKM phases. While 
there is agreement among theorists that rescattering 
is bound to occur there are widely differing opinions 
about the scheme and the reliability of calculations 
of its effect on the rate and the asymmetry in ex- 
clusive decay modes [31] [32] [33]. Figure 9 shows 
an example for two amplitudes that could lead to di- 
rect CP violation in decays such as B+ + I<+x” or 
B” + Ii’+r-. At the workshop, N.G. Deshpande es- 
timated the expected rates and asymmet#ries for pro- 
cesses involving interference between two amplitudes 
of comparable size, either a penguin and a CKRI sup- 
pressed spectator amplitude or two penguin ampli- 
tudes. While the relative rates for penguin transition 
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Figure 9: Quark diagrams for the process b + sEu. 

b - d to b + s are suppressed by a factor X2, u?i is 
expected to be suppressed relative to CT by a factor of 
roughly X4. The results are listed in Table 6, they are 
to be taken as rough order of magnitude estimates. 
There remain substantial uncertainties in the theo- 
-retical assumptions, in particular for calculating ex- 
clusive rates, though most theorists expect that some 
of these processes will lead to significant CP violating 
effects. 

From an experimental point of view, it is very inter- 
esting to learn that some of these asymmetries may 
be sizable, though most of the branching ratios are 
expected to be small. The decay modes listed rep- 
resent rather simple final state with relatively good 
detection efficiencies. Also, the measurement of the 
asymmetry in these self-tagging modes does not re- 
quire any vertex detection or tagging of the second 
B decay. This opens the possibility that such affect 
may be detectable in hadronic production of B mesons 
were production rates are very large. However, to pro- 
duce a convincing effect, the experimenters will have 
to make sure that the detector has equal sensitivity to 
the two charge conjugate state, this is somewhat rem- 
iniscent of measurements of the CP violating charge 
asymmetry in semi-leptonic K” decays. 

IV. MEASUREMENT OF THE TIME 
DEPENDENT ASYMMETRY 

A. Vertex Resolution 

The primary physics goal of an asymmetric B fac- 
tory is the measurement of the time evolution of the 
B”-Bo asymmetry in decays to CP eigenstates, caused 
by interference between the mixed and unmixed B 
mesons. The relevant time is the difference in proper 
time between the two decays, At, which is to a very 
good approximation proportional to the difference in 
decay distances. The resolution in measuring this dif- 
ference in decay lengths AZ should be good enough 
so as not to significantly degrade the measurement of 
this asymmetry. 

12.90 678OA23 

Figure 10: Dilution of the measurement of the CP 
asymmetry as a function of fl&, the resolution in the 
decay distance of the two B” mesons. 

A number of studies have been performed to inves- 
tigate the specifications for the vertex detector reso- 
lution, simulating the process B” + fi and B” - f2, 
where fi represents a CP eigenstate, like J/$$, and 
f2 is a decay that tags the identity of the B meson, 
like the semi-leptonic decay to D+!-Y. In the pres- 
ence of CP violation, the decay rate of a ‘B” toaCP 
eigenstate fi is 

R 0; eWrlAtl[l (&) sin24 sin(zI’At)] G,(aAt), 

The function G, describes the resolution of the de- 
tector for the measurement of At, which is assumed 
to be described by a single Gaussian distribution of 
width 6~1. Thus the CP violating rate asymmetry 
is represented by a constant term sin 24 that is mod- 
ulated by a sine function of period T = 2~12 and 
convoluted with the resolution function, G,. The at- 
tenuation of the amplitude sin24 remains small as 
long as bat < T. This observation has been verified 
by analytical calculations [34] and Monte Carlo simu- 
lations [35]. Figure 10 shows that the error in the CP 
term sin24 depends only weakly on the uncertainty 
UAt, which is related to (T& , the error on the decay 
distance AZ = zcp - stag by:- 

The distances between the decay points of the two 

11 



Table 6: Estimated branching ratios and CP asymmetries for self-tagging decays, involving five quark level 
processes with penguin amplitudes. 

r 
Quark Process 
b + SEC 
b - siiu 

b h sss 

b --+ dxis 
b + diiu 

Hadronic Decays Branching Ratio Rate Asymmetry 
B- + D”Dy - 1o-3 N 0.5x47) 12 x lo-' 

B+ - K+xO 
B+ + h”+r” 
B” + A’+*- 
B” * K’+n- N 1o-5 - 0.51) N (5 f 3) x 1o-2 

B+ - h'+ 4" - 10-5 N 0.5x29 N 2 x 1o-3 

B+ i h-t@ - 3 x 1o-5 -0.5X27/z 2 x 1o-3 

B+ - KtK" - 10-6 - 0.5q N (5 &3) x 1o-2 

I?+ + x+x0 - 10-5 - 0.5X2n N 2 x 1o-3 

1 I I 4  I 
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Figure 11: Distance between the decay points of the 
two B mesons (a) in the plane transverse to the beam 
and (b) along the direction of the beam, for beam 
energies of 9.0 on 3.1 GeV. 

B mesons are shown in Figure 11, the averages are 
(AZ) = 180 ,U m in the direction along the beam, 
and (Aty) = 32 pm in the plane transverse to the 
beam. Thus 6~~ < 0.5pycT translates to u& < 
90 pm and-compared to a detector with perfect 
resolution-causes a dilution of the measurement of 
the CP asymmetry in B” decays by less than 10%. 

B. Methods of Tagging the B” Flavour 

At an T(4S) B Factory, the prepared initial state 
leads to an evolution of the B and B which is co- 
herent, including the effects of flavour oscillations for 
neutral B mesons. Thus a constant phase relation is 
maintained, so that the two states remain orthogonal 
until one of them decays. If this decay at the time 
ti is flavour specific, it determines whether the other 
B decaying into a CP eigenstate at the time t2 was 
a B” or B” at the time tl. The flavour of a B” can 
be derived from the presence of either a lepton from 
a semi-leptonic decay or a charged Ii’ from the sec- 
ondary decay of a D meson. In both cases the charge 
of the particle tags the B flavour, i.e. e+, p+, and 
I<+ tag a B” and e-, ,u-, and I(- tag a B”. TWO 
quantities characterize the tagging quality, the tag- 
ging efficiency c, which is defined as the fraction of 
B” that are tagged, and w, the fraction of all tagged 
events that are incorrectly tagged. 

Monte Carlo studies have been performed to de- 
velop efficient selection criteria for flavour t,agging of 
decays to CP eigenstates [36]. Tagging leptons are re- 
quired to have a momentum exceeding 1.4 GeV/c and 
a clean signal in the e.m. calorimeter or the muon de- 
tector. The efficiency for detecting one such lepton in 
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Table 7: The B” tagging efficiency E and mistagging 
probability UJ based on a detector with a fully efficient 
Cerenkov counter and a dE/dx measurement with 7% 
resolution. 

an event is c = 11.8%, the probability for incorrectly 
tagged events is w = 4.4%. 

The flavour of the B” can also be tagged by the 
detection of 1 charged kaon or 2 like-sign charged 
kaons in the event. Assuming that the detector will be 
equipped with a fully efficient Cerenkov counter and 
a dE/dx system with a resolution of 7.5%, the kaon 
tagging efficiency is of the order of 33%, and 10% of 
the tags are incorrect. These estimates include the 
effect of kaon decay in flight. 

The results for a combined tagging system are listed 
in Table 7. Here the lepton tag is assumed to take 
precedence over a kaon tag because of its smaller 
mistagging rate. 

C. Vertex Reconstruction 

The decay point of a B” to a CP eigenstate is de- 
termined from the reconstructed vertex of the prompt 
decay particles. Thus, for the J/+1{: decay one uses 
the vertex of the reconstructed J/lc, * @fZ- decay, 
while for the D+D- decays the B vertex is obtained 
from a fit of the two D decays projected back to their 
respective vertices. The uncertainty in the reconstruc- 
tion of the vertices of various decays to CP eigenstates 
has been estimated by Monte Carlo simulations [37]. 
The results are listed in Table 8. The best resolution 
is obtained for the J/$Ki decay mode, the resolution 
for the D* vertices depends critically on the number 
of x0 in the decay. 

The tagging vertex is reconstructed by fitting all 
charged particles that do not originate from the decay 
of the CP eigenstate to a common vertex, independent 
of the tagging method. Tracks from the decay of long- 
lived particles, such as Ii’!& ho, or h are rejected by 
requiring that the impact parameter ‘be less than 800 
pm. No attempt has been made so far to separate D- 
meson tracks from prompt tracks. It is estimated that 

Table 8: Resolution for vertex reconst,ruction based on 
a tracking system consisting of a 3 layer silicon strip 
vertex detector and a 39 layer central drift chamber 
with 10 pm and 150 pm resolution, respectively. 

Decay Vertex Resolution bz(prn) 

JIM? 24 

7r+ x- 27 

D+D- 38 - 55 

t* or K* tag 58 

their effect on the measurement is not dominant, and 
to some degree cancels in the measurement of At, the 
distance between the two reconstructed decay points. - 
The uncertainty of the reconstructed t position of the 
tag vertex is estimated to be 58 pm. 

For many decay modes the error in the measure- 
ment of AZ is dominated by the error on the tagging 
vertex. For the CP eigenstate J/$1<:, it has been 
estimated by Monte Carlo simulation to be roughly 
b& = 62 pm. These results are fully compatible with 
the resolution necessary for the measurement of the 
CP asymmetry. 

V. DETECTOR DESIGN 

A. General Layout and Specifications 

The design of a detector for an asymmet.ric T(4S) 
collider can be based on accumulated experience with 
detectors presently operating at the e+e- storage 
rings PEP, LEP, and particularly DORIS and CESR. 
Three novel features are needed: (a) solid angle cov- 
erage in the forward direction, (b) the detection of 
separate vertices along the beam direction, and (c) 
lepton detection and hadron identification up to 4.5 
GeV/c momentum. A sketch of a detector lay-out is 
given in Figure 12. This lay-out was composed at the 
B-Factory Workshop at SLAC, and many of the pa- 
rameters were derived from the CLEO II detector now 
operating at CESR. 

To obtain high efficiency for complete event. recon- 
struction, it is essential to cover as much of the solid 
angle as is practical. In Figure 13 the relation be- 
tween the polar angle in the centre-of-mass and the 
laboratory system is illustrated. 

In an asymmetric storage ring with beam energies of 
3.1 GeV and 9.0 GeV, the T(4S) resonance is boosted 
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Figure 12: Lay-out of a detector for an asymmetric 
collider operating at the T(4S). 
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Figure 13: The detector coverage in the centre-of mass 
and the laboratory system for relativistic particles as 
a function of the energy of the high energy beam of 
an asymmetric B Factory. 

with Pr = 0.56 along the direction of the higher en- 
ergy beam. A coverage of 1 cos eern 1 = 0.91 in the rest 
frame of the T(4S) corresponds to a polar angle cov- 
erage in the laboratory frame from case = -0.75 to 
cos0 = +0.97. With this asymmetry in the beam en- 
ergies, it is advantageous to place the detector such 
that the forward angle coverage is substantially larger 
in the direction of the higher energy beam. 

The average charged particle multiplicity in the de- 
cay of the T resonance is less than 12, and apart 
from the effect of the relatively small boost along the 
beam direction, the particles are distributed rather 
uniformly. Such events do not require a detector with 
extremely good two-track separation and granularity. 

B. Charged Particle Tracking 

A typical charged particle tracking system consists 
of several components: a central drift chamber, a sili- 
con vertex detector, and possibly an intermediate wire 
chamber. For this study, the central drift chamber 
(CDC) extends from 20 cm to 80 cm in radius, and 
it has 39 layers of sense wires placed at angles 0” and 
f4O relative to the beam. The position resolution 
is taken to be 150 pm. The silicon vertex detector 
(SVD) is assumed to have 3 layers, at radii of 23,46, 
and 69 mm, and 10 pm resolution in both the xy and 
z direction. The vertex drift chamber (VDC), with 10 
layers of alternating stereo angles of f45’, has a posi- 
tion resolution of 50 pm. The CDC is filled with a gas 
of 450m radiation length, the VDC has a denser gas 
of 120m radiation length. The outer (inner) wall of 
the VDC is assumed to have a thickness of 2% (0.3%) 
of a radiation length. All other detector walls are less 
than 0.3%X,. 

For this combination of tracking devices, the reso- 
lution in the track parameters cyi = (l/p, b,,, b,, 4, Q), 
for momentum p, impact parameters b,, and b,, 
and angles 4 and 0, has been studied for individual 
charged particles. The results are presented in Ta- 
ble 9 and Figure 14 [38]. They have been obtained 
from a fit to the track parameters, taking into ac- 
count multiple scattering and intrinsic position errors 
and assuming cylindrical geometry. A solenoidal mag- 
netic field of 10 kG is assumed. The error on a given 
track parameter o is usually expressed as a sum of 
two terms that are to be added in quadrature: 

Act = A, @ Co/p[GeV/c]. 

The first term A, describes the geometric resolution 
and is a function of most of the following parameters: 
the intrinsic resolution per layer, the number of lay- 
ers, the stereo angle of the layers, the total length 
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Figure 14: Resolution in track momentum and impact parameters for charged particles measured in either the 
CDC alone, the CDC and VDC, or the CDC and the SVD. 

of the tracking device, and the polar angle of the 
track. In particular, Ali, - Lw2, where L is the 
track length. The second term represents the con- 
tribution from multiple scattering, and is dominated 
by the amount of material in the beam pipe and the 
detector walls. It depends critically on the polar an- 
gle, i.e. C, - sin -n/2 0, where n=5 for C, (impact 
parameter bZ), n=3 for C,, (impact parameter bty) 
and C, (azimuth angle 4 ), and n=l for Co (polar 
angle 0). Table 9 lists the parameters A, for com- 
binations of different tracking devices. The last row 
gives the multiple scattering terms C, for the CDC 
combined with the SVD. Most of the tracks emitted 
at small angles to the beam undergo larger multiple 
scattering and do not contribute to the determination 
of the vertex. They may, however, in many events aid 
in the reconstruction of exclusive decay modes. 

Measurements of the track momentum p and an- 
gle 4 rely primarily on the CDC. The addition of the 
VDC with 50 pm resolution improves the momentum 
resolution Ap/p2 from 0.6% to 0.3%, where half of 
this improvement is due to the extension of the track 
length from 60 cm to 70 cm. The insertion of the sil- 
icon vertex detector further improves the momentum 
resolution to 0.2%, partly from the extension of the 
measured track length to 76 cm. The angular resolu- 
tion is dominated by multiple scattering, and is about 
1.2 mrad/p[GeV/c]. The most dramatic improvement 
achieved by the addition of the vertex detectors is the 
resolution in the polar angle 0 and the impact param- 

eter b,. This is due to the much larger stereo angles 
of these devices. 

In this study it was assumed that the VDC has 10 
layers of signal wires of alternating +45’ and -45” 
stereo angle. Such a chamber with a very uncon- 
ventional wire suspension technique was built and in- 
stalled by the ARGUS group at DESY. A position 
resolution of better than 40 pm was achieved over 
half the drift cell of 5.3 mm width [39]. For a track 
measured only in the VDC with stereo layers of alter- 
nating angle &p, the error in the impact parameter 
varies as Ab, = 86 prn/sinp and the polar angle er- 
ror is A0 = 0.7 mrad/sinp. Thus a relatively large 
stereo angle, i.e. 1~1 2 0.2 mrad, would improve the 
matching of track elements in the CDC and the SVD. 
Figure 15 shows the resolution in impact parameter 
b, and polar angle 0 for different sequences of stereo 
layers with angles fp in the VDC. 

C. Silicon Vertex Detector 

A finely segmented silicon vertex detector can pro- 
vide a high precision measurement of the impact pa- 
ramet,er, b, parallel and b,, transverse to the direction 
of the beam, and the angles, the azimuth 4 and the 
polar angle 8, of charged particle tracks close to the 
beam-beam interaction point; and can thereby com- 
plement the angle and momentum measurement in 
the central tracking chamber. 
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Table 9: Charged particle track resolution for combinations of different devices: the CDC (Central Drift Cham- 
ber), the VDC (Vertex Drift Chamber), and the SVD (Silicon Vertex Detector). The last line lists the contribu- 
tions from multiple scattering for a track of 1 GeV/c and cos6 = 0. 

Device Measurement Stereo Radial AlIP 4 A ZY AC3 AZ 

Angles Length [%I [ mrad ] [ml [ m rad 1 [WI 
CDC 39 x150 pm o”, f4” 60 cm 0.60 0.91 206 3.52 1744 

CDC 39 x150 pm o”, zt4” 

VDC 10 x 50 pm f45O 70 cm 0.31 0.36 46 0.99 124 

CDC 39 x150 firn o”, f4” 

VDC 10 x 50 pm f4S0 

SVD 6xlOpm o”, 9o” 76 cm 0.18 0.18 10 0.24 13 

CDC 39 x150 pm 00, f4O 

SVD 6 x 10pm oO, 9o” 76 cm 0.20 0.20 11 0.30 15 

m.sc. 76 cm 0.46 1.21 29 1.20 28 

I I I I 

(a) 

0 VDC (l-5: + 6-10: -) 

0.E - i- 

&4 c ! 
'0 

11-90 

0.4 0.8 
sinp 

I I I I 

04 0 
sinp 6780AQ 

Figure 15: Resolution in the impact parameter b, for tracks of 1 GeV/c momentum and cos B=O as a function 
of the stereo angle p of the wires in the VDC, (a) for the VDC measurement alone, and (b) for a combined 
tracking system including the CDC. The different curves refer to different sequences of stereo angles (6~) in the 
10 layers. 
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Figure 16: Schematic lay-out of a silicon strip vertex 
detector. 

At a high luminosity B Factory, the primary task 
of the vertex detector will be the measurement of dis- 
tance between the two B” decay points permitting 
the measurement of time dependent CP asymmetries. 
It will also help to reduce the background for leptons 
and kaons that determine the flavour of the second B” 
or B” in the event. In addition, good vertex resolu- 
tion will be important for many other measurements. 
For example, charm, beauty and r+r- events can be 
separated through vertex topology from light quark 
processes, thus reducing combinatorial background in 
mass distributions. 

The requirement that the B decay vertex be well 
measured in the direction along the beam demands 
silicon detectors with a coordinate read-out transverse 
to the direction of the beam. This is different from all 
present applications of such devices at colliding beam 
machines. While vertex detection along the beam axis 
is mandatory, a good measurement would still be de- 
sirable in the x-y plane. Thus silicon detectors with 
read-out in two orthogonal coordinates are necessary. 
This can be done either using pairs of single-sided or 
double-sided strip detectors or pixel arrays with direct 
read-out. 

Lay-out 

A schematic lay-out of a silicon strip vertex detector 
is given in Figure 16. It is cylindrically symmetric rel- 
ative to the beam. The detector modules are arranged 
such that any particle emitted from the beam centre 
will traverse three planes, each measuring two orthog- 
onal coordinates. In the central section the modules 
are of rectangular shape, while the endcap detectors 
are arranged to form twelve-sided pyramids with a 
trapezoidal shape. For a typical strip pitch of 50 pm 
and a strip length of 2-4 cm the segmentation is 50- 
100 strips/cm*. There is a total of 74k strips in the 

central, and 86k strips in the endcap section. The 
segmentation requirements are not set by the multi- 
plicity of the decay particles, but by the additional 
signals generated by beam related background. The 
choice is also influenced by the maximum input ca- 
pacitance per channel which is compatible with the 
design of low noise and low power amplifier circuits. 

Track reconstruction errors have been studied for 
silicon detector as a function of detector spacing, de- 
tector and beam pipe thickness, intrinsic resolution, 
etc. [40]. The results were obtained from a fit to 
the track parameters, taking into account multiple 
scattering and intrinsic position errors. The detectors 
are equally spaced in radius, r1 = 23 mm, r2 = 46 
mm, rs = 69 mm. They are assumed to be 300 pm 
thick, and to have a constant position resolution of 10 
pm in the two orthogonal coordinates di = r;d and - 
fi = Pi COt8. 

This study ignores the degradation of the position 
resolution for non-normal incidence [41]. The calcula- 
tions assume cylindrical detector planes of unlimited 
length. In a realistic design, endcap detectors would 
be introduced to reduce the effects of multiple scatter- 
ing and the problems of non-normal incidence. Also 
not included are errors in the placement and align- 
ment of the detector modules, instabilities in their 
position with time and possible effects of temperature 
changes during operation. 

Intrinsic resolution 

The resolution in the impact parameter and angles 
is expected to depend linearly on the single point mea- 
surement error. However, as we see in Figure 17a, for 
particles with less than 1 GeV/c momentum, multiple 
scattering dominates. For perpendicular incidence, 
the difference between a detector of 10 pm resolution 
and a perfect detector corresponds a change in the 
impact parameter error from 25 pm to 31 pm. 

Beam pipe radius 

Figure 17b shows the resolution as a function of 
the radius of the inner layer ri (the inner beam pipe 
radius is taken to be 3 mm smaller than rl) for a 
fixed spacing of the two layers of Ar = 46 mm. It 
is obvious that the impact parameter measurement, 
is most sensitive to the radius of the innermost layer 
and the beam pipe inside. A reduction of the inner 
radius by 10 mm would improve the impact parameter 
resolution from 30 pm to 18 brn. 

Beam Pipe and Detector Thickness 
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Figure 17: Resolution in the impact parameter b, as a function of (a) the intrinsic detector resolution bi, (b) 
the radius of the first layer outside the beam pipe, and (c) the thickness of the beam pipe for tracks of different 
momentum measured in the x-y plane. 

We have chosen to place the detector outside of 
the vacuum chamber because this will avoid prob- 
lems of assembly, access, vacuum feedthroughs, etc. 
and will not substantially increase the amount of mul- 
tiple scattering so critical here. We have assumed 
a double walled pipe made of 2 x 0.5 mm of beryl- 
lium (0.28%X,). Th is will allow for a cool gas to be 
pumped in the annulus between the two walls to carry 
the heat load from the beam. A liquid coolant would 
increase the thickness by typically 0.14%X,. Such a 
pipe will also have the skin depth needed to shield 
the detectors and their electronics from the beam. In 
practice, a lining of a few pm of copper is added on the 
inside, to absorb soft photons from synchrotron radi- 
ation. Figure 17c shows the effect of variable beam 
pipe thickness on the error in the impact parame- 
ter b,. Over this limited range the resolution varies 
roughly linearly with the beampipe thickness, from a 
minimum of 25 pm for zero thickness to 40 pm for a 
beampipe of 1.0% of a radiation length. Doubling the 
detector thickness from 300 to 600 pm increases the 
resolution from 31 to 36 pm at normal incidence, and 
from 93 to 115 pm at cos0 = 0.8. 

Number of Layers 

In principle, one only needs two planes.to measure 
positions and angles. In practice, there are inefficien- 

cies due to dead channels, edges, and possibly support 
structures so that the addition of a third layer reduces 
detection losses. Pattern recognition in the presence 
of background requires at least one redundant mea- 
surement, and benefits greatly from additional mea- 
surements. Additional layers do not improve the res- 
olution, but they do not seem to hurt, even at very 
low momentum. However, effects of energy loss, inter- 
actions or absorption, delta rays, etc. have not been 
studied. Except for the highest momenta, the impact 
parameter error and angular resolution are not very 
sensitive to the layer spacing. 

Conclusions 

Based on the present lay-out of the IR region with 
a vacuum pipe made of 1 mm of beryllium and a ra- 
dius of 20 mm, a silicon vertex detector can measure 
impact parameters of charged particles of 1 GeV/c 
momentum to an accuracy of 50 pm or better over 
a large fraction of the solid angle. The angular reso- 
lution is of the order of 2 mrad or better in azimuth 
and polar angle. This can be achieved with double- 
sided strip read-out or pixel -devices of 50 pm strip 
pitch or pixel size. The development of low power, 
low noise, high density amplifiers and read-out cir- 
cuits needs to be pursued so as to fit the detect.ors 
into the limited space without loss of solid angle cov- 
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Figure 18: Predicted n/K separation as a function of 
the particle momentum for different devices: (a) TOF 
system at l.lm with a resolution of 150 ps folded in 
quadrature with a 50 ps uncertainty due to the bunch 
length; (b) dE/dz for 60 x 1 cm samples in a drift 
chamber filled with a He based gas mixture; refraction 
of n=1.006 and 1.06. 

erage, and without a substantial increase in multiple 
scattering. Techniques for cooling, precision assembly 
and alignment need to be developed. 

D. Particle Identification 

The separation of pions from kaons is essential both 
for the selection of exclusive B and D decays and for 
the determination of the flavour of the second B me- 
son in the event by the identification of a kaon of spe- 
cific charge. K* mesons from B decays have an aver- 
age momentum of 0.85 GeV/c, and 30% of all kaons 
have momenta above 1 GeV/c. Exclusive two-body 
decays, like B” -+ K+v, pose the biggest challenge 
to the particle identification system, because their mo- 
mentum spectra extend from 1.5 to 4.5 GeV/c. Their 
angular distribution is strongly peaked due to the 
asymmetry in the beam energies. 

There are three basic techniques that represent 
more or less viable options for particle identification 
at a B Factory: precision time-of-flight (TOF), dE/dx 
measurements in the tracking chamber, and Cerenkov 
counters. The predicted ?r/K separation as a function 
of momentum is shown in Figure 18 for these different 
devices. 

Time-of-Flight Measurement 

The TOF technique using scintillation counters is 
simple and well understood at low momentum, but 
above about 1.0 GeV/c it requires either unprece- 
dented precision or flight paths that are unaccept,ably 
large. 

dE/dx Measurement in the CDC 

Modest quality dE/dx in a central tracking cham- 
ber can provide good hadron separation in the l/p2 
region and help in low momentum e/r discrimina- 
tion. It is likely to be employed in any tracking de- 
vice, because it is essentially “free.” However, above 
1.5 GeV/c one operates in the region of the relativis- 
tic rise of the energy loss, and many samples (and 
therefore a large chamber) are needed. This also calls 
for a heavier gas (perhaps pressurized) than would be 
desirable for the best tracking resolution. In addi- - 
tion, the existence of a “cross-over” between the l//3’ 
and relativistic rise regions requires that any dEfdx 
system must be combined with another technology if 
complete momentum coverage is to be attained. In 
such a combined system the central tracking cham- 
ber performs “double duty”, resulting in simple and 
uniform track matching down to small polar angles. 

Fast Ring Imaging Cerenkov Counters 

The third (and leading) contenders for hadron iden- 
tification at the B Factory are Cerenkov count.ers. 
Threshold or ring imaging techniques could provide 
adequate performance, provided that the efficiency for 
Cerenkov photon detection is sufficiently high. The 
primary advantages over dE/dx are that these de- 
vices (a) have excellent hadron separation over the 
full momentum range at a B Factory, and (b) are 
fully modular and separable from the tracking, allow- 
ing the optimization of the tracking independent of 
particle ID concerns. Conversely, these Cerenkov de- 
vices are more challenging to construct and operate, 
are more difficult to build in a fully hermetic config- 
uration, and add substantial amounts of material in 
front of the e.m. calorimeter. 

One very attractive solution to the problems posed 
by the standard CRID design is the so-called “Fast” 
RICH. In this device the three-dimensional TPC read- 
out is replaced by a photocathode with a short ab- 
sorption length and a two-dimensional pad read-out. 
Since the photo-electron produced by the Cerenkov 
light has a short drift length, the drift time is also 
short and the device is fast. 

A reflective CsI photocathode with an absorbed 
film of TMAE is combined with a liquid CsFl2 radi- 
ator. This novel cathode has a superior quantum ef- 
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Figure 19: Schematic cross section for a liquid radiator RICH with a reflected proximity gap and a CsI cathode 
coated with TMAE. 

ficiency over the entire wavelength region of interest. 
It is well adapted to fast RICH counters because of its 
isochronous signals and room temperature operation. 
The Cd cathode operates in the 6-7 eV photon re- 
gion where fluorocarbon liquids and quartz windows 
transmit well, so that expensive, dispersive solids, like 
NaF, are not needed for radiators or windows. Hex- 
ane gas is added to the methane chamber atmosphere 
to eliminate the UV feedback photons above 7.0 eV. 
A VLSI pad readout is under development. 

For particles of normal incidence the amount of 
material in this device is estimated to be about 
12 - 15%X,. The portion contributed by the ma- 
terial farthest from the calorimeter, i.e. the detector 
and readout chips, is only about 2.5% X,. 

Aerogel Threshold Cerenkov Counters 

In comparison with RICH counters, threshold 
Cerenkovs are rather simple devices. Figure 20 shows 
the schematics of a double cell detector element. 
These thin-walled cells are filled with aerogel of dif- 
ferent density and index of refraction, resulting in dif- 
ferent thresholds for the Cerenkov radiation, namely 
nl = l.OOS(p > 0.994) and n2 = l.OS(p > 0.943). 
The total thickness is less than 5%X,: The opti- 
cal and mechanical properties of silica aerogels are 

directly linked to their micro-structure consisting of 
colloidal connected spheres of SiOz (4 - 6 nm in di- 
ameter) with pores of variable size. Densities can be 
varied in the range 3-600 mg/cm3, corresponding to 
indices of refraction between 1.0006 and 1.126. Sil- 
ica aerogel of low density is a sponge-like, very fragile 
substance that exhibits Rayleigh scattering, primar- 
ily in the blue region of the visible spectrum (it looks 
like “frozen smoke”). This, combined with high trans- 
mission in the visible and infrared region, results in 
non-directional light output from Cerenkov radiation. 
Aerogels can be doped with wavelength shifters to 
match the photon spectrum to the sensitivity of the 
photo-triode or single photon avalanche diode read- 
out 1441. The use of aerogel was first suggested by 
E. Lorenz [42]. Studies of its optical properties have 
just begun, and various ideas for the read-out and the 
design and fabrication of a large hermetic system are 
being explored [45]. 

E. Electromagnetic Calorimeters 

An electromagnetic calorimeter with good photon res- 
olution from 10 MeV to 4 GeV and large solid angle 
coverage will greatly enhance the reconstruction of B 
decays involving 7r” or J/lc, mesons, as well as the 
detection of electrons from semi-leptonic B decays, 
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Figure 20: Schematics of a two-cell aerogel Cerenkov 
counter. 

and photons from radiative decays or transitions to 
Xb states. The goal is to achieve an energy resolution 
of 

and an angular resolution of 5-10 mrad. These specifi- 
cations narrow the choices to two techniques, either a 
liquid krypton calorimeter or a hermetic array of Csl 
crystals. 

Liquid Krypton Calorimeters 

A krypton filled, total absorption calorimeter with 
pad read-out arranged in projective towers of constant 
solid angle was studied during the B-Factory Work- 
shop at SLAC [46]. A prototype detector was built 
and tested at Novosibirsk for use in the KEDR de- 
tector at the VEPP-5 storage ring [47]. Because of 
the slow drift velocity of ions in krypton, the signal 
is derived by integration over l./lO of the total drift 
time of 6~s. Also, an analog energy sum will suf- 
fer from coherent noise in the detector. A calorimeter 
based on a liquid radiator offers advantages in the ease 
of calibration, radiation hardness, and cost (which is 
completely dominated by the availability and cost of 
the krypton). The major disadvantage is the longer 
radiation length, the slow charge collection and poor 
time resolution (5 600ns), the limited hermiticity and 
the total thickness of the cryostat walls. For a device 
with an inner radius of 1 m, the total .thickness of 
the cryostat walls adds up to 20%-30% of a radiation 
length. 

CsI Calorimeters 

A crystal calorimeter segmented into roughly 10,000 
elements is the premier choice for a B Factory. It 
meets the specifications, has excellent time resolution 
to allow for fast triggering, and permits a high de- 
gree of hermiticity. Its disadvantages are sensitivity 
to radiation damage, need for constant calibration 
and monitoring, and relatively high cost. A large 
calorimeter made of thallium doped CsI has been 
built and installed in the CLEO II detector at CLEO. 
First results are now available and show impressive 
performance [49]. Csl(TI) was chosen because of its 
large photon yield, cost and availability in industry. 
BGO is more expensive given an inner radius of lm, 
BaFz has recently become available in form of 25 cm 
long crystals [50]. Nal(TI) is more fragile and more- 
hygroscopic, and has a longer radiation length. 

Several read-out methods have been discussed. The 
CLEO group has chosen 4 silicon photodiodes with 
charge sensitive amplifiers per crystal. This adds elec- 
tronic noise at the level of 0.6 MeV per crystal and 
limits the resolution at low energy. As an alternative, 
a two-stage photomultiplier could be used as an essen- 
tially noiseless amplifier. Such a device can operate 
in a magnetic field, provided its axis is within 45’ of 
the field axis. 

The radiation resistance of the crystal material is 
of concern, primarily for the endcap section. Pure 
Csl is known to be less susceptible to radiation dam- 
age than Csl(TI), but it produces a factor of five less 
light. Therefore, a thick tungsten shield surrounding 
the beam outside the central IR is foreseen to pro- 
tect against large beam losses during injection and 
machine studies. 

As an illustration of the performance of a Csl(TI) 
calorimeter, Figure 21 shows data from the CLEO II 
detector. A clear signal for x0 and q” is observed. 
The rms width of the 7’ maSs peak varies between 5 
MeV at low moment,um to 9 MeV above 3 GeV where 
the two showers begin to merge. The gain has been 
calibrated using Bhabha scattering, and a resolution 
of 1.3% at 5 GeV obtained. 

Material in Front of the Calorimeter 

A major consideration for the choice of the most 
suitable e.m. calorimeter is the amount of material 
in front, including the particle identification system. 
A Monte Carlo study was performed [48] to estimat.e 
the energy loss and the degradation in the photon en- 
ergy resolution as a function of the photon energy and 
angle of incidence. The results are presented in Ta- 
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Figure 21: yy mass spectra measured in the CLEO II 
CsI(T1) detector. 

Table 10: Mean and (in parentheses) rms of the en- 
ergy loss (in MeV) for 10 MeV and 100 MeV photons, 
as a function of the polar angle 0 and the thickness d 
of the material in front of the calorimeter (in units of 
X0). 
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Figure 22: Energy deposition of photons of (a-b) 10 
MeV and (c-d) 100 MeV at angles of 0” and 35”. 

ble 10 and Figure 22. The energy loss distribution is 
very non-gaussian, and its rms is comparable to the 
mean energy resolution targeted for the calorimeter. 
It is conceivable that an interaction in the material 
in front of the calorimeter could be detected. How- 
ever, it is unlikely that the deposited energy could 
be measured with sufficient precision to allow for an 
adequate correction. Thus, to achieve the resolution 
stated above it is necessary to keep the amount of 
material in front of the calorimeter to less than lo%- 
15%X,. This not only excludes the use of a cryogenic 
calorimeter, but also disfavours the RICH for particle 
identification. It also demands that the drift. chamber 
endplates be very thin so as not to seriously affect the 
resolution in the calorimeter endcaps. 

F. Muon Detector 

The detection of p* with momenta as low as 0.5 
GeV/c greatly enhances the efficiency for flavour tag- 
ging and J/+ reconstruction. Below 1.2 GeV/c the 
difference in range between pions and muons permits 
a good separation, and a detector composed of thin 
tracking chambers sandwiched between iron absorber 
plates of less than 1 cm thickness could surround the 
e.m. calorimeter. For higher momenta, thicker plates 
on the outside could be used to absorb strongly in- 
teracting pions and kaons. More detailed studies are 
needed to establish a credible CL* detector design. 
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